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Introduction

When Helge and Ragni asked me to write this contribution to the Abel Volumes I felt
enormously honored, but it took me very little to realize how difficult it would have been
to write something even modestly useful. John Nash has written very few papers: if
for each mathematician in the 20th century we were to divide the depth, originality and
impact of the corresponding production by the number of works, he would most likely
be on top of the list, and even more so if we were to divide by the number of pages. In
fact all his fundamental contributions can be stated in very few lines: certainly another
measure of his genius, but making any survey of his theorems utterly useless. Discussing
the impact of Nash’s work is certainly redundant, since all his fundamental contributions
have already generated a large literature and an impressive number of surveys and lecture
notes. “Reworking” his proofs in my own way, or giving my personal perspective, would be
of little interest: much better mathematicians have already developed deep and well-known
theories from his seminal papers.

This contribution to the Abel volume is thus slightly unusual: I have just tried to
rewrite the original papers in a more modern language while adhering as much as possible
to the original arguments. In fact Nash used often a rather personal notation and wrote in
a very informal way, here and there a few repetitions can be avoided and the discussions of
some, nowadays standard, facts can be removed. In a sense my role has been simply that
of a translator: I just hope to have been a decent one, namely that I have not introduced
(too many) errors and wrong interpretations. In particular I hope that these notes might
save some time to those scholars who want to work out the details of Nash’s original
papers, although I strongly encourage anybody to read the source: any translation of any
masterpiece always looses something compared to the original and the works of Nash are
true masterpieces of the mathematics of the 20th century!

These notes leave aside Nash’s celebrated PhD thesis on game theory and focus on the
remaining four fundamental papers that have started an equal number of revolutions in
their respective topics, namely the 1952 note on real algebraic varieties, the 1954 paper
on C! isometric embeddings, the 1956 subsequent work on smooth isometric embeddings
and finally the 1958 Holder continuity theorem for solutions to linear (uniformly) parabolic
partial differential equations with bounded nonconstant coefficients. Even the casual reader
will realize that everything can be understood up to the smallest detail with a very limited
amount of knowledge: I dare say that any good graduate student in mathematics will be
able to go through the most relevant arguments with little effort.



I have decided to leave aside the remaining works of Nash in “pure mathematics” either
because their impact has not been as striking as that of the four mentioned above (as it
is the case for the works [70, 73, 74]) or because (as it is the case for [75]) although the
impact has been major, this was mainly due to the questions raised by Nash rather than
to the actual theorems proved by him. However, for completeness I have included a last
chapter with a brief discussion of these remaining four (short!) notes in pure mathematics.
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Chapter 1

Real algebraic manifolds

1.1 Introduction

After his famous PhD thesis in game theory (and a few companion notes on the topic) Nash
directed his attention to geometry and specifically to the classical problem of embedding
smooth manifolds in the Euclidean space!. Consider a smooth closed manifold 3 of dimen-
sion n (where with closed we mean, as usual, that ¥ is compact and has no boundary).
A famous theorem of Whitney (cf. [97, 98]) shows that ¥ can be embedded smoothly in
R?", namely that there exists a smooth map w : ¥ — R?" whose differential has full rank
at every point (i.e. w is an smmersion) and which is injective (implying therefore that w
is an homeomorphism of 3 with w()).

Clearly w(X) is a smooth submanifold of R?" diffeomorphic to ¥. Whitney showed also
that w can be perturbed smoothly to a second embedding v so that v(X) is a real analytic
submanifold, namely for every p € v(X) there is a neighborhood U of p and a real analytic
map u : U — R" such that {u =0} = UNwv(X) and Du has full rank. Whitney’s theorem
implies, in particular, that any closed smooth manifold ¥ can be given a real analytic
structure, namely an atlas A of charts where the change of coordinates between pairs of
charts are real analytic mappings.

In his only note on the subject, the famous groundbreaking paper [68] published in 1952,
Nash gave a fundamental contribution to real algebraic geometry, showing that indeed it is
possible to realize any smooth closed manifold of dimension n as an algebraic submanifold
of R?"*1. We recall that, classically, any subset of RY consisting of the common zeros
of a collection of polynomial equations is called an algebraic subvariety. We can assign a
dimension to any algebraic subvariety using a purely algebraic concept (see below) and the
resulting number coincides with the usual metric definitions of dimension for a subset of

In a short autobiographical note, cf. [76, Chapter 2], Nash states that he made his most important
discovery while completing his PhD at Princeton. In his own words “...I was fortunate enough, besides
developing the idea which led to “NonCooperative Games”, also to make a nice discovery relating manifolds
and real algebraic varieties. So, I was prepared actually for the possibility that the game theory work would
not be regarded as acceptable as a thesis in the mathematics department and then that I could realize the
objective of a Ph.D. thesis with the other results.”



the Euclidean space (for instance with the Hausdorff dimension, see [29, Chapter 2] for the
relevant definition). The main theorem of Nash’s note is then the following

Theorem 1.1.1. For any closed connected smooth n-dimensional manifold 3 there is a
smooth embedding v : ¥ — R?* L such that v(X) is a connected component of an n-
dimensional algebraic subvariety of R 1,

It turns out that for any point p € v(X) there is a neighborhood U such that U Nv(X)
is the zero set of n + 1 polynomials with linearly independent gradients. In his note
Nash proved also the following approximation statement, see Theorem 1.2.8: any smooth
embedding w : ¥ — R™ can be smoothly approximated by an embedding © so that v(X)
is a portion of an n-dimensional algebraic subvariety of R™. However, in order to achieve
the stronger property in Theorem 1.1.1, namely that v(X) is a connected component of the
subvariety, Nash’s argument needs to increase the target. He conjectured that this is not
necessary, cf. [68, p. 420], a fact which was proved much later by Akbulut and King, see
[1]. He also conjectured the existence of a smooth embedding z (in some Euclidean space
RY) such that z(X) is the whole algebraic subvariety, not merely a connected component,
and this was proved by Tognoli in [92]. Both [92] and [1] build upon a previous work of
Wallace, [93].

As it happens for the real analytic theorem of Whitney, it follows from Theorem 1.1.1
that any smooth closed manifold can be given a real algebraic structure, see below for the

precise definition. In his note Nash proved also that such structure is indeed unique, cf.
Theorem 1.2.9.

As already mentioned in the previous paragraph, Nash left a few conjectures and open
questions in his paper, which were subsequently resolved through the works of Wallace,
Tognoli and Akbulut and King: we refer the reader to King’s paragraph in Nash’s memorial
article [25] for further details. The ideas of his paper have generated a large body of
literature in real algebraic geometry and terms like Nash manifolds, Nash functions and
Nash rings are commonly used to describe some of the objects arising from his argument
for Theorem 1.1.1, see for instance [9, 85]

1.2 Real algebraic structures and main statements

Following Nash we introduce a suitable algebraic structure on closed real analytic manifolds
Y. In [68] such structures are called real algebraic manifolds. Since however nowadyas
the latter expression is used for a different object, in order to avoid confusion and to be
consistent with the current terminology, we will actually use the term “Nash manifolds”
for the objects introduced by Nash.

Note that, by the classical Whitney’s Theorem recalled in the previous section, there
is no loss of generality in assuming the existence of a real analytic atlas for any differen-
tiable manifold 3. The notion of Nash manifold allows Nash to recast Theorem 1.1.1 in
an equivalent form. The latter will be given in this section, together with several other
interesting conclusions, whose proofs will all be postponed to the next sections.
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Definition 1.2.1. Any finite collection {fi, ..., fx} of smooth real valued functions over
Y is called a basic set if the map f = (f1,..., fn) is an embedding of ¥ into R¥.

Definition 1.2.2. A Nash manifold is given by a pair (3, %) where ¥ is a real analytic
manifold of dimension n and # a ring of real valued functions over ¥ satisfying the following
requirements:

(a) Any f € Z is real analytic;
(b) Z contains a basic set;

(¢) The transcendence degree of # must be n, more precisely for any collection of n + 1
distinct elements fi, ..., fo11 € Z there is a nontrivial polynomial P in n+1 variables
such that P(f1,..., fat1) =0;

(d) Z is maximal in the class of rings satisfying (a), (b), (c).

An important (and not difficult) fact following from the definitions is that the algebraic
structure of the ring determines in a suitable sense the manifold ¥ and hence that the
structure as Nash manifold is essentially unique for every .

Proposition 1.2.3. On any Nash manifold (X, %) there is a one-to-one correspondence
between mazximal ideals of # and points of X2, more precisely:

o I C X is a maximal ideal if and only if & ={f € Z: f(p) =0} for some p € ¥.

If (X1, %) and (X, %) are two Nash manifolds, a map ¢ : %1 — H» is a ring isomorphism
if and only if there is a real analytic diffeomorphism ¢ : X1 — 3y such that ¢(f) = fop™!
for any f € #.

Consider now a Nash manifold (X, %) and recall that by Definition 1.2.2(b) we prescribe
the existence of a basic set Z = {f1,..., fv} C Z: it follows that f = (f1,..., fx) is an
analytic embedding of ¥ into RY. On the other hand by Definition 1.2.2(c) there is a
set of nontrivial polynomial relations between the f;’s (because N > n) and so it appears
naturally that f(3) is in fact a subset of a real algebraic variety. Following Nash we will
call f(X) a representation of the corresponding Nash manifold.

Definition 1.2.4. If (X, %) is a Nash manifold, & = {f1,..., fnv} C Z a basic set and
f=(0fi,...,fn) : 2 — RY then f(X) is called an algebraic representation of (X, %).

In order to relate representations with algebraic subvarieties of the Euclidean space we
need to introduce the concept of sheets of an algebraic subvariety.

Definition 1.2.5. A sheet of a real algebraic subvariety V' C RY is a subset S C V
satisfying the following requirements:

(a) For any p,q € S there is a real analytic v : [0, 1] — S with v(0) = ¢ and (1) = p.



(b) S is a maximal subset of V' with property (a).
(c¢) There is at least one point p € S with a neighborhood U such that UNV C S.

Clearly, if V. C R¥ is an algebraic subvariety and S C V a connected component which
happens to be a submanifold of RY, then S is in fact a sheet of A. However:

e there might be “smooth” sheets which go across singularities, for instance if we take
V={(z,y) :2y =0} CR? and S = {(x,y) : x = 0};

e there might be sheets which are connected components of V' but are singular, for
instance Bernoulli’s lemniscate {(x,y) : (2*+y*)? = 22 —y?} is a connected subvariety
of the plane consisting of one single sheet, singular at the origin.

An important observation by Nash is that, by simple considerations, any representation
of a Nash manifold is in fact a sheet of an irreducible algebraic subvariety with dimension
equal to that of the manifold. Recall that an algebraic subvariety V' is called irreducible if
it cannot be written as the union of two proper subsets which are also subvarieties. More
precisely we have

Proposition 1.2.6. A representation of a connected Nash manifold (X, %) is always a
sheet of an irreducible subvariety V whose dimension is the same as that of 3. Conversely,
if v: X — RY is a real analytic embedding of a closed real analytic manifold ¥ whose
image v(X) is a sheet of an algebraic subvariety, then there is a structure of Nash manifold
(X, %) for which the components {vy,...,vx} of v form a basic subset of Z%.

The outcome of the discussion above is that Theorem 1.1.1 can now be equivalently
stated in terms of Nash manifolds. However note that Theorem 1.1.1 requires the repre-
sentation to be more than just a sheet of an algebraic subvariety: it really has to be a
connected component. For this reason Nash introduces a special term: a representation
v(X) will be called proper if it is a connected component of the corresponding algebraic
subvariety in Proposition 1.2.6. Hence we can now rephrase Theorem 1.1.1 in the following

Theorem 1.2.7. For any connected smooth closed differentiable manifold ¥ of dimension
n there is a structure of Nash manifold (X, %) with a basic set {vy,..., 11} = B C X
such that v(X) is a proper representation in R*"+1.

Giving up the stronger requirement of “properness” of the representation, Nash is able
to provide an approximation with algebraic representations of any smooth embedding,
without increasing the dimension of the ambient space. As a matter of fact Theorem 1.2.7
will be proved as a corollary of such an approximation theorem, whose statement goes as
follows.

Theorem 1.2.8. Let ¥ be a connected closed differentiable manifold and w : ¥ — R™
a smooth embedding. Then for any € > 0 and any k € N there is a structure of Nash
manifold (X, %) with a basic set {vy,...,v,} such that ||w — v||cx < €.



In the theorem above || - ||+ denotes a suitably defined norm measuring the uniform
distance between derivatives of w and v up to order k. The norm will be defined after
fixing a finite smooth atlas on Y, we refer to the corresponding section for the details.

As a final corollary of his considerations, Nash also reaches the conclusion that the
structure of Nash manifold is in fact determined uniquely by the differentiable one. More
precisely

Theorem 1.2.9. If two connected Nash manifolds (X1, %) and (3q, X2) are diffeomorphic
as differentiable manifolds, then they are also isomorphic as Nash manifolds, namely there
is a real analytic ¢ : X1 — 3y for which the map ¢(f) := f o™t is a ring isomorphism of
%1 with %2.

1.3 Technical preliminaries

In this section we collect some algebraic and analytical technical preliminaries, standard
facts which will be used in the proofs of the statements contained in the previous sections.
We begin with a series of basic algebraic properties.

Definition 1.3.1. Given an algebraic subvariety V C RY and a subfield F C R we say
that F is a field of definition of V' if there is a set S of polynomials with coefficients in F
such that V ={z € RN : P(z) =0VP € S}.

Proposition 1.3.2 (Cf. [94, Corollary 3 p. 73 and Proposition 5 p. 76]). For any algebraic
subvariety V. C RY there is a unique minimal field F C R of definition, namely a field of
definition of V' which does not contain any smaller field of definition. F is, moreover,
finitely generated over Q.

Definition 1.3.3. We will say that a certain collection of coordinates {z;,...,x; } is
algebraically independent over a field F at a point p = (py, ..., py) if there is no nontrivial
polynomial P with coefficients in F such that P(p;,,...,p;,,) = 0.

Given a point p in an algebraic subvariety V' C R" with minimal field of definition F
we define the algebraic dimension dimy (p) of p with respect to V' as the maximal number
of coordinates which are algebraically independent over ' at p. The algebraic dimension
of Vis dim (V') = max{divy(p) : p € V'} and a point p € V is called a general point of V
if dimy (p) = dim (V).

Proposition 1.3.4. Let V C RY be an algebraic subvariety of algebraic dimension n with
minimal field of definition F. Then the following holds.

(a) Any collection of n + 1 coordinates satisfy a nontrivial polynomial relation (as real
functions with domain V');

(b) For any general point p of V' there is a neighborhood U where V is an n-dimensional
(real analytic) submanifold and where any collection of coordinates which are alge-
braically independent at p over F give a (real analytic) parametrization of V.
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(¢) If dimy (p) = m, then there is an algebraic subvariety W C V' of algebraic dimension
m which contains p and whose minimal field of definition is contained in F.

The proofs of the statements (a), (b) and (c) can be found in [94, Chapter II and
Chapter IV], more precisely see the discussion at [94, Page 72] and [94, Theorem 3].

We state here a simple corollary of the above proposition, for which we give the ele-
mentary proof.

Corollary 1.3.5. The algebraic dimension of a subvariety V' coincides with its Hausdorff
dimension as a subset of RN. In fact, for any j < dim(V), the subset V; :== {v € V :
dimy (p) = j} is a set of Hausdorff dimension j.

Proof. The second part of the statement obviously implies the first. We focus therefore on
the second, which we prove by induction over dim (V). The 0-dimensional case is obvious:
if V is a O-dimensional subvariety of RY, then V5 = V must be contained in FV, which is
necessarily a countable set (IF denotes the minimal field of definition of V' and recall that
it is finitely generated over Q).

Assume therefore that the statement holds when the dimension of the variety is no
larger than n — 1: we now want to show that the claim holds when dim (V) = n. By
Proposition 1.3.4, the subset V,, of points p € V with maximal algebraic dimension is
covered by countably many real analytic n-dimensional manifolds. Hence V,, has Hausdorff
dimension at most n (cf. [29, Section 3.3]). On the other hand by Proposition 1.3.4(b)
the Hausdorff dimension must be at least n. Next, let j < n. By Proposition 1.3.4(c)
any point p € V; is contained in an algebraic subvariety W of algebraic dimension j with
minimal field of definition contained in F. Each such W has Hausdorff dimension j, by
inductive assumption. On the other hand, since any such W is defined through a finite
set of polynomials with coefficient in [F, the set of such W is countable. We have therefore
shown that V; has Hausdorff dimension at most j.

Next, fix a point p = (p1,...,pny) € V of maximal dimension and assume that the first
n coordinates x1, . .., x, are algebraically independent over [F at p. By Proposition 1.3.4(b)
in a suitable neighborhood U of p the variety V is a graph over a suitable domain 2 of
the plane {z,11 = ... = oy = 0}: if ¢1,...,¢,—; are elements of I sufficiently close to
D1y .-, Pn—j, it follows that W = VN {z; = ¢1, ..., %n—; = gn—;} contains a piece of a smooth
j-dimensional submanifold and thus has Hausdorff dimension at least 7. On the other hand
it is obvious that W C V; UV, U... UV} and so the dimension of V; UV;_; ... UV, must
be at least j. Given the upper bound on the dimensions of Vg, ..., V;_;,V;, we conclude
that the Hausdorff dimension of V is j. O

We are now ready to state the two technical facts in analysis needed in the rest of the
chapter. The first is a standard consequence of the implicit function theorem for real ana-
lytic mappings, see for instance [55, Theorem 1.8.3]). As usual, the tubular neighborhood
of size § of a subset S C R¥ is the open set consisting of those points whose distance from
S is smaller than d. In this chapter we will denote it by Us(.S).
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Proposition 1.3.6. If X C RY is a closed real analytic submanifold, then there is a § > 0
with the following two properties:

(a) For any x € Us(X) there is a unique point u(x) € ¥ of least distance to x.
(b) The map x — u(x) is real analytic.

The first statement needs in fact only the C? regularity of X, cf. [46]: the proof therein
using the implicit function theorem to give that w is smooth when > is smooth, the real
analyticity follows then directly from [55, Theorem 1.8.3].

The following is a classical Weierstrass type result. As usual, given a smooth function
g defined in a neighborhood of a compact set K C R™ we denote by ||g||co(x) the number
max{|u(x)| : x € K} and we let

lgllcsao =D 10 gllcog) -

|<j
where, given a multiindex I = (iy,..., i) € N™, we let [[| =41 + - - + i), and

oMl f

9O - Qxim

ol f

Proposition 1.3.7. Let U C RY be an open set, K C U a compact set and f : U — R
a smooth function. Given any 7 € N and any € > 0 there is a polynomial P such that

|f = Plleix)y < e.

Proof. Using a partition of unity subordinate to a finite cover of K we can assume, without
loss of generality, that f € C2°(U). The classical Weierstrass theorem corresponds to the
case j = 0, see for instance [82]: however the proof given in the latter reference, which
regularizes f by convolution with suitable polynomials, gives easily the statement above
for general j. Nash in [68] provides instead the following elegant argument. Consider first a
box [—M /2, M/2]N C RY containing the support of f and let f be the M-periodic function
which coincides with f on the box. If we expand f in Fourier series as

f(!lﬁ') _ Z a}\e27rM)\~:c
\eZN

and consider the partial sums

Sm(l') = Z a}\e27rM)\~:c’

A<m
then clearly [|S,, — fllciixy = ||Sm — f||cj(K) < ¢/2 for m large enough. On the other

hand S, is an entire analytic function and thus for a sufficiently large degree d the Taylor
polynomial T/% of S,, at 0 satisfies ||S,, — T%||cix) < /2. O
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1.4 Proofs of Proposition 1.2.3 and Proposition 1.2.6

Proof of Proposition 1.2.3. First of all, for any (proper) ideal . the set Z = Z(.%) of
points of X at which all elements of .# vanish must be nonempty. Otherwise, for any point
p € X there would be an element f, € .# such that f,(p) # 0. Choose then an open
neighborhood U, such that f, # 0 on U, and cover X with finitely many U,,. The function
f=> fzi would belong to the ideal .# and would be everywhere nonzero. But then %
would belong to Z and .¢ would coincide with Z.

Given a point p and a basic set Z = {vy,..., vy} C Z, the function

g(y) = _(vi(y) — vi(p))’

vanishes only at p and belongs to #Z. So:

(i) The set Z(p) of all elements which vanish at p must be nonempty. Moreover, it
cannot be the whole ring #Z because it does not contain the constant function 1. It
is thus a proper ideal and it must be maximal: any larger ideal ¢ would necessarily

have Z(_7) = 0.

(ii) If . is a maximal ideal, then there must be an element p € Z(.#) and, since .# C
#(p), we must necessarily have . = . (p).

This shows the first part of the Proposition. Next, let (X1, %) and (35, %5) be two
Nash manifolds. Clearly, if ¢ : ¥; — 35 is a real analytic diffeomorphism such that
&(f) := fop™ maps %, onto X, then ¢ is a ring isomorphism. Vice versa, let ¢ : 2, — %»
a ring isomorphism. Using the correspondence above, given a point p € »; we have a
corresponding maximal ideal . (p) C #, which is mapped by ¢ into a maximal ideal of
Hs: there is then a point p(p) € s such that ¢(F(p)) = Z(v(p)). We now wish to show
that

o(f)(w(p) = f(p). (1.1)

First observe that:
(Van) if f vanishes at p, then ¢(f) must vanish at ¢(p).

This follows from the property ¢(f) € ¢(Z(p)) = 7 (¢(p)).

Next we follow the convention that, given a number ¢ € R, we let ¢ denote both the
function constantly equal to ¢ on ¥; and that equal to ¢ on 5. Since 1 is the multiplicative
unit of #; and %, then ¢(1) = 1. Hence, using the ring axioms, it follows easily that
¢(q) = q for any ¢ € Q. Observe next that if f € Z#; is a positive function on ¥, then
g := +/f is a real analytic function and it must belong to %;, otherwise the latter ring
would not satisfy the maximality condition of Definition 1.2.2(d). Hence, if f > 0, then
o(f) = (o(v/f))> > 0. Thus f > g implies ¢(f) > ¢(g). Fix therefore a constant real a
and two rational numbers ¢ > a > ¢’. We conclude ¢ = ¢(q) > ¢(a) > ¢(¢') = ¢/, which
implies obviously ¢(a) = .

12



Having established the latter identity, we can combine it with (Van) to conclude (1.1).
Indeed, assume f(p) = . Then g = f—a vanishes at p and thus, by (Van), ¢(g) = ¢(f)—«
vanishes at ¢(p): thus ¢(f)((p)) = f(p).

Next, ¢~! is the map induced by the inverse of the isomorphism ¢, from which we
clearly conclude ¢(f) = f o¢~!. It remains to show that ¢ is real analytic: the argument
will give the real analyticity of !, thus completing the proof. Let %, = {fi,..., fn}
be a basic set for (X1, %) and By = {gn+1,-.-,9nv+m} be a basic set for (Xg, #s). Set
gi = fiop™ = ¢(f;) for i < N and f; :== gjop = ¢ !(g;) for j > N + 1. Then
{fi,-- -, fyem}and {g1, ..., gnrn} are basic sets for 31 and X5 respectively. The map f =

(fi,. .y fven) © 21 — RYTM g g real analytic embedding of ¥, and ¢ = (g1, ..., gninr)
a real analytic embedding of ¥, with the same image S. We therefore conclude that
= (g|s) ™' o f is real analytic, which completes the proof. O

Proof of Proposition 1.2.6. Representation —> Sheet. We consider first a Nash mani-
fold (X, %) of dimension n and a representation & = {fi,..., fn} C Z%. Our goal is thus
to show that, if we set f = (fi,..., fn), then S := f(X) is a sheet of an n-dimensional
algebraic subvariety V C RY. First, recalling that 2 is a basic set, we know that for each
choice of 1 <4y < iy < ... <ipy1 < N thereis a (nontrivial) polynomial P = P, _;, ., such
that P(fi,,..., fi...) = 0. Let then Vj be the corresponding algebraic subvariety, namely
the set of common zeros of the polynomials P, ;, ,,. Clearly, by Proposition 1.3.4(b) the
dimension of Vj can be at most n. Otherwise there were a point ¢ € V of maximal di-
mension d > n + 1 and there would be a neighborhood U of ¢ such that V5, N U is a real
analytic d-dimensional submanifold of RY. This would mean that, up to a relabeling of
the coordinates and to a possible restriction of the neighborhood, U N Vj is the graph of
a real analytic function of the first d variables x1,...,x4. But then this would contradict
the existence of a nontrivial polynomial of the first n + 1 < d variables which vanishes on
Vo.

Note moreover that, since f is a smooth embedding of 3, by Corollary 1.3.5 the dimen-
sion must also be at least n. Hence we have concluded that the dimension of V' is precisely
n.

Next, if Vj is reducible, then there are two nontrivial subvarieties V' and W of 1}
such that Vy = V U W. One of them, say V, must intersect S on a set A of positive
n-dimensional volume. If P is any polynomial among the ones defining V', we then must
have P(f1,..., fy) =0 on A: however, since P(fi,..., fy) is real analytic, A has positive
measure and S is a connected submanifold of RY, we necessarily have P(fi,..., fxy) = 0on
the whole S. We thus conclude that S C V =: V;. If V; were reducible, we can go on with
the above procedure and create a sequence Vo D Vi D ... of algebraic varieties containing
S: however, by the well-known descending chain condition in the Zariski topology (cf.
[42]), this procedure must stop after a finite number of steps. Thus, we have achieved the
existence of an n-dimensional irreducible subvariety V' such that S C V.

We claim that S is a sheet of V. First of all, by Proposition 1.3.4(c), S must contain a
general point p of V. Moreover, by Proposition 1.3.4 we know that there is a neighborhood
U of p such that U NV is an n-dimensional submanifold. By further restricting U we
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can assume that both U NV and U N S are connected n-dimensional submanifolds. Since
S C V, we must obviously have SNU = VNU. Hence p is a point which satisfies condition
(c) in Definition 1.2.5. Next, fix a second point ¢ € S and let p = f~(p) and § = f~!(q).
Since X is a connected real analytic manifold, we clearly know that there is 7 : [0, 1] — X
real analytic such that 5(0) = g and (1) = ¢*. Thus v := f o7 is a map as in Definition
1.2.5(a). It remains to show that S is maximal among the subsets of V' satisfying Definition
1.2.5(a).

So, let S be the maximal one containing S and fix p € S: we claim that indeed p € S.
By assumption we know that there is a real analytic curve v : [0,1] — S such that (0) € S
is a general point and (1) = p. First of all, since 7(0) is a general point of V, there is a
neighborhood U of p where S and V' coincide. Hence there is § > 0 such that v([0,d]) C S.
Set next

s:=sup{s € [0,1] : v([0,s]) € S}.

Clearly, s is a maximum. Moreover, by compactness of S, ¢ :== y(s) € S: we need then to
show that s = 1. Assume, instead, that s < 1. Let U be some coordinate chart containing
g and y : U — R" corresponding real analytic coordinates. There is > 0 such that
Y v([s = 6,s])) € U.The map 7 := yo f~lovy:[s— 4, s — R" is then real analytic.
Hence there is 7 > 0 so that 4(t) can be expanded in power series of (£ —s) on the interval
s —mn, s]. Such power series converges then on |s —n, s+ n[ and extends 7 to a real analytic
map on |s — 1, s + . Now, Y|js_y sty and 7 := foy~! o4 are two maps which coincide
on the interval |s — 7, s]: since they are both real analytic, they must then coincide on the
whole |s — n, s 4+ n[. Hence ([0, s + n[) C S, contradicting the maximality of s.

Sheet —> Representation. Let v : ¥ — R¥Y be a real analytic embedding of
an n-dimensional real analytic manifold such that S = v(X) is a sheet of an algebraic
subvariety V' with minimal field of definition F. Pick now a point ¢ € S for which there is
neighborhood U with UNS = VNU. By Corollary 1.3.5 there must necessarily be a point
peVNU=SNU with m := dimy(p) > n. By Proposition 1.3.4(c) there is an algebraic
subvariety W C V with algebraic dimension m containing p and with field of definition
F” € F. Note that by the latter property we must necessarily have dimy (p) > m and
thus p is a general point of W. Therefore, by Proposition 1.3.4(b) applied to W, there is a
neighborhood U’ C U of p such that U’ N W is an m-dimensional connected submanifold:
since U'NS=U'NV DU ' NW and S is an n-dimensional submanifold, m = n and there
is a neighborhood of p where W and S coincide.

We claim now that v(¥) = S € W. Fix p’ € S: we know that there is an analytic
function v : [0,1] — S such that v(0) = p and y(1) = p'. If P is a polynomial of N
variables which vanishes on W, then P o~ vanishes on a neighborhood of 0. Since P o~y

2Here we are using the nontrivial fact that in a connected real analytic manifold any pair of points
can be joined by a real analytic arc. One simple argument goes as follows: use first Whitney’s theorem
to assume, without loss of generality, that X is a real analytic submanifold of RY. Fix two points p and
q and use the existence of a real analytic projection in a neighborhood of ¥ to reduce our claim to the
existence of a real analytic arc connecting any two points inside a connected open subset of the Euclidean
space. Finally use the Weierstrass polynomial approximation theorem to show the latter claim.
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is real analytic, it must thus vanish on the whole interval [0, 1] and thus P(p") = 0. This
shows that p’ is a zero of any polynomial which vanishes on W, which implies that p’ € W.

Having established that v(X) is a sheet of an n-dimensional subvariety of R” | it follows
that for any collection of n 4+ 1 functions among the coordinates vy, ..., vy satisfy a non-
trivial polynomial relation. Thus % := {vy,..., vy} is a basic set. Now consider the ring
Z' of real analytic functions generated by Z: such ring obviously satisfies the requirements
(a) and (c) of Definition 1.2.2. Choosing a maximal one (among those satisfying these two
requirements and containing %) we achieve the desired structure (X, %) of which v is a
representation. ]

1.5 Proof of Theorem 1.2.8 and Theorem 1.2.7

The proofs of the two theorems follow indeed the same path and will be given at the same
time. Before coming to them we need however the following very important lemma.

Lemma 1.5.1. Let Q and R be two monic polynomials in one variable of degrees d; and
do with real coefficients and no common factors. Let P = QR be their product. Then any
monic polynomial P of degree d = dy + dy with real coefficients in a suitable neighborhood
U of P can be factorized in two monic polynomials Q and R of degrees dy and ds, with real
coefficients and which lie near () and R respectively. Such decomposition is unique and the
coefficients of the polynomials of each factor depend analytically upon those of P.

Proof. First of all we show that the decomposition is unique. Note that two polynomials
have no common factors if and only if they have no (complex) root in common. Let
21, .., 24, be the roots of @ and wy, ..., wy, those of R (with repetitions, accounting for
multiplicities). If Piscloseto P = @R, then its roots will be close to 21, ...z2q,, w1, ..., Wy,
and thus they can be divided in unique way in two groups: d; roots close to the roots of )
and d, roots close to those of R. Clearly the zeros of the factor ) must be close to those
of @ and thus @ is uniquely determined, which in turn determines also the other factor R.
Note moreover that the coefficients of both Q and R must be real: it suffices to show that
if a (nonreal) root ¢ of P is a root of Q, then its complex conjugate ¢ is also a root of Q.
Indeed, either ¢ is close to a real root of ), in which case  is close to the same root, or ¢
is close to a nonreal root of z; of ), in which case ( is close to Z;, which must be a root of
() because () has real coefficients.
In order to show the existence and the real analytic dependence, set



We then desire to find a neighborhood U of ¢ = (cy,...,cq) € R? and a real analytic map
(o, B) : U — R%E x R% with the properties that

(a) 2?4 32 ca® = (a + 32, @)z ) (x® + 32, Bu(@)x®7") for any ¢ € U;
(b) a(c) = a and B(c) = 0.

Given a, 3 vectors in some neighborhoods U; and Uy of @ and b, let Q, 1= %+ ; orh,
Rg :=a% 4+ 3", Bra® ™" and Q,Rs = z% + Y, vix?". This defines a real analytic (in fact
polynomial!) map U; x Uy 3 (a, 8) — v(a, ) € R? with the property that y(a,b) = c.
Our claim will then follow from the inverse function theorem if we can show that the
determinant of the matrix of partial derivatives v at the point (a,b) is nonzero. The latter
matrix is however the Sylvester matrix of the two polynomials @) and R: the determinant
of the Sylvester matrix of two polynomials (called the resultant), vanishes if and only if
the two polynomials have a common zero, see [2]. O

We are now ready to prove the two main theorems, namely Theorem 1.2.8 and Theorem
1.2.7. We start with Theorem 1.2.8 and consider therefore w : ¥ — R™ smooth embedding
of a smooth closed connected manifold of dimension n. By Whitney’s theorem we can
assume, without loss of generality, that w is real analytic. Consider now a tubular neigh-
borhood U := Uys(X) so that the nearest point projection x — mw(z) € ¥ is real analytic
on U and let v : U — R™ be the function v(x) := m(x) — x. For each x let also 5,y be
the n-dimensional tangent space to X at m(z) (considered as a linear subspace of R™) and
let £ — K(x)¢ be the orthogonal projection from R™ onto T’ WL(:E)Z, namely the orthogonal
complement of the tangent 77 ;)X. We therefore consider K(x) to be a symmetric m x m
matrix with coefficients which depend analytically upon . Let next u and L be two maps
with polynomial dependence on x which on Uss(X) approximate well the maps v and K.
More precisely

e L(x) is an m x m symmetric matrix for every x, with entries which are polynomial
functions of the variable x;

o [[u—v|evwy ) + 1L — Ko, =) <1, where N is a large natural number and 7
a small real number, whose choices will be specified later.

The characteristic polynomial of K is P(A) = (A — 1) "A"™. We can then apply Lemma

1.5.1 and, assuming 7 is sufficiently small, the characteristic polynomial P,()\) of L(z) can
be factorized as Q,(\)R.(\) where

e R,(\) is close to \";
e ().()\) is close to (A — 1)

e The coefficients of R, and @), depend analytically upon z.

16



It turns out that both @), and R, have all real roots. Moreover, the eigenvectors with
eigenvalues which are roots of R, span an n-dimensional vector subspace 7(z) of R which
is close to Tr(z)(X). On the other hand the eigenvectors with eigenvalues which are roots
of @, span the orthogonal of 7(z), which we will denote by 7(x)* (recall that L(z) is a
symmetric matrix!). Consider then the symmetric matrix P(x) = R,(L(z)). Then the
kernel of the linear map & — P(z)¢ is 7(z). Moreover |P(x){ — ¢ < Cnl] for every
¢ € 7(x)*, where C is only a dimensional constant: this happens because P(z) is close to
(K(x))™, whose linear action on TNL(I)E is the identity.
Consider now the map

2(z) ==z +v(z) — K(z)P(x)u(x) .
N—_— —
=u1)(z)
x +— z(x) is clearly real analytic on Uss. Moreover, as n | 0, the map v — 1) converges to
r— v(z)—K(2)K(z)v(z) = 0, because K (z)v(z) = v(z). The latter convergence is in CV.
Since N is larger than 1, for n sufficiently close this will imply the local invertibility of the
function z. In fact, by the inverse function theorem and compactness of Uss(3) we conclude
the existence of a o > 0 and an 7y such that, if < 7y, then z is injective in B,(y) for every
y € Uy(X). Then, choosing n < min{ng,o/(3C)} for a suitable dimensional constant C'
we conclude the global injectivity of z on Uss(X): if we have z(z) = 2(2') and = # 2/, then
necessarily |z — 2’| > . On the other hand the C° norm of the difference between z and
the identity map is given by Cn and thus we can estimate

2
2(z) — 2(2')] = |z — 2’| = |2(2) — 2| = |2(2)) = 2’| = 0 — ?g :
Finally, by possibly choosing 7 even smaller, we can assume that Us(X) is contained in

2(Uss(X)).

Let now z~! be the inverse of z on Us(X), which is analytic by the inverse function
theorem. We claim that the real analytic subvariety I' = z7!(X) is a sheet of an algebraic
subvariety: this would complete the proof of Theorem 1.2.8, provided N is large enough
and 7 small enough.

Note now that, for any choice of z, z+wv(x) = w(x) belongs to ¥ and ¢(x) is orthogonal
to Tr(z)2, by definition of K(x). Hence z(x) belongs to ¥ if and only if ¢(z) = 0. We
conclude therefore that I is indeed the set where ¢ vanishes. Recall moreover that, choosing
n sufficiently small, P(z)u(x) belongs to the plane 7(z)* which is close to TTrl(m)Z: hence
K(z)P(z)u(z) = 0 is equivalent to the condition P(z)u(x) = 0. I' is therefore the zero set
of

R, (L(x))u(x) =0.

Note however that the coefficients of the polynomial R,(\) are just analytic functions of
x and not polynomial functions of x: it is therefore not obvious that I' is a sheet of an
algebraic subvariety. From now on we let ¢(z) be the map R, (L(x))u(z).

Consider now R™*" as a product of R™ with the linear space of polynomials of degree
n and real coefficients in the unknown A. In other words, to every point (z,a) € R™*"
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we associate the pair x € R" and p,(\) = X" + a; A" + ... + a,. For any (z,a) consider
the polynomial ¢, ,(A) which is the remainder of the division of P,()), the characteristic
polynomial of L(x), by the polynomial p,(A). In particular, let n;(x, a) be the coefficients
of ¢4, namely

Qea(X) = m(x, AN p(x, )N A (s a).

The corresponding map (z,a) — n(x,a) = (m(z,a),...,n.(x,a)) is a polynomial map,
because the coefficients of P,(\) depend polynomially on z! For any element (x,a), define
o(z,a) = pa(L(z))u(z) and consider thus the system of polynomial equations

n(z,a) =0
(1.2)

o(x,a) =0

Such system defines a real algebraic subvariety V' of R™*". Now, consider the analytic
map = — Y(z) = (z, R,) € R™*". Since the remainder of the division of P, by R, is 0,
we clearly have n(¥(z)) = 0. Moreover, since ¢(x, R,) = ¢(x), we conclude that W(I") is
a subset of the set of solutions of (1.2), namely a subset of V. Moreover W(I') is a real
analytic embedding of I" and hence also a real analytic embedding of 3. We next claim
that W(I') is in fact an isolated sheet of V. The only thing we need to show is that in a
neighborhood of ¥(T") the only solutions of (1.2) must be images of I" through W. If (2/, a)
is a zero of (1.2) near an element of (z, R,) € ¥(I'), it then follows that the polynomial p,
must be close to the polynomial R, and must be a factor of P,s. Recall however that R, (\)
is close to the polynomial A" and, by Lemma 1.5.1, nearby A" there is a unique factor of
P, which is a monic polynomial of degree n close to A™: such factor is R,/! This implies
that p, = R, and hence that ¢(2',a) = ¢(z’). But then ¢(z') = 0 implies that 2’ € T,
which completes the proof.

Hence (") is an isolated sheet of a real algebraic subvariety W of R™*" and as such
a proper representation, by Proposition 1.2.6. But I' is a projection of such representation,
which is still an analytic submanifold and thus it is easy to see that I is also a representation
of ¥: namely the components of z=! : 3 — R" give a basic set Z of ¥ and, using the same
procedure of the proof of Proposition 1.2.6 we can find an structure % containing 4.

We next use the classical projection argument of Whitney, cf. [97], to show that, if
7 is the orthogonal projection of R™*" onto a generic (in the sense of Baire Category)
2n + 1-dimensional subspace of R™™ m(W(T)) is still a submanifold, it is a connected
component of 7(W) and that w(WW) is a an algebraic subvariety 3 of R*"*1. This gives a
proper representation and proves therefore Theorem 1.2.7.

In order to accomplish this last task, we first observe that it suffices to show the
existence of a projection onto an hyperplane, provided m +n > 2n + 1: we can then
keep reducing the dimension of the ambient Euclidean space until we reach 2n + 1. Next,

3The projection of an algebraic subvariety is not always an algebraic subvariety: here as well we are
take advantage of the genericity.
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for each hyperplane 7 C R™*™ we denote by P, the orthogonal projection onto it. The
classical argument of Whitney implies that:

(a) For a dense open subset of 7’s in the Grassmanian G of hyperplanes of R™*" the
map P, restricted on ¥(I") is an immersion (i.e. its differential has full rank at every
p € ¥(I')).

(b) For a generic subset of 7’s, P, is injective on W(T').

Thus for a dense open subset of 7’s, P, o W is an embedding of I'. However, note that
point (b) cannot be obviously extended to give injectivity of P, on the whole subvariety
W, because W \ ¥(I') is not necessarily a submanifold. We claim that, nonetheless,

P(¥(T)NEP,(W\Y[I)) =0  for 7in a dense open subset of G. (1.3)

Indeed, by Proposition 1.3.4, we know that W \ ¥(T") can be covered by countably many
submanifolds W;, of dimension d; < n. Without loss of generality we can assume that
each Wj; is compact, has smooth boundary and does not intersect W(I'). Consider the map
(L) x Wi 3 (2,y) = 2(x,y) == ;= Since z is smooth, z(¥(I') x W;) is a (closed) set of
Hausdorff dimension at most n+d; < 2n < m+n — 1 and thus it is meager. In particular
we conclude that the set K := z(U(I') x (W \ ¥(I")) is a countable union of meager sets and
thus a set of first category. Hence the set U C S™*"! of points p for which neither p nor
—p belongs to K is a generic subset of S™*"~1. Clearly, the set of hyperplanes T orthogonal
to {p, —p} C U is a generic subset of hyperplanes for which P.(¥(T")) NP, (W \ ¥(T")) = (.

Finally, it is a classical fact in real algebraic geometry that, for a generic subset of 7,
P.(W) is a real algebraic subvariety. Nash refers to the “classical algebraic geometrical
method of generic linear projection”, cf. [69, p. 415]. However it is possible to conclude the
existence of a good projection directly with an algebraic variant of Whitney’s argument?.
For completeness we report this alternative possibility in the next two paragraphs.

Consider the complexification We € C™*™ of W (i.e. Wg is the smallest complex
algebraic subvariety of C™" containing ). We have that W has (real) dimension 2n,
W = We NR™™ and ¥(T") is contained in the set W of nonsingular points of We: for
any point p € WU(I") there is a neighborhood U of p in C™™" such that U N W is the
zero set of m polynomials with linearly independent gradients. We identify P™+"~1(C)
with the hyperplane at infinity of C™*". Thus, we can consider P™*"(C) as the union
CmryP™=1(C). For each nonzero vector 7 of C™ ™" we indicate by [7] the corresponding
point of P"™™~1(C). Let S denote the set of all [r] of the form 7 = z — y with z,y € W
and = # y. Note that S has Hausdorff dimension at most 4n and the same is true for its
closure T in P™™™~1(C) 5. The set T contains all points at infinity of W¢ (i.e. T contains
the intersection between P~ !(C) and the closure of W¢ in P™™(C)). It is immediate
to verify that T' contains also all the points [7] such that 7 is a nonzero vector of C"*"

4Many thanks to Riccardo Ghiloni for suggesting this argument, which follows closely the proof of [51,
Lemma 3.2].
5Observe that in this context the closure in the euclidean topology coincides with the Zariski closure.
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tangent to the complex manifold W at some of its points. Since 2(m +n —1) > 4n, T
turns out to be a proper (i.e. TG P™+"~!(C)) complex algebraic subvariety of P™*"~1(C).
Thus, the subset P~ 1(R) of P™*"~1(C) cannot be completely contained in T'. Choose
[v] € P™~1(R) \ T. Denote by H the hyperplane of R™"" orthogonal to 7 and by
Hc C C™™ its complexification.

Observe that the orthogonal projection p : R™™ — H extends to the projection
pc : C™"™ — Hc which maps each point z into the unique point of the intersection
between H¢ and the projective line joining [v] and z. Since [v] & T', the restriction pi of
pc to We is proper and injective, and it is an immersion on W¢. In particular, pi(We) is
a complex algebraic subvariety of H¢ and pi(z) is a nonsingular point of p-(W¢) for each
x € ¥(I). It follows immediately that the restriction p’ of p to W is an homeomorphism
onto its image and it is a real analytic embedding on ¥(I'). It remains to prove that
p'(W) is a real algebraic subvariety of H. It suffices to show that p'(W) = p-(We) N H
or, equivalently, that p(We) N H C p'(W). Let x € p(We) N H and let y € W with
pe(y) = x. We must prove that y € R™"". Note that the conjugate point 7 of y belongs
to We, because W can be described by real polynomial equations. In this way, since [V]
is real (i.e. [v] € P (R)), p(¥) =T = 2 = pi(y). On the other hand, pf is injective
and hence y € R™*" as desired.

1.6 Proof of Theorem 1.2.9

Let (X, %) and (I, Z5) be two structures of Nash manifolds on two diffeomorphic manifolds
and consider two corresponding proper representations v; : ¥ — R™ and vy : ' — R™.
Let a : I' = ¥ be a diffeomorphism and, using Whitney’s theorem, assume without loss
of generality that o is real analytic and define a := v; o @ o v;* on wy(I'). Considering
a neighborhood Us(ve(I")) where the nearest point projection my on v(I") is real analytic,
let w := aomy: wis a real analytic mapping from Us(vo(I")) onto v1(X). We can then
approximate w in C! with a map z whose coordinate functions are polynomials. If the
approximation is good enough, we can assume that w takes values in a neighborhood U,
of v1(X) where the nearest point projection m is real analytic and well defined. Now
the nearest point projection m(y) of a point y onto v1(X) is in fact characterized by the
orthogonality of y —m; (y) to the tangent space to v1(X) at m(y). It is easy to see that this
is a set of polynomial conditions when v;(X) is, as in this case, a smooth real algebraic
submanifold. Thus m; is an algebraic function. Hence ¢ := m; o z is also an algebraic
function. If z is close enough to w in the C* norm, then the restriction of z to vy(T") will
be close enough to a in the C'! norm: in particular when this norm is sufficiently small the
restriction of z to ve(X) must be a diffecomorphism of vy(I") with v1(X). By the implicit
function theorem, the inverse will also be real analytic. Since, however, z is algebraic,
its inverse will also be algebraic. Thus z gives the desired isomorphism between the two
algebraic structures.
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Chapter 2

Cl isometric embeddings

2.1 Introduction

Consider a smooth n-dimensional manifold > with a smooth Riemannian tensor g on it. If
U C X is a coordinate patch, we write ¢ as customary in local coordinates:

g = gijdx; @ dxj,

where we follow the Einstein’s summation convention. The smoothness of g means that,
for any chart of the smooth atlas, the coefficients g;; are C*° functions.

An isometric immersion (resp. embedding) w : ¥ — R™ is an immersion (resp. embed-
ding) which preserves the length of curves, namely such that

ly(y) =Llo(uoy)  forany C! curve v : 1 — X.

Here /.(n) denotes the usual Euclidean length of a curve 7, namely

(o) = / () d

whereas £,(y) denotes the length of v in the Riemannian manifold (3, g): if v takes values
in a coordinate patch U C ¥ the explicit formula is

G0 = [ Vot . (2.1

The existence of isometric immersions (resp. embeddings) is a classical problem, whose
formulation is attributed to the Swiss mathematician Schlafli, see [83]. At the time of
Nash’s works [69, 71] comparatively little was known about the existence of such maps.
Janet [50], Cartan [14] and Burstin [13] had proved the existence of local isometric embed-
dings in the case of analytic metrics. For the very particular case of 2-dimensional spheres
endowed with metrics of positive Gauss curvature, Weyl in [95] had raised the question
of the existence of isometric embeddings in R3. The Weyl’s problem was solved by Lewy
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in [58] for analytic metrics and only shortly before Nash’s work another brilliant young
mathematician, Louis Nirenberg, had settled the case of smooth metrics (in fact C*, see
Nirenberg’s PhD thesis [77] and the note [78]); the same problem was solved independently
by Pogorolev [80], building upon the work of Alexandrov [3] (see also [81]).

In his two papers on the topics written in the fifties (he wrote a third contribution in
the sixties, cf. [74]) Nash completely revolutionized the subject. He first proved a very
counterintuitive fact which shocked the geometers of his time, namely the existence of C*
isometric embeddings in codimension 2 in the absence of topological obstructions. He then
showed the existence of smooth embeddings in sufficiently high codimension, introducing
his celebrated iteration approach to “hard implicit function theorems”. In this chapter we
report the main statements and the arguments of the first paper [69].

We start by establishing the following useful notation. First of all we will use the
Einstein summation convention on repeated indices. We then will denote by e the standard
Euclidean metric on RY, which in the usual coordinates is expressed by the tensor

(Swdl'l &® dl‘j .

If v: ¥ — R is an immersion we denote by vfe the pull-back metric on ¥. When U C &
is a coordinate patch, the pull-back metric in the local coordinates is then given by

Uﬁe = (82’11 . 8jv)d$2 X dx] y

where O;v is the i-th partial derivative of the map v and - denotes the usual Euclidean
scalar product. The obvious necessary and sufficient condition in order for a C* map u to
be an isometry is then given by ufe = ¢, which amounts to the identities

Gij = Oiu - Oju. (2.2)

Note that this is a system of n(ntl) partial differential equations in N unknowns (if the

2
target of u is RY).

In order to state the main theorems of Nash’s 1954 note, we need to introduce the
concept of “short immersion”.

Definition 2.1.1. Let (X, g) be a Riemannian manifold. An immersion v : ¥ — R is
short if we have the inequality v*e < g in the sense of quadratic forms (i.e., h < g means
that hjjw'w’ < g;;w'w’ for any nonzero tangent vector w). If the inequality < holds we
then say that v is strictly short.

Using (2.1) we see immediately that a short map shrinks the length of curves, namely
l.(v(7y)) < £y(y) for every smooth curve . The first main theorem of Nash’s paper is then
the following

Theorem 2.1.2. Let (X, g) be a smooth closed n-dimensional Riemannian manifold and
v: Y = RN g C® short immersion with N > n + 2. Then, for any € > 0 there is a
Cl isometric immersion u : ¥ — RN such that ||u — v|jco < e. If v is, in addition, an
embedding, then w can be assumed to be an embedding as well.

22



The closedness assumption can be removed, but the corresponding statement is slightly
more involved and in particular we need the notion of “limit set”.

Definition 2.1.3. Let ¥ be a smooth manifold and v : ¥ — RY. Fix an exhaustion of
compact sets I';, C 2, namely 'y, C I'yy; and Uiy = 3. The limit set of v is the collection
of points ¢ which are limits of any sequence {v(py)} such that p, € X\ Ty.

Theorem 2.1.4. Let (3, g) be a smooth n-dimensional Riemannian manifold. The same
conclusions of Theorem 2.1.2 can be drawn if the map v is short and its limit set does not
intersect its image. Moreover, we can impose that the nearby isometry u has the same limat
set as v if v is strictly short.

Combined with the classical theorem of Whitney on the existence of smooth immersions
and embeddings, the above theorems have the following corollary.

Corollary 2.1.5. Any smooth n-dimensional Riemannian manifold has a C* isometric
immersion in R*® and a C* isometric embedding in R***1. If in addition the manifold is
closed, then there is a Ct isometric embedding in R*". *

Remark 2.1.6. In Nash’s original paper the C° estimate of Theorem 2.1.2 is not men-
tioned, but it is an obvious outcome of the proof. Moreover, Nash states explicitely that it
is possible to relax the condition N > n+2 to the (optimal) N > n+ 1 using more involved
computations, but he does not give any detail. Indeed such a statement was proved shortly
after by Kuiper in [56], with a suitable adaptation of Nash’s argument. The final result is
then often called the Nash-Kuiper Theorem.

The Nash-Kuiper C! isometric embedding theorem is often cited as one of the very
first instances of Gromov’s h-principle, cf. [27, 36]. Note that it implies that any closed 2-
dimensional oriented Riemannian manifold can be embedded in an arbitrarily small ball of
the Euclidean 3-dimensional space with a C! isometry. This statement is rather striking and
counterintuitive, especially if we compare it to the classical rigidity for the Weyl’s problem
(see the classical works of Cohn-Vossen and Herglotz [17, 44]): if ¥ is a 2-dimensional
sphere and g a C? metric with positive Gauss curvature, the image of every C? isometric
embedding u : ¥ — R3 is the boundary of a convex body, uniquely determined up to rigid
motions of R3. Nash’s proof of Theorem 2.1.2 (and Kuiper’s subsequent modification)
generates indeed a C' isometry which has no further regularity. It is interesting to notice
that a sufficiently strong Holder continuity assumption on the first derivative it is still
enough for the validity of the rigidity statement in the Weyl’s problem (see [10, 18]),
whereas for a sufficiently low Holder exponent o the Nash-Kuiper Theorem still holds in
C1 (see [11, 18, 24]). The existence of a threshold exponent distinguishing between the
two different behaviors in low codimension is a widely open problem, cf. [36, p. 219] and
[99, Problem 27], which bears several relations with a well known conjecture in the theory
of turbulence, cf. [26, 12, 90].

LClosed manifolds can be C! isometrically immersed in lower dimension: already at the time of Nash’s
paper this could be shown in R?*~1 (for n > 1!) using Whitney’s immersion theorem. Nowadays we can
use Cohen’s solution of the immersion conjecture to lower the dimension to n — a(n), where a(n) is the
number of 1’s in the binary expansion of n, cf. [16].
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2.2 Main iteration

We start by noticing that Theorem 2.1.2 is a “strict subset” of Theorem 2.1.4: if ¥ is
closed, then the limit set of any map is empty. Moreover, the following simple topological
fact will be used several times:

Lemma 2.2.1. Let X be a differentiable n-dimensional manifold and {V\} an open cover
of 2. Then there is an open cover {U,} with the properties that:

(a) each U, is contained in some V);

(b) the closure of each U, is diffeomorphic to an n-dimensional ball;

(c) each Uy intersects at most finitely many other elements of the cover;

(d) each point p € X2 has a neighborhood contained in at most n+1 elements of the cover;
(e) {Us} can be subdivided into n+ 1 classes C; consisting of pairwise disjoint Uy, ’s.

Proof. By a classical theorem 3 can be triangulated (see [96]) and by locally refining the
triangulation we can assume that each simplex is contained in some V). Denote by S such
triangulation and enumerate its vertices as {SP}, its 1-dimensional edges as {S}} and so
on. Then take the barycentric subdivision of S and call it T'.

e For each vertex SY consider the interior U? of the star of S? in the triangulation T
(recall that the star of SY is the union of all simplices of the triangulation which
contain SY; cf. [43, p. 178]. Observe that the U? are pairwise disjoint.

e For each edge S} consider the interior U} of the star of S} in the triangulation T". The
U} are pairwise disjoint. Additionally, observe that if U} N U # @, then S§ C S}

e Proceed likewise up to n — 1. Complete the collection {U} : 0 < ¢t < n — 1} with the
interiors U" of the n-dimensional simplices S}* of S.

(a) and (e) are obvious by construction. If two distinct elements U; and U} have nonempty
intersection and s > ¢, then s >t and S} is a face of S}: this gives directly (c). (d) is an
obvious consequence of (e). Each U, is diffeomorphic to the open Euclidean n-dimensional
ball, but its closure is only homeomorphic to the closed ball: however it suffices to choose
an appropriate smaller open set for each U, to achieve (b) while keeping all the other
properties. [

From now on we fix therefore a smooth manifold ¥ as in Theorem 2.1.4 and a corre-
sponding smooth atlas A = {U,} (which is either finite or countably infinite) where the
U,’s have compact closure and satisfy the properties (b), (c¢) and (d) of Lemma 2.2.1.

Given any symmetric (0,2) tensor h on ¥ we write h = h;jdz; ® dx; and denote by
|h|lo,y, the supremum of the Hilbert-Schmidt norm of the matrices h;;(p) for p € U,.
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Similarly, if v : ¥ — R is a C' map, we write || Dv||oy, for the supremum of the Hilbert-
Schmidt norms of the matrices Dv(p) = (O1v(p),...,0,v(p)), where p € Uy. Finally we
set

1llo := sup [17lo,u,

[ Dvllo = sup [ Dvllop, -

We are now ready to state the main inductive statement? whose iteration will prove The-
orem 2.1.4.

Proposition 2.2.2. Let (X, g) be as in Theorem 2.1.4 and w : ¥ — RY a smooth strictly
short immersion. For any choice of positive numbers ny > 0 and any 6 > 0 there is a
smooth short immersion z : ¥ — RY such that

Iz = wllo, <ne, vl
lg — Zello <0,

(2.4)
|Dw — Dz||y < C+/|lg — whel|o, (2.5)

for some dimensional constant C. If w is injective, then we can choose z injective.

Note that the right hand side of (2.5) might be oo, in which case the condition (2.5) is
an empty requirement. We show first how to conclude Theorem 2.1.4 from the proposition
above. Subsequently we close this section by proving Corollary 2.1.5. The rest of the
chapter will then be dedicated to prove Proposition 2.2.2.

Proof of Theorem 2.1.4. Let vy := v and € be as in the statement and assume for the
moment that v is an immersion. For the first part we can assume without loss of generality
that the map is strictly short, after multiplying it by a constant smaller (but close to) 1.
We will produce a sequence of maps v, by applying iteratively Proposition 2.2.2. Since
the limit set of v is closed and v(Uy) compact, there is a positive number 3, such that any
point of v(U,) is at distance at least 3, from the limit set of v. We then define the numbers

Mge :=2""""min{e, B, 27"}
0g =471,

At each ¢ > 1 we then apply Proposition 2.2.2 with w = v,_1, 70 = 740 and § = J, to
produce z =: v,. We then conclude immediately that:

o |lv, — v_1llo < 277 !¢ and thus v, converges uniformly to some u with ||ju — v||y <
Z 2—q—1 __E.
< 2> B

o similarly [[v —ullou, < B > 2717 = %;

2This is what Nash calls “a stage”, cf. [69, Page 391]
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e again by a similar computation ||u—v||oy, < 27¢ and thus the limit set of u coincides
with the limit set of v; combined with the estimate above, this implies that the limit
set of u does not intersect the image of u;

e |Dv, — Dv, 1|lo < C277"! for every g > 2 and thus u is a C' map (observe that we
claim no bound on ||Dv; — Duvgl|o; on the other hand we do not need it!);

e since v, converges to u in C'', we have g — u’e = lim,(g — vie) = 0 and thus u is an
isometry, from which we also conclude that the differential of u has everywhere full
rank and hence u is an immersion.

It remains to show that, if v is injective, then the iteration above can be arranged so to
guarantee that u is also injective. To this aim, notice first that all the conclusions above
certainly hold in case we implement the same iteration applying Proposition 2.2.2 with
parameters 7,, smaller than 7,,. Moreover the proposition guarantees the injectivity at
each step: we just need to show that the limit map is also injective. For each ¢ consider
the compact set V, := Uy<,U, and the positive numbers

27; := min{|v;(z) — v;(y)| : d(z,y) > 27", 2,y € V;} for i < g,

where d is the geodesic distance induced by the Riemannian metric g. We then set n,, :=
min{j,¢, 27971y, 277 1y, .., 2797y, 1} and apply the iteration as above with 7, in place
of 7ys. We want to check that the resulting u is injective. Fix z # y in ¥ and choose ¢
such that 277 < d(z,y) and z,y € V. We can then estimate

u(@) = u(y)] > vg(@) — )] = Y Nvnrs — vellogy, = 2% — 327519y > 7, > 0. O
k>q k>q

Proof of Corollary 2.1.5. Recall that, according to Whitney’s embedding theorem in its
strong form (see [98]), any smooth differentiable manifold ¥ of dimension n can be em-
bedded in R?". If the manifold in addition is closed, then it suffices to multiply the corre-
sponding map by a sufficiently small positive constant to make it short and the existence
of a nearby C" isometry with the desired property follows from Theorem 2.1.2.

The general case requires somewhat more care. Fix a smooth Riemannian manifold
(33, g) of dimension n, not closed. Below we will produce a suitable smooth embedding
z: 3 — RY for N = (n+1)(n+ 2), with the additional properties that

(i) zis a short map;
(ii) the limit set of z is {0} and does not intersect the image of z.

We then can follow the standard procedure of the proof of the Whitney’s embedding
theorem in its weak form (cf. [97]): if we consider the Grassmannian of 2n + 1 dimensional
planes 7 of RY, we know that for a subset of full measure the projection P, onto 7 is
injective and has injective differential on z(3). A similar argument shows that for a set
of planes 7 of full measure P, (z(X)) does not contain the origin. Since clearly P, o z is
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also short, the map v := P, o z satisfies the assumptions of Theorem 2.1.4. If we drop
the injectivity assumption on 7 (namely we restrict to immersions), we can project on a
suitable 2n-dimensional plane.

Coming to the existence of z, we use the atlas {U,} of 3 given by Lemma 2.2.1 and
we let &, : U, — R" be the corresponding charts. Observe that, since ¥ is not closed, the
atlas is necessarily (countably) infinite. After further multiplying each ®, by a positive
scalar we can assume, without loss of generality, that |®,| < 1. Recall the n + 1 classes
C; of Lemma 2.2.1(e). Consider then a family of smooth functions ¢, each supported in
Uy, with 0 < ¢y < 1 and such that for any point p € ¥ there is at least one ¢, which is
identically 1 in some neighborhood of p. Finally, after numbering the elements of the atlas,
we fix a vanishing sequence ¢, of strictly monotone positive numbers, whose choice will be
specified in a moment.

We are now ready to define our map z, which will be done specifying each component
zj. Fixpe X and i € {1,...,n+ 1}. If p does not belong to any element of C;, then we

set Z(i—1)(nt+2)41(P) = - .- = Zitm+2)(p) = 0. Otherwise there is a unique U, € C; with p € U,
and we set:

Zi-nmi2)+5 (D) = €00e(p)(Pe(p));  for j e {1,...,n} (2.6)

Z(i—l)(n+2)+n+1(p) = E?W(p) (2.7)

Z(i-1)(n+2)+nt2(P) = Eepe(Pp) - (2.8)

Now, for any point p there is at least one ¢ for which ¢, is identically one in a neighborhood
of p: this will have two effects, namely that the differential of z at p is injective and that
z(p) # 0. Since the limit set of z is obviously 0, condition (ii) above is satisfied. To
prove that z is an embedding we need to show that z is injective. Fix two points p and
q and fix a U, € C; for which ¢,(p) = 1. If ¢ € Uy, then either p,(q) # 1, in which case
Zi-1)(n+2)+n+1(P) # Zi-1)(m+2)+n+1(q); oF @e(q) = 1 and, by ®(p) # Pe(g), we conclude
2(q) # 2(p). If ¢ € Uy and @y (q) = 0 for any other Up € C;, then z(_1y(m+2)4n+1(q) = 0 #
Z(i—1)(n+2)tn+1(p). Otherwise there is a Uy € C; distinct from Uy, such that pg(q) # 0. In
this case we have

Z(i—1)(n+1)+n+1 (Q)
Zi(n+2) (Q)

Z(i—1)(n+2)+n+1 (p)
Zi(n+2) (P)

2847&54/:

Thus z is injective.
Finally, by choosing the ¢, inductively appropriately small, it is easy to show that we
can ensure the shortness of z. O

2.3 Decomposition in primitive metrics

We will call “primitive metric”® any (0, 2) tensor having the structure a?dy ® di for some
pair of smooth functions a and . Note that such two tensor is only positive semidefinite

3Although the term is nowadays rather common, it has not been introduced by Nash, neither in [69]
nor in the subsequent paper [71].
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and thus it is certainly not a Riemannian metric. In the next fundamental lemma it is
shown that any Riemannian metric can be written as a (locally finite) sum of primitive
metrics satisfying some additional technical requirements.

Proposition 2.3.1. Let X be a smooth n-dimensional manifold, h a smooth positive def-
inite (0,2) tensor on it and {U;} a cover of ¥. Then there is a countable collection h; of
primitive metrics such that h =% h; and

e Fach h; is supported in some U,.

n(n+1)32
2

e For any p € X there are at most K(n) = h;’s whose support contains p. *

e The support of each h; intersects the supports of at most finitely many other hy’s.

Proof. First of all, for each point p € ¥ we find a neighborhood V,, C U, (for some ¢) and
J(n) = @ primitive metrics hyi, ..., h,; on V, such that h = hy + ...+ hy. In order
to do this fix coordinates on U, > p and write h as h = h;jdz; ® dz;. Consider the space
Sym,, ., of symmetric n x n matrices and let M be the matrix with entries h;;(p). Now,
since the set of all matrices of the form v ® v is a linear generator of Sym,,,, there are
J such matrices A = w; ® w; which are linearly independent. Consider M’ := ). A]. By
standard linear algebra we can find a linear isomorphism L of R" such that LT M'L = M:
indeed, since both M and M’ are symmetric we can find O and O; orthogonal such that
D =OTMO and D; = OFM'O; are diagonal matrices. Since M and M’ are both positive
definite, the entries of D and D; are all positive. Let therefore D=2 and D, "2 he the
diagonal matrices whose entries are the reciprocal of the square roots of the entries of D and
Dy, respectively. If we set U := OD~"? and U := OlDl_l/2, then clearly U MU = U M'U,
is the identity matrix. Thus L := U;U~! is the linear isomorphism we were looking for.
Having found L, if we set A, = LTA/L = (Lw;) ® (Lw;) = v; ® v;, we conclude that

Next, there are unique linear maps £; : Sym,,,, — R such that A = ). £;(A)v; ®v; for
every A. Thus, if we consider the maps 1;(x) = v; - x in local coordinates, we find smooth
functions «; : U, — R such that

J
h = Zaidiﬁi ® dip; .
i=1

Note that o;(p) = L£;(M) =1 for every i € {1,...,J} and thus in a neighborhood V,, of p
each «; is the square of an appropriate smooth function ;. The tensors h,; := afdlbi ® dip;
are the required primitive metrics.

Finally we apply Lemma 2.2.1 and refine the covering V, to a new covering W, with
the properties listed in the Lemma. For each W, we consider a V,, D W, and define the
corresponding primitive metrics Ay = hp1, ..., hey) = hps (we use the subscript (£7) in
order to avoid confusions with the explicit expression of the initial tensor A in a given

4In his paper Nash claims indeed a much larger K (n), cf. [69, Bottom of page 386].
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coordinate system!). We then consider compactly supported functions g, € C°(W,) with
the property that for any point p there is at least a 8, which does not vanish at p and we
set

B
p=——
v 25 B
The tensors @7 h ;) satisfy all the requirements of the proposition.” O

2.4 Proof of the main iterative statement

To complete the proof of the Proposition Proposition 2.2.2 we still need one technical
ingredient.

Lemma 2.4.1. Let B be a closed subset of R™ diffeomorphic to the n-dimensional closed
ball and w : B — RY a smooth immersion with N > n + 2. Then there are two smooth
maps v,b: B — RN such that

(a) V(@) = [b(g)| =1 and v(q) L b(q) for every q € B;
(b) v(q) and b(q) are both orthogonal to T, (w(B)) for every q € B.

Proof. For any point p there exists a neighborhood of it and a pair of maps as above
defined on the neighborhood: first select two orthonormal vectors v(p) and b(p) which are
normal to T,,;,)(w(B)) and, by smoothness of w, observe that they are almost orthogonal
to Toyq (w(B)) for every ¢ in a neighborhood. By first projecting on the normal bundle
and then using the standard Gram-Schmidt orthogonalization procedure we then produce
the desired pair. The problem of passing from the local statement to the global one can be
translated into the existence of a suitable section of a fiber bundle: since B is topologically
trivial, this is a classical conclusion.®

However one can also use the following elementary argument 7. We first observe that it
suffices to produce v and b continuous: we can then smooth them by convolution, project
on the normal bundle and use again a Gram-Schmidt procedure to produce a pair with the
desired properties. We just have to ensure that the projection on the normal bundle still
keeps the two vectors linearly independent at each point. Since v and b are orthonormal
and orthogonal to w(B), this is certainly the case if the smoothings are e-close to them
in the uniform topology, where ¢ > 0 is a fixed geometric constant. Next, in order to
show the existence of a continuous pair with properties (a) and (b), assume without loss of
generality that B = B;(0) C R™ and consider the set R of radii r for which there is at least
one such pair on B,(0). As observed above R is not empty. Let p be the supremum of R:
we claim that p € R. Indeed choose p; € R with px T p and let vy, by be two corresponding

5The argument of Nash is slightly different, since it covers the space of positive definite matrices with
appropriate simplices.

6Nash cites Steenrod’s classical book, [87].

"Nash writes Also they could be obtained by orthogonal propagation, cf. [69, Top of page 387].
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continuous maps on B, (0) satisfying (a) and (b). We define 7, and by on B by setting
them equal to v, and by on B, (0) and extending them further by

Note that the two maps satisfy (a). As for (b), by the smoothness of w, for any n > 0
there is 0 > 0 such that, if |z| < pp + 0, then the angle between Dg(x) (resp. bx(z)) and
the tangent space T,,w(B)) is at least § — 7. On the other hand, once 7 is smaller than
a geometric constant, we can project 7, and by on the normal bundle and apply Gram-
Schmidt to produce a continuous pair which satisfies the desired requirements on B, (0)
for o, = min{1, px + 0}. Thus o, belongs to R. By definition p > o} for every k: letting
k T oo and using that py T p, we conclude p > min{1, p + ¢}, namely p = 1. Thus o, = 1
for k large enough, which implies 1 € R and concludes the proof. O

Proof of Proposition 2.2.2. Fix a partition of unity ¢, subordinate to U,. Now, each fixed
Uy intersects a finite number of other U;’s: denote the set of relevant indices by I(¢). We
can therefore choose d, > 0 in such a way that (1 — d;)g — w'e is positive definite and

)
[6egllo,0;, < 3 for every j € I(¥). (2.9)

Construct now the function ¢ := Y, 0y, and set h := (1 — p)g — we. Clearly

)
lg— (h+wie)ly < 5 (210)

and
g— (h+we) >0. (2.11)

In particular, if we choose d; appropriately and we impose that the final map z satisfies
|z%e — (whe + ) |low, < 0, for every ¢, (2.12)

we certainly conclude that z is short and satisfies (2.4). Moreover, we will impose the
stronger condition
|Dw — D2|[ y, < 2K(n)?|lg — wiellor, (2.13)

in place of (2.5), where K (n) is the constant in Proposition 2.3.1. Hence from now on we
focus on producing a map z satisfying the local conditions (2.3), (2.12) and (2.13).

Next, we apply Proposition 2.3.1 to write h = Zj hj, where each h; is a primitive
metric and is supported in some U,. We assume the index j starts with 1 and follows the
progression of natural numbers (note that the h;’s are either finite or countably infinite).
Recall, moreover, that at any point of X at most K (n) of the h;’s are nonzero and that, for
any fixed j, only finitely many U, intersect the support of h;, since the latter is a compact
set: the corresponding set of indices will be denoted by L(j). We next order the h;’s
and we inductively add to the map w a smooth “perturbation” map w;’ , whose support
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coincides with that of h;. If we let w; := w+wi + ...+ w? be the “resulting map” after j
steps, we then claim the following estimates:

e .
||w§;||07UZ < m fOI' all € - L(j) (214)
1 Dw?|[3 0, < 2||hllo, for all ¢ € L(j) (2.15)
by ‘
lwie — (wh_ie + hy)low, < Wiz) for all £ € L(3). (2.16)

p
J? -
z=w+ Zj wé-’. Fix any U, and any point g € U,. Observe that, since U, is compact, only
finitely many perturbations w? are nonzero in Uy and thus z is smooth in Uy. Next, note
that at most K (n) h;’s (and hence at most K (n) wj’s) are nonzero at ¢. Thus we can sum

up all the estimates in (2.14) and (2.15) to conclude, in the coordinate patch Uy,

We will prove below the existence of w’, whereas we first show how to conclude. We set

[w(g) — 2(q)] < Z [wFllo.oe < ne (2.17)

J

|Dw(q) = Dz(q)| < Y II1Dwf oy, < V2K @)|hlloy, < V2K (n)|g — whellow,, (2.18)

J

where in the last inequality we can use (2.11). Finally, we write

e — (we + h) = zle — whe — Z h; = Z(wﬁ-e — (wg_le + h;)) (2.19)
J j=1
(where wg := w) and thus we can use (2.16) to conclude, at the point ¢ and using the

coordinate pach Uy,
|(2Fe = (g + 1) (g)| < & .

This completes the proof of (2.3), (2.12) and (2.13).

In order to define wf, select a U, and apply Lemma 2.4.1 on U, with w = w;_; to find
two orthonormal smooth vector fields v,b : U, — RY with the property that v and b are
normal to w;_1(Uy). Recall that hj = a3di; ® diy; and set

w(z) = a; (SL’)@ cos \j(x) + a; (x)&;) sin A\ (),

where \ is a positive parameter, which will be chosen very large.
Note first that (2.14) is obvious provided A is large enough. Next compute, in the
coordinate patch Uy,

Dwj(x) = —a;(x) sin Mp;(x) v(z) ® d@bj(xljt aj(x) cos \p;(x) b(x) @ di; (:l:Z—I—E(z) ,

Alz) B(z)
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where |E(z)| < C;_1\7!, for a constant C;_; which depends on the smooth functions a;,
¥;, b and v, but not on A (note that in the line above we understand all summands as
N x n matrices). We then obviously have

| Dwf(@)[* < a;(2)*|di;(2)]* + CiaA ™ < [[hyllow, + CjA ™" < lhllog, + CjaA ™

(here and in what follows, C;_; denotes constants which might change from line to line
but are independent of the parameter A). Since ||hl|op, is positive, it suffices to choose A
large enough to achieve (2.15).

Next write the tensor h := wge - w?_le in coordinates as h = h;pdz; ® dx;, and observe

that the h;, are simply the entries of the symmetric matrix
Dw]Tij - Dwf_lij_l .
Recall that Dw; = Dw,;_1 + A+ B + E. By the conditions on v and b we have
0=A"B=B"A=A"Dw;y = Dw] |A= B"Dw;_y = Dw]_|B.
We thus conclude that
|Dw] Dw;_1 — Dw!_Dw; — (ATA+ B"B)| < C;_1 A",

On the other hand ATA + BT B = a3(cos® Mp; + sin® Aip;)dy); ® dip; = aldy; @ dy; = hy.
Hence (2.16) follows at once for A large.

It must be noticed that so far we have shown (2.14), (2.15) and (2.16) only for the chosen
coordinate patch which contains the support of h;, whereas the estimates are claimed in
all coordinate patches which intersect the support of h;. On the other hand on these
other coordinate patches the same computations yield the same estimates, and since there
are only finitely many such patches to take into account, our claims readily follow for an
appropriate choice of \.

It remains to show that, if w is injective, then z can be chosen to be injective too.
Fix p,q € ¥. For j sufficiently large we have z(p) = w;(p) and z(q) = w;(¢). Thus it
suffices to show the injectivity of w;. We will show, inductively on j, that this can be
achieved by choosing A sufficiently large. Thus assume that w;_; is injective. If p, g are
not contained in the support of h;, then w;_;(¢) = w;(q) and w;_1(p) = w;(p) and thus
we are done. Since the support of h; is a compact subset of Uy, there is a constant /3 such
that |w;_1(p) —w;j_1(q)| > 25 for every ¢ in the support of h; and p ¢ U,. For such pairs
of points w;(p) # w;(q) as soon as ||w; — wj_1|lo < B, which can be achieved by choosing
A sufficiently large. It remains to check w;(p) # w;(¢q) when one point belongs to the
support of h; and the other to U, (and they are distinct!). Consider that U, is a compact
set and, since w;_; is injective, its restriction to Uy is a smooth embedding. It then follows
that, for a sufficiently small > 0, there is a well-defined orthogonal projection 7 from
the normal tubular neighborhood T of thickness 7 of w;_1(Us) onto w;_;(U;). Of course
if A is sufficiently large w;(U,) takes values in 7" and thus, by definition of w; — w;_y,
m(w;j(q)) = wj—1(q) # wj—1(p) = w(w;(p)). Obviously this implies w;(p) # w;(¢q) and
completes the proof. O
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Chapter 3

Smooth isometric embeddings

3.1 Introduction

Two years after his counterintuitive C! theorem (see Theorem 2.1.2), Nash addressed and
solved the general problem of the existence of smooth isometric embeddings in his other
celebrated work [71]. As in the previous chapter we consider Riemannian manifolds (3, g),
but this time of class C* with k € NU {occ} \ {0}: this means that there is a C*° atlas for
¥ and that, in any chart the coefficients g;; of the metric tensor in the local coordinates
are C* functions. Nash’s celebrated theorem in [71] is then the following

Theorem 3.1.1. Letk >3, n>1and N = w If (¥, 9) is a closed C* Riemannian
manifold of dimension n then there is a C* isometric embedding v : ¥ — RY.

In [71] Nash covered also the case of nonclosed manifolds as a simple corollary of
Theorem 3.1.1, but with a much worse bound on the codimension. More precisely he
claimed the existence of isometric embeddings for N = (n + 1)N. His proof contains
however a minor error (Nash really proves the existence of an isometric immersion) which,
as pointed out by Robert Solovay (cf. Nash’s comment in [76, Page 209]), can be easily
fixed using the same ideas, but at the price of increasing slightly the dimension N’.

Corollary 3.1.2. Letk >3, n>1, N = (n+ 1)% and N" = N'+2n+2. If (X, g)
is a C* Riemannian manifold of dimension n then there is a C* isometric embedding
u: Y — RN and a C* isometric immersion z : ¥ — RY'.

The dimension of the ambient space in the theorems above has been lowered by sub-
sequent works of Gromov and Giinther. Moreover, starting from Gromov’s work, Nash’s
argument has been improved to show statements similar to Theorem 2.1.2. More pre-
cisely, Gromov and Rokhlin first proved in [37] that any short map on a smooth compact
Riemannian manifold can be approximated by isometric embeddings of class C*° if the
dimension of the ambient Euclidean space is at least w + 4n + 5. The latter threshold

was subsequently lowered by Gromov in [36] to w + 2n 4 3 and by Giinther in [38] to
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N > w + max{2n,5} (see also [39]). If g is real analytic and m > @ + 2n + 3,
then any short embedding in R can be uniformly approximated in by analytic isometric
embeddings: Nash in [74] extended Theorem 3.1.1, whereas the approximation statement
was shown first by Gromov for m > w + 3n + 5 in [35] and lowered to the threshold
above in [36]. Corresponding theorems can also be proved for noncompact manifolds M,
but they are more subtle; for instance the noncompact case with real analytic metrics was

left in [74] as an open problem; we refer the reader to [35, 36] for more details.

On the regularity side, Jacobowitz in [49] extended Nash’s Theorem to C*# metrics
(achieving the existence of C*# embeddings) for k+ 3 > 2. However the case of C? metrics
is still an open problem (it is also interesting to notice that Kéllen in [53] used a suitable
improvement of Nash’s methods fgr ﬁTheorem 2.1.2 in order to show the existence of C'1®

+

isometric embeddings with o < =5~ when & + 8 < 2: the existence of a C? isometric

embedding for C? metrics is thus an endpoint result for two different “scales”).

The starting point of Nash in proving Theorem 3.1.1 is to first solve the linearization of
the corresponding system of PDEs (2.2): in particular he realized that a suitable “orthog-
onality Ansatz” reduces the linearization to a system of linear equations which does not
involve derivatives of the linearization of the unknown, cf. (3.5)-(3.6). The latter system
can then be solved via linear algebra when the dimension of the target space is sufficiently
high.

Having at hand a (simple) solution formula for the linearized system, one would like
to recover some implicit (or inverse) function theorem to be able to assert the existence
of a solution to the original nonlinear system (2.2). There are of course several iterative
methods in analysis to prove implicit function theorems, but in Nash’s case there is a
central analytic difficulty: his solution of the linearized system experiences a phenomenon
which in the literature is usually called loss of derivative. This problem, which was very
well known and occurs in several other situations, looked insurmountable. Mathematics
needed the genius of Nash in order to realize that one can deal with it by introducing a
suitable regularization mechanism, see in particular the discussion of Section 3.5.

This key idea has numerous applications in a wide range of problems in partial differen-
tial equations where a purely functional-analytic implicit function theorem fails. The first
author to put Nash’s ideas in the framework of an abstract implicit function theorem was J.
Schwartz, cf. [84]. However the method became known as the Nash-Moser iteration shortly
after Moser succeeded in developing a general framework going beyond an implicit function
theorem, which he applied to a variety of problems in his fundamental papers [64, 66, 67],
in particular to the celebrated KAM theory. Several subsequent authors generalized these
ideas and a thorough mathematical theory has been developed by Hamilton in [40], who
defined the categories of “tame Fréchet spaces” and “tame nonlinear maps”. Such ideas
are usually presented in the framework of a Newton’s iteration scheme. However, although
Nash’s original argument is in some sense close in spirit, in practice he truly constructs a
smooth “curve” of approximate solutions solving a suitable infinite dimensional ODE: the
curve starts with a map which is close to be a solution and brings it to a final one which is
a solution. This “smooth flow” idea seems to have been lost in the subsequent literature.
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It is rather interesting to notice that, in order to solve the isometric embedding problem,
Nash did not really need to resort to the very idea which made his work so famous in the
PDE litertaure: Giinther has shown in [38] that the linearization of the isometric embedding
system can be solved via a suitable elliptic operator. Hence ultimately one can appeal to
standard contraction arguments in Banach spaces via Schauder estimates, at least if we
replace the C* assumption of Nash’s Theorem 3.1.1 with a C*® assumption for some
contained in the open interval 0, 1].

3.2 The perturbation theorem

As in the previous chapters, we use Einstein’s convention on repeated indices. From now
on, given a closed n-dimensional manifold ¥ we fix an atlas {U,} as in Lemma 2.2.1. Given
a function f on X, we define then || D* f|o and || f||» as in Section 2.2. Given an (4, j) tensor
T, consider its expression in coordinates in the patch Uy, namely

8 ® e ®
g, Uy,

Tot i (u)

® ditg, @ -+ ® dug, .

%

We then define

ai...a;

IDT o, = 32 10T o, I1D*Tllo = sup | DT g, and [Tl := 3 |1DT .

Qr,as i<k

It is easy to see that these norms satisfy the Leibnitz-type inequality

IDXT @ S)llo < Y ID*T o Do (3.1)
i<k
and, when contracting a given tensor, namely for Tjﬁ;;d‘jl’ = > T,fg;?:_‘;ji, we have the
corresponding inequality B
ITllo < nlITfo- (3.2)

Nash strategy to attack Theorem 3.1.1 is to prove first a suitable perturbation result.
Let us therefore start with a smooth embedding wy = (wy,...,wy) : ¥ — RY and set
h:=g— wge. Assuming h small we look for a (nearby) map u : ¥ — R” such that ufe = g,
namely ufe — wge = h. In fact we would like to build u as right endpoint of a path of
maps starting at wg. More precisely, consider a smooth curve [ty,00[> t +— h(t) in the
space of smooth (0,2) tensors joining 0 = h(ty) and h = h(oo); we would like to find a

corresponding smooth deformation w(t) of w(ty) = wp to w(oo) = u so that
w(t)fe = whe + h(t)  for all t. (3.3)

Following Nash’s convention we denote with an upper dot the differentiation with respect
to the parameter ¢.

35



If we fix local coordinates x1,...,z, in a patch U and differentiate (3.3), we then find
the following linear system of PDEs for the velocity w(t):

Owy O, — 0w, Ow,

In fact, since the expression in the right hand side of (3.4) will appear often, we introduce
the shorthand notation 2dw ® dw for it, more precisely:

Definition 3.2.1. If u,v € C'(X,RY), we let du ® dv be the (0,2) tensor 3((u + v)*e —
vfe — ufe), which in local coordinates is given by

1 OVq OUg, N Oy, OV,

A second important idea of Nash is to assume that w is orthogonal to w(X), namely

Oow,,

a.flfj

wa=0 Vje{l,....n}, (3.5)

Under this condition we have

0 (8wa . ) O Ow, *w,

- 8:61 8:@ Wo | = 8:61 8:@ e 8:@8:@
and we can rewrite (3.4) as
0%w,, .
—2 Vo = hij; . 3.6
8:@8@-“} J ( )

Clearly, in order to solve (3.5)-(3.6), it would be convenient if the resulting system of linear
equations were linearly independent, which motivates the following

Definition 3.2.2. A C2 map w : ¥ — RY is called free! if, on every system of local
coordinates x1,...,x,, the following n + w vectors are linearly independent at every
pE

ow 0w

2 ) Gy @ Vi<ie{l.. o). (3.7)

Although the condition (3.7) is stated in local coordinates, the definition is independent
of their choice. Observe moreover that a free map is necessarily an immersion and that we
must have N > w If a free map is injective, then we will call it a free embedding. The
main “perturbation Theorem” of Nash’s paper (and in fact the most spectacular part of
his celebrated work) is then the following statement. In order to prove it, Nash introduced

his famous regularization procedure to overcome the most formidable obstruction posed
by (3.4).

IThe term free has not been coined by Nash, but introduced later in the literature by Gromov.
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Theorem 3.2.3. Assume wy : ¥ — RY is a C* free embedding. Then there is a positive
constant gy, depending upon wy, such that, if h is a C* (0,2) tensor with ||h||3 < o and
k > 3 (with possibly k = o0o), then there is a C* embedding w : ¥ — RY such that
ufe = wge + h.

Solving the embedding problem using Theorem 3.2.3 certainly requires to produce maps
which are “close” to be an isometric embedding. However note that there is a rather subtle
issue: since the threshold €y depends upon wy, producing a “good starting” wy is not at
all obvious. We will tackle this issue immediately in the next sections and then come to
the proof of Theorem 3.2.3 afterwards.

3.3 Proof of Theorem 3.1.1

In order to exploit Theorem 3.2.3 Nash constructs an embedding wug of 3 which is the carte-
sian product of two smooth maps w and w, which he calls, respectively, the Z-embedding
and the Y-embedding. One crucial elementary ingredient is the following

Remark 3.3.1. If f; : ' — R" and f, : ' — R™ are two C'' maps, then (f; x fy)fe =
fle + fle, where we just understand fPe, fie and (fi x fo)te as (0,2) tensors (note that
they are positive semidefinite, but not necessarily positive definite).

The strategy of Nash can be summarized as follows:

e fix first a free C*° smooth embedding wy (the Z-embedding) which is (strictly) short
with respect to g (cf. Definition 2.1.1), and consider the threshold £y needed to apply
Theorem 3.2.3;

e then use a construction somewhat reminiscent of the proof of Theorem 2.1.2 to build
a smooth @ such that h := g — w} — @ satisfies ||h||5 < &o;

e if w is finally the map produced by Theorem 3.2.3 applied to wy and h, we then set
u := u X w and conclude Theorem 3.1.1.

It is indeed not difficult to produce the Z- and Y-embeddings if we allow very large di-
mensions. In order to achieve the dimension N claimed in Theorem 3.1.1 Nash follows a
much subtler argument which requires the metric difference g — wge to satisfy a certain
nontrivial property: an important ingredient is the following proposition, whose proof is
postponed at the end of the section.

Proposition 3.3.2. There are Ny := @ smooth functions Y" on ¥ such that, for each

pin X, {dy"(p) @ dy"(p) : v € {1,... No}} spans the space S, = Sym (T;X @ T;Y).

In fact, if we had the more modest goal of proving the above statement with a much
larger Ny, we could use the same arguments of Proposition 2.3.1. In the proof of Theorem
3.1.1 we still need two technical lemmas, whose proofs will also be postponed. The first
one is a classical fact in linear algebra, which will be used also in the next sections.
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Lemma 3.3.3. Consider a k x k matriz A of maximal rank k < k. For every vector
v € R¥, the vector w := AT(AAT)" v is a solution of the linear system Aw = v. Indeed w
gives the solution of smallest Fuclidean norm.

Remark 3.3.4. Note two big advantages of the solution w determined through the formula
w=AT(A. AT)"1

e w depends smoothly upon A4;

e w goes to 0 when v goes to 0; indeed this statement remains true even if, while v
goes to 0, the matrix A varies in a compact set over which A - AT is invertible.

The second is a more sophisticated tool which is used indeed twice in this section?

Lemma 3.3.5. Consider a real analytic manifold M of dimension r and a real analytic
map F: M xR* — R, If for each ¢ € M the set Z(q) := {v: F(q,v) = 0} has Hausdorff
dimension at most d, then the set Z := {v : 3¢ € M with F(q,v) = 0} has dimension at
most r + d.

Proof of Theorem 3.1.1. Let ¢" be the functions of Proposition 3.3.2 and set v := > d¢"®
dy". After multiplying all the functions by a small factor we can assume that v < g. Using
Theorem 2.1.2 we then find a C'' embedding w : ¥ — R?” such that w*e = g—~. By density
of C* functions in C', we then get a smooth embedding v such that |[vfe — (g —7)|lo < 0,
where § > 0 is a parameter which will be chosen later. Indeed, by the Whitney’s theorem
we can assume that v(X) is a real analytic subvariety, which will play an important role
towards the end of the proof. Consider v as an embedding in the larger space RY with
N="1 "+5 . We will perturb v to a smooth free embedding wy : ¥ — RY with the property

that Hwoe — (g9 —7)llo < 20. Before coming to the proof of the existence of wy, let us first
see how we complete the argument.
First observe that the (0,2) tensor whe — (g — ) can be written as

wge— (g—") Zb dy" @ dy",

where thanks to Lemma 3.3.3, the coefficients b, can be chosen smooth. In fact notice that
the coefficients become arbitrarily small as we decrease d: for a suitable choice of § we can
thus assume ||b,[lo < 3. This is the only requirement on § and thus from now on we can
consider that the smooth free embedding wy has been fixed, which in turn gives a positive
threshold ¢ for the applicability of Theorem 3.2.3. Next write

g—whe=7=> bdp @dy" => (1 =b)dy" @dy" =) aldy” @ dy’,

T

2Tt must be observed that Nash employs this fact without explicitly stating it, nor proving it, neither
giving a reference. He uses it twice, once in the proof of Theorem 3.1.1 and once in the proof of Proposition
3.3.2, and although in the first case one could appeal to a more elementary argument, I could not see an
easier way in the second.
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for the smooth functions a, := /1 — b,. Define @ : ¥ — R*o setting

Wai—1)+1(p) := ar>(\p) sin A" (p) Way(p) = ar)(\p) ¢

A straightforward computation yields

os M) (p) .

1
whe = Y aldy" ® dyr + 3z > da, ® da, .

In particular
1
h:=g— (wy x 0)'e = 32 Zdaﬂ@dar.

For A sufficiently large we certainly have ||h||3 < &g and from Theorem 3.2.3 we achieve a
C* embedding @ : ¥ — R" such that @fe = wge + h. It turns out that u := 4 x w is a C*
embedding of ¥ into RV = RN x R?M and that ufe = g.

In order to complete the proof we still need to perturb v to a free wy. For any n > 0
we want to construct a free map wg : ¥ — R such that ||wy — v||; < n. Clearly, for
sufficiently small wy is an embedding. In order to produce wy we consider the 2n+n(2n+1)
functions given by

V; , ViV; j<ie{l,...,2n},

and those C? maps wp : ¥ — RV given by the formula

(wo)a := Z Clo; + Z Dfljvivj ,

j<i

for constant coefficients C%, DY. We claim that, for a generic choice of the constants C”,
.. . . n(n+1) .
and DY the map wy is free. Indeed consider the set G of subspaces L of R™* > with

dimension n — 1 + @ For each (p, L) € ¥ x G, consider the set C(p, L) of coefficients
C, Dy for which, in a local system of coordinates,

ow, Ow,, 0%w,, 9%w,, 9w,

V)= (G G, S0 o) ) eL 6

for all & € {1,..., N}. This is a set of (linear) conditions which varies smoothly as (p, L)
varies in the (2n — 1+ W) = (N —1)-dimensional manifold ¥ x G. We next show that,
if d is the dimension of the linear space of possible coefficients C?, D¥, then the dimension
of each C(p, L) is at most d = d — N. In view of Lemma 3.3.5 this implies that the union of
all C(p, L) has dimension at most d — 1. Since the latter is indeed the closed set B of “bad
coefficients” for which w is not free, we have conclude that B must have empty interior.
To complete the proof it remains to bound the dimension of C(p, L) 3 Hence fix p and,

without loss of generality, assume that (z1,...,2,) = (v1,...,v,) is a system of coordinates

3Indeed Nash does not give any argument and just refers to a similar reasoning that he uses in Propo-
sition 3.3.2 below.
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. 1 .
around p. Consider the M =n + % functions fi = vi,..., fo = Vp, fur1 = V3, furo =

V1Vy, . .., vy = v2 and the corresponding vector valued map f. It is easy to check that the

vectors 2L (p), ..., 2L (p), %(p) 01 (p),... ﬁ(p) are linearly independent. But then
1

o1 ) Oxn ) Ox10x2 ) Ox2
it follows that the vectors

. . 2 £ 2 f 2 r
G0 = (5200 20 520 50 50 )

are also linearly independent. Hence there is one of them which does not belong to L.
For each o € {1,... N} there is therefore at least one choice of the coefficients C?, D¥ for
which the corresponding vector V,,(p) in (3.8) does not belong to L. Since v can be chosen
in N different ways, the dimension of C(p, L) is at most d = d — N, which completes the
proof. O

Proof of Proposition 3.3.2. The argument is very similar to the last part of the proof of
Theorem 3.1.1 above. Consider again an embedding v : ¥ — R?" which makes v(3) a real
analytic submanifold. Let then f;; be the n(2n + 1) functions v; + v; such that i < j and
consider

Y= AL fi forr € {1,..., No},

where the space of all possible constant coefficients Aj; has dimension d. Our aim is to
show that a generic choice of the coefficients give a system of functions " which satisfy
the conclusions of the Proposition.

Let therefore B be the closed subset of coefficients for wich the conclusion fails, namely
for each element in B there exists a point p at which the tensors dy"(p) ® dy"(p) do
not span the whole space S, := Sym (T;X ® T;%). If we consider the set G, of linear
subspaces of S, of codimension 1, the real analytic manifold M := {(p,L) : L € G,} has
dimension n — 1 + % = Ny — 1. For each (p, L) we let C(p, L) be the set of coefficients
for which dy"(p) ® dy"(p) belongs to L for every r = 1,..., Ny: this is the zero set of a
system of homogeneous quadratic polynomials in the coefficients Af;. Moreover, in a real
analytic atlas for M these quadratic polynomials depend analytically upon (p, L) € M.
Set B = Ugp,)emC(p, L). As above we can invoke Lemma 3.3.5 : if we can bound the
dimension of the each C(p, L) with d — Ny, then the dimension of B is at most d — 1.

Fix therefore (p, L) and for each r consider the linear space 7, of indices Aj;. Without
loss of generality we can assume that (vq,...,v,) = (z1,...,x,) is a system of coordinates
around p. Therefore the set {df;; @df;; with i < j < n} spans the whole space S, and there
is at least one element among them which does not belong to L. In turn this means that the
subset C"(p, L) C m, of coefficients A}; such that dy" @ dy)" belongs to L has codimension
at least 1 in 7. Therefore the dimension of C(p, L) = C*(p, L) x C*(p, L) x ... x C™°(p, L)
is at most d = d — Ny. This shows d + Ny — 1 < d and completes the proof.*. O

4Nash suggests an alternative argument which avoids the discussion of the dimensions of C(p, L) and
B. One can apply his result on real algebraic varieties to find an embedding v which realizes v(X) as
a real algebraic submanifold, cf. Theorem 1.1.1. Then any set of coefficients Aj; which is algebraically
independent over the minimal field F of definition of v(X) (see Proposition 1.3.2) belongs to the complement
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Proof of Lemma 3.3.3. It is obvious that w solves the desired linear system. Let now w
be any solution of minimal Euclidean norm: w is uniquely determined by the property
of being orthogonal to the kernel of A. However the kernel of A consists of those vectors
which are orthogonal to the image of A”: since the w of the lemma belongs to the image
of AT this completes the proof. O

Proof of Lemma 3.3.5. Covering M with a real analytic atlas consisting of countably many
charts, we can assume, without loss of generality, that M is the Euclidean r-dimensional
ball B. Consider next Z := {(¢,v) : F(¢,v) =0} C BxR* C R" x R®. If 7 : R"** — R"
is the projection on the second factor, then Z = 7(Z) has at most the dimension of Z: it
suffices therefore to show that dim (Z) < r +d.

Now, Z is a real analytic subvariety in R™™* with the property that its slices {q} X
Z(q) := Z N ({q} x R*) have all dimension at most d. The dimension s of Z equals the
dimension of its regular part Z” and without loss of generality we can assume that Z" is
connected. Consider now standard coordinates (zy,...,z,) on R" x {0} C R™™* and regard
x1 as a function over Z". By Sard’s theorem a.e. « is a regular value for z; on Z". If one
such value o has nonempty preimage, then Z" N {x; = a} is a submanifold of dimension
s — 1. Otherwise it means that z;(Z") has measure 0: since however x(Z) is connected,
we must have z;(Z) = {ap} for some value ap, that is Z"N{z1 = ap} = Z". In both cases
we have conclude that there is at least one value o such that Z" N {z; = ap} is a smooth
submanifold of dimension no smaller than s — 1. Repeating inductively this argument, we
conclude that there is a ¢ such that Z,. N ({¢} x R") is a regular submanifold of dimension
at least s —r. Thus s — r < d, which concludes the proof of our claim. O

3.4 Smoothing operator

In order to show Theorem 3.2.3 we will need to smooth tensors efficiently and get sharp
estimates on the || - || norms of the smoothing. This will be achieved, essentially, by
convolution but, since we will need rather refined estimates, the convolution kernel mush be
chosen carefully. In the remaining sections the specific form of the regularizing operator will
play no role: the only important ingredients are summarized in the following proposition.

Proposition 3.4.1. There is a family of smoothing operators S. with € €]0, 1] such that ®

(a) T — S.T is a linear map on the space of continuous (i,j) tensors; for each such T
S.T is smooth and depends smoothly upon c.

(b) For any integers r > s and 1, j, there is a constant C = C(r, s,1,j) such that

| D" (ST |lo < Ce™ || T for every C* (i, j) tensor T and ¢ < 1; (3.9)

of B. Since F is finitely generated over the rationals (see Proposition 1.3.2), it has countable cardinality
and the conclusion follows easily.

5In Nash’s paper the operator is called Sy, where @ corresponds to e~ !. Since it is nowadays rather
unusual to parametrize a family of convolutions as Nash does, I have switched to a more modern convention.

1
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(c) If we denote by S. the linear operator T %SsT, then for any integers r, s, i, j,
there is a constant C = C(r, s,1,j) such that

| D" (S!T)|lo < Ce*" 7| T, for every C* (i,7) tensor T and e <1;  (3.10)

(d) For any integers s > r and i,j there is a constant C = C(r,s,i,j) such that

|D™(T — S.T)|o < Ce*7|T s for every C® (i,j) tensor T and e < 1. (3.11)

Proof. As a first step we reduce the problem of smoothing tensors to that of smoothing
functions. To achieve this, we fix a smooth embedding of ¥ into R?*" (whose existence is
guaranteed by the Whitney’s embedding theorem) and we therefore regard 3 as a subman-
ifold of R*". We fix moreover a tubular neighborhood V3, of ¥ and assume that the size 3n
is sufficiently small so that the nearest point projection 7 : Vi, — X is well defined and C'*°.
Consider now a coordinate patch U on ¥ and a corresponding system of local coordinates
(uy,...,u,). We then define the map z : U — R?" where (z1(u),..., s, (u)) gives the
standard coordinates in R*" of the point with coordinates u in U. If T(U) := 7= }(U), we
then define u : T'(U) — U by letting u(z) be the coordinates, in U, of 7(z). Clearly uwox
is the identity and = o u becomes the identity when restricted on U C ¥. We then define

the functions
81’51 axﬁl 8ua1 8uaj

8ua1 8uai 81’5,1 81’5,]. )
It is easy to check that the functions above do not depend on the chosen coordinates and

thus can be defined globally on Y. Conversely, if we have global functions .7 as above on
Y, we can “reconstruct a tensor” using, in local coordinates, the reverse formulae

Ty (@) = Tt (u(«) (3.12)

ai...a;

| oy,
Ota,  Otta, Oy Oy, (3.13)

Q1.0 — Blﬁz .
Th ) = T ) g2 g

ai...a;

Given these transformation rules and the smoothness of the maps z — u(z) and u — z(u),
we easily conclude the estimates

DTl <C > 1T (3.14)
b1,...,05,81,....84
ID* 755 0 < CIIT Ik, (3.15)

for a constant C' = C(n, i, j, k) which is independent of the tensor T.

Thus, if we have defined a suitable family of smoothing operators S. on functions over
Y, we can extend them to tensors with the following algorithm: given a tensor T we
produce the functions Zf lbf " using formula (3.12); we then apply the smoothing operator
to each function, getting the functions S %16 1bf “; we finally use the latter to define S.T’
through formula (3.13). Observe that each of these operations is linear in 7T'.

As a second step we reduce the problem of regularizing functions over Y to that of

regularizing functions over R?". More precisely, consider a smooth cut-off function ¢ :
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R* — R, which is identically 1 on [0,7[, strictly decreasing on [n,2n] and identically 0
on [2n,00[. Given a function f on ¥ we then extend it to a function f on Vs, setting
f(z) = ¢(|7(z)])f(m(z)) and subsequently to R** by setting it identically 0 outside Va,.
Again, by the smoothness of 7, it is easy to check that we have the estimate

1D* Fllo < CII £1lx

for some constant C' = C(k), where this time D*f denotes the usual (Euclidean) k-th
derivative and || -|[o the usual maximum norm of a continuous compactly supported function
on R?*". Conversely, if f € C*(R?"), we have

ID*(fI)llo < CILFllk =Y 1D fllo-

i<k

Thus, if we can find a suitable regularization operator R. on C¥(IR?") which satisfies the
properties analogous to (a), (b), (c) and (d), we achieve the corresponding desired operator
on C*(X) via the rule S. f = (R.f)|s (notice again that two points are crucial: the linearity
of the maps f — f and f — f5x and the relation f = f|5).

We now come to the operator R, regularizing functions on R?", which is the convolution
with a suitably chosen mollifier ¢ in the Schwartz class .. More precisely, assuming that
m = 2n and that ¢ € /(R™) has integral 1, we define ¢.(z) = ™" ¢(%) and set

Ref](x) = f * el /fx— W)y /fa:— ) dy.

The analog of property (a), namely
(a’) R. maps C.(R™) into . (R™) and depends smoothly on ¢
is a very standard fact for convolutions. Estimate (b) is also a classical property. Indeed,
given a multiindex I = (i1,...,%,) € N” let |I| =4, + - -+ i, and
oMl f
Ox{0xy - - - Oxlm

o f =

If we fix natural numbers r > s and consider a multiindex I with |I| = r, we can obviously
write it as [ = I’ + J where |I’'| = s and |J| = r — s. The usual properties of convolutions
yield then the following estimate

107 (R-f)llo = 10" £) = (87 po)llo < 10" fllollo” @l < 1D floe* " [107 ol 11 -

Thus, if we define C':= maxjj—,—s [|0”¢|| 1, we achieve
10" (R.f)llo < C"*||D*fllo  when s <. (3.16)

Coming to (c), we use elementary calculus to give a formula for R. := %RE:

= f e[ e (8) - oo (2): K]
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If we set ¢(y) := —mp(y) — Vo(y) -y and ¥.(y) = e ™ (¥), we conclude the identity
RLf =e ' fxap.. (3.17)
Note that ¢ belongs as well to the Schwartz class. Hence the following inequality
ID"(RLf)llo < Ce*=HID* fllo (3.18)

is certainly valid for » > s, by the argument given above. However, the crucial point of
estimate (c) is its validity even in the range r < s! In order to achieve this stronger bound
we need to choose a specific mollifier ¢: more precisely we require that:

L Ok Yk
VEeN ¥ c.# such that o = (3.19)
A
With this property, for s > r we can integrate by parts k = s — r times to achieve the
identity
R/gf _ Es—r—18 _f % 1925—7’)
Oxi™"
and applying the same argument used for (3.16) we conclude (3.18).
In order to find a kernel ¢ such that (3.19) holds we compute first the Fourier transform
of ¢
- . 10 s .
66 = —mp) - 3 (~1 5 ) (6016 = V(©) - €
j J
Assume ¢ € C°(R™) and equals (27)% in a neighborhood of 0. Then ¢ belongs to S
and has integral 1. Moreover v vanishes in a neighborhood of the origin and thus (&)
belongs to .. But then, if we let 9 be the inverse Fourier transform of the latter
function, we conclude that 9*) € . and that 8;2? = 1.
1
To complete the proof, we finally show the analog of estimate (d), namely

|ID"(f — Rf)llo < CeD%flo when s > 7. (3.20)
For s = r it is an obvious outcome of (3.16). For s > r we instead integrate (3.18) in e:

D7 = Raf)lo < [ 107 (Roly d5 < CID* o [ 677 d5 = €= Dy
0 0

(note that s — 7 — 1 > 0 under our assumptions!). O

3.5 A smooth path to prove Theorem 3.2.3

Recalling Section 3.2, we wish to construct

e a path ¢t — h(t) joining 0 to h
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e and a path ¢ — w(t) joining wy to u
such that
Ew(t)ﬁe = h(t). (3.21)
Recall moreover that we have reduced (3.21) to solving (3.5)-(3.6) for the “velocity” w
of w, at least in local coordinates. Assuming that w(t) is a free map for every ¢, we can
use Lemma 3.3.3 to find, in a given coordinate patch, a “canonical” solution of the linear
system (3.5)-(3.4): more precisely we can write

Wy := L9 (Dw, D*w)h; (3.22)

where £ (A, B) is a suitable collection of functions which depend smoothly (in fact ana-
lytically) upon the entries A and B. This defines a linear operator £(Dw, D*w) from the
space of (0,2) tensors over the coordinate patch U into the space of maps w : U — RY.
We next wish to extend this operator to the whole manifold ¥: the crucial point is that,
although derived in a coordinate patch, the formula above does not depend on the chosen
coordinate patch.

Lemma 3.5.1. Assume w : ¥ — RY is C? and free. Given any (0,2) tensor h and any
coordinate patch, the map L(Dw, D*w)h defined above does not depend on the coordinates
and the process defines, therefore, a global (linear) operator £ (w) from the space of smooth
symmetric (0,2) tensors over Y into the space of smooth maps C*(X, RY).

Proof. Observe that, for each fixed p € 3, the linear space of vectors z = w(p) satisfying
the system (3.5)-(3.6) is independent of the choice of coordinates (in other words, although
the coefficients in the system might change, the solution set remains the same: this follows
from straightforward computations!). Since, however, according to Lemma 3.3.3 the vector
[L(Dw, D*w)h](p) is the (unique) element of minimal norm in such vector space, it turns

out that it is independent of the coordinates chosen to define £(Dw, D*w)h. O

Having defined the operator .2 (w) we can rewrite (3.21) as a “formal ODE”

w(t) = £ (w(t)h(t)
(3.23)
w(to) = Wy -

The problem with this approach is that the operator £ “loses derivatives” in its nonlinear
entry w, namely although it defines the velocity w at order 0, it depends on first and
second derivatives of w. Hence, if w, h € C*, then . (w)h is, a priori, only in C*~2. There
is therefore no classical functional analytic setting to solve (3.23) in the usual way, namely
no Banach space where we can apply a Picard-Lindelof or a Cauchy-Lipschitz iteration.

In order to get around this (very discouraging) issue, Nash considered the regularized
problem

w(t) = L(S—1w(t))h(t)
(3.24)
w(to) = Wy -
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However h(t) must now be chosen carefully and in fact it will be chosen depending upon
w(t), so that the complete system will be given by the coupling of (3.24) with a second
identity relating w(¢) and h(t). In order to describe the latter, we introduce a function
1 € C*°(R) which is:

e identically 0 on the negative real axis;
e identically 1 on [1,00[;
e nondecreasing everywhere.

The path A is then linked to w through the relation

h(t) = Sp— [@D(t —to)h + / 2d(S;—1w(T) —w(7))] © dw(r) Y(t — 1) dT| . (3.25)

to

In order to gain some insight in the latter complicated identity, assume for the moment
that we are able to find an initial value ¢, and a smooth curve t — (w(t),h(t)) in C?
satisfying (3.24)-(3.25) over [ty,o00[. In particular, when we refer to a “smooth solution”
of (3.24)-(3.25) we understand that S;-1w(t)) is a free map for every ¢ in the domain of
definition.

Assume further that w(t) converges in C? to some @ for ¢ T oo and that the integrands
in the following computations decay all sufficiently fast, so that we can integrate over the
whole half-line [¢y, 0o[. The relation (3.24) implies that

2d(S,-1w(t)) ® d(t) = h(t). (3.26)

Integrating the latter identity between ¢y and oo we then get
/ " 2d(S, () ® dui() dr = h(oo) — hit) (3.27)
to
Letting ¢t — oo in (3.25) and using that ;-1 converges to the identity, we conclude
/ T 2d(S () © div(7) dr = h + / (S () — w(r)) © di(r)dr . (3.28)
to to

which in turn gives
/ 2dw(r) © dis(r)dr = h. (3.29)

to

On the other hand the integrand in the left hand side is precisely %w(f)ﬂe and thus we
immediately conclude
e — whe = w(co)fe — w(ty)fe = h, (3.30)

namely that @ is the map in the conclusion of Theorem 3.2.3.

In order to carry on the program above, we obviously have to ensure that
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(a) The pair (3.24)-(3.25) is locally solvable, namely if there is a solution in the interval
[to, 1], it can be prolonged to some larger open interval [t, t'[.

(b) We have uniform estimates ensuring the global solvability, namely a solution on [ty, t']
can be smoothly prolonged to the closed interval [ty,t'].

The combination of (a) and (b) would then imply the existence of a global solution on
[0, 00[. We further have to ensure that

(c) The limit @ of w(t) for ¢ — oo exists in the strong C® topology and we have the
appropriate decay of the integrands involved in the “formal computations” (3.26)-
(3.30)

This last step will make the computations above rigorous and ensure that i is a C? isometric
embedding. In order to complete the proof of Theorem 3.1.1 we will then only need to
show that, when h € C*, then u is also in C¥.

The program above will be carried in the subsequent sections under the assumption
that t¢o is sufficiently large and ||h||3 sufficiently small, depending on the “initial value”
wg. Moreover, we will follow a somewhat different order. First we tackle a set of apriori
estimates which are certainly powerful enough to conclude (b) and (c), cf. Proposition 3.6.1.
We then examine the local existence of the solution, which combined with the estimates
of Proposition 3.6.1 will immediately imply both global solvability and convergence to an
isometry, cf. Proposition 3.7.1. Finally, the higher differentiability of @ is achieved in
Proposition 3.8.1.

3.6 A priori estimates for solutions to (3.24)-(3.25)

We start by fixing one important constant: € > 0 will be chosen so that
if [Ju — wpll2 < 4e  then u is a free embedding. (3.31)

Our main a priori estimates are summarized in the following proposition, which is indeed
the core of Nash’s approach.

Proposition 3.6.1. For any to sufficiently large there is 6(to) > 0 such that, if |h]|s < §
then the following holds. Consider any solution w of (3.24)-(3.25) over an interval I (with
left endpoint to and which might be closed, open or infinite) . If

|lw(t) — wol|s + tHw(t) — wolls < 2¢, (3.32)
) ]lo + 1AE)]ls < 2, (3.33)

then indeed we have the improved bounds

||w§t) —w0||3‘+ t | w(t) — wolls < e, (3.34)
)0+ ()]s < 1. (3.35)
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Moreover,

tHw()llo + o ()]la < Co (3.36)

and if I = [ty, 00| then there is a function §(s) with lims_,o 0(s) = 0 such that
|w(t) —w(s)||s < d(s) forallt > s > ty, (3.37)
3.38)

Before coming to the proof we recall here a few useful estimates.

Lemma 3.6.2. If T is a smooth (i,j) tensor on ¥ and r < o < s are three natural
numbers, then there is a constant C' = C(r, s, 0,1,j) such that

1T, < C’||T||;\||T||i_’\ where 0 = Ar + (1 — \)s. (3.39)

If U : T = R* is a smooth map, with I' C R* compact and v a natural number, then there
is a constant C(r,V) such that

¥ o, <C(+|v]) for every smooth v : 3 — T. (3.40)
For every r € R there is a constant C(r) such that

el < Cllelollell: + Cllellell¢llo for every ¢, ¢ € C7(%). (3.41)

The inequality extends as well to (tensor) product of tensors, where the constant will depend
additionally only on the type of tensors involved.

The lemma above follows from rather standard and well-known arguments and we will
give some explanations and references at the end of section. We underline here a crucial
consequence, which will be used repeatedly in our arguments.

Remark 3.6.3. From (3.39) we easily conclude that, if [|T(¢)||x < M’ and [|T|[p4: < AT,
then ||T||xsr < CAXZT for all intermediate x € {1,...,5 —1}.5

Proof of Proposition 3.6.1. First of all, if ¢y is chosen larger than a fixed constant, we can
use (3.32) and Proposition 3.4.1(d) to conclude that ||S;—1w(t) — wpllz < 4e. In turn,
by (3.31), this implies that, when computing the operator .Z, the entries of L% belong
to a compact set where the corresponding functions are smooth. Observe moreover that
|lw(t)]|s < C, for some constant C' depending only upon the initial value wy. We can thus
apply (3.40) and Proposition 3.4.1 to conclude that

|-Z(S-1w(t)) || < C(r)(1 4171 (3.42)
where C'(k) is a constant which depends only upon «. In fact for kK > 1 we have

Proposition 3.4.1(b)
<

LS @) S ORI Sertwt)eso Ot

6Nash does not take advantage of this simple remark and introduces a rather unusual notation to keep
instead track of all the estimates for the intermediate norms in the bounds corresponding to (3.34)-(3.36).
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In the case of Kk = 0 we use instead the estimate ||S;-1w(t)||s < C|lw(t)|l2 (again cf.
Proposition 3.4.1(b)).
Using now (3.41), we conclude that

li®)llo <ClIA(t)lo < G+~ | (3.43)
[o(®)]la <CIZ(Srw@)[[allAB)llo + CL(Simrw (@) [lo][ D)4 < C- (3.44)
This shows indeed (3.36).

We next introduce some additional functions in order to make some expressions more
manageable. More precisely

E(t) :=2d(S,-1w(t) — w(t)) © dir(t) (3.45)

t

L(t) ::/ E(r)y(t—71)dr. (3.46)
to

Observe that with the introduction of these two quantities we obviously have the identity

h(t) = Si1 [ib(t — to)h + L(1)] . (3.47)

Recalling Proposition 3.4.1 we have ||S;-1w(t) —w(t)]|y < Ct7?|Jw(t)]|s < Ct~2. Combined
with [[@(t)||; < Ct~3 (this is just one of several instances in which we use Remark 3.6.3!)
and (3.41), we then conclude || E(t)||o < Ct~5. On the other hand , ||S;-1w(t) —w(t)||4s < Ct
and hence again from (3.41) we conclude

IE@)s < CllSi-1w(t) — w(t)llalli (@)l + CllSi-1w(t) — w1 o)l < Ct.
The latter inequality yields

t
IL®l < [ 1E@dr < 5" (345
to
We next compute

() = (B8,-1) [(t — to)h+ L(O] +80 ¥/t — to)h + L(1)].

7

=:P(t)

We first observe that ¢/’ vanishes for ¢ > ¢, + 1. Hence

Ctyd fort € [to,to + 1[,
19" (t — t0)Se1h|ls < (3.49)
0 otherwise.
For the same reason we can estimate
t
Ll < [ |E()odr < O, (3.50)
max{to,t—1}
t
Ll < [ |E(r)sdr < Ct2. (3.51)
max{to,t—1}
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Next, recalling that S. := d%Sg, we have
L8 =172, .
Hence, using Proposition 3.4.1(c) and (3.48) it is straightforward to show that
tPE)o+ [|P#)]la < CS+ Ctgt, (3.52)
where C'is independent of 6. Combining (3.49), (3.50), (3.51) and (3.52) we get
)]0 + [[A(t)||s < CtH+ CO(1 + ) + Ctgt < Ctgt + Coty . (3.53)

Therefore, choosing first o large enough and then § < dy(to) sufficiently small, we conclude
a bound which is even stronger than (3.35): the left hand side can be made smaller than
any fixed n > 0.

The estimate on ||w(t) — wo||4 in (3.34) is an obvious consequence of the one above on
|A(t)]|4 through integration of (3.24): it suffices to choose i smaller than a given constant.
The proof of the remaining parts of (3.34) and (3.37) require instead a subtler argument.
However, notice also that we just need to accomplish (3.37), since Cj is a constant claimed
to be independent of t.

In order to get (3.37) we integrate (3.24) and then integrate by parts:

w(t) —w(s) = / L (S (w(r))h(T) dr
S / {%f(&l(w(ﬂ))] (h(7) = h(s)) dT + L(Sp=1 (w(t)))(h(t) — h(s)).  (3.54)

- -
g

=:D(1)

First of all, integrating the bound on i (t) we obviously conclude
1A(t) = h(s)llo < Ot~ (3.55)

Next, assuming that ¢t > s > tg + 1, we have ¥ (s — ty) = ¥(t — ty) = 1 and we can thus
compute

h(t) — h(s) =(S-1h — Ss-1h) + Sy /t E(r)y(t —71)dr

(. J/
-~

)
LS / : B(r) (6(t = 7) = (s — 7)) dr + (St = S, )L(s) . (3.56)

-

—~

.~ - (I11)
(I1)

Note next that

[e.e]

t
(D) + (ID]s < C / |E() s dr < C / r2dr < 5L
s—1 S

-1
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For what concerns (III) note that the bound || E(7)||3 implies that

is well defined, it belongs to C* and the following decay estimate holds:
|L(c0) — L(s)|s < Cs™. (3.57)
We thus can bound
NIID)ls < C5™ 4 [Ser L(00) — St L(o) s
which in turn leads to
1h(t) = h(s)lls < Cs™" + | Ss-1L(00) = Sp-1 L(00) |l + |Si-1h — Sy-ahlls,. (3.58)

Using (3.42) and the fact that S;-1 converges to the identity for ¢ — oo we reach
t
lw(t) = w(s)lls <o(s) + C/ (D@57~ + 1 D(7)llo) d7 . (3.59)

for some function d(s) which converges to 0 as s goes to oo.
In order to estimate carefully D(t), we pass to local coordinates. Recalling the notation
L9 = LY(A, B) of (3.22) we compute

iﬁ” (DStflw(t

dt~«

= DA;Cg(DStflw

~—

, D2S,1w(t))
t), DQStflw(t)zo (=t 2DS;-1w(t) + S;-1 Diiv(t))

—~

4

’

)

0)
t), D’S;-1w(t)) o (—t D' S w(t) + S D*i(t)) - (3.60)

t

+ DBEg(DStflw

1

~—~

<

)

Now, as already argued for .Z(S;-1(w(t)), for any natural number x we have
ID' O ls + D" (Bl < Clr)(1+ 7). (3.61)

Now, having derived the bound ||w(t)|ls < Ct, we can take advantage of Proposition 3.4.1
to get

ID@Ollo < C (t*w®)]la + w()]2) < Ct2. (3.62)
In order to estimate the C® norm we use (3.41), (3.61) and argue similarly to get:
ID@)]ls < Ot (o)l + tlw(t)lla) + C (Jw(t)lla + tlw(t)]la) < Ct. (3.63)

Inserting the latter two inequalities in (3.59) we clearly conclude (3.37) and complete the
proof. O
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Proof of Lemma 3.6.2. First of all, we observe that it suffices to prove all the claims for
functions and in a local coordinate patch: hence, without loss of generality we can just
prove the claim for functions on balls of R”.

Proof of (3.39). By the classical extension theorems, it suffices indeed to prove the
inequality for functions defined on the whole R™ (under the assumptions that all norms
are finite!). In such a case we will in fact have the stronger inequality

1D7vllo < ClID™v [ Dw]ls~

Clearly, it suffices to prove the inequality in the particular case where r = 0 < 0 < s,
Y y
where it takes the form

|D7vllo < CID* Il [loflo~"""

Clearly if v = 0 there is nothing to prove. If D®v = 0, since the function is bounded,
we have D?v = 0 and again the inequality is trivial. Otherwise, recall that we have the
following elementary bound, with a constant C' independent of v.

[1D%0llo < CllD*0]lo + Cllv]lo-
Since however we can rescale the function to v.(r) = v(er), we also have the validity of
[1D%v]lo < Ce™7|[D*vllo + Ce™"[[v]o,

with the very same constant C, i.e. independently of € > 0. Choosing ¢ = ||v||(1)/5||st||51/8
we conclude the proof.

Proof of (3.40). Again we can assume that the domain of the function is the Euclidean
space. Denoting by D’ any partial derivative of order j, the chain rule can be written
symbolically as

D™(Wov) =Y (DW)ov > Cio(Dv)" (D)7 ... (D)™™ (3.64)

=1

for some constants C),, where the inner sum is over o = (074, ..., 0,,) € N™ such that

m m
E 0j; = l, E jO’j =m.
j=1 j=1

From (3.39) we have

1-4L .
Jullj < Chllullp ™llulli form =5 >0

(without loss of generality we assume both [|ul|o and |[ul|,, nonzero, otherwise the inequality
is trivial: thus we can use (3.39) also for the “extreme cases” o = r and o = s!). Inserting
the latter inequality in (3.64) we easily achieve (3.40).
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Proof of (3.41). Using the notation above we write the Leibnitz rule as

D"(py) = Y CimD'oD" 7 .
J=0 g;

For each summand we use (3.39) and Young’s inequality to write

1S5llo < Clielly™ ™ Il 11 ™ 14 1157™ < Cllelloll$llm + Cllellmllllo - O

3.7 (Global existence and convergence to an isometry

In this section we combine the bounds in Proposition 3.6.1 with a local solvability argument
to show that

Proposition 3.7.1. There is a choice of ty and § such that, if |h||3 < 6, then there is a

solution t — w(t) of (3.24)-(3.25) on [to, oo| which satisfies the bounds (3.34)-(3.37) for

every t. Moreover, for t — oo w(t) converges in C* to a free embedding u with e =
#

wpe + h.

Proof. The whole point lies in the following:

(Loc) assume J = [tg, 1] is some closed interval (possibly trivial, namely with ¢; = () over
which we have a solution of (3.24)-(3.25) satisfying the bounds (3.34)-(3.37). Then
the solution can be prolonged on some open interval [to,t2[D [to,%1] to a solution
which satisfies the bounds (3.32)-(3.33).

(Loc) and Proposition 3.6.1 easily imply the global existence claimed in the statement: if
we let [tg,T'[ be the maximal time over which there is a solution satisfying (3.34)-(3.37),
the combination (Loc) with ¢; = ¢y and of the a priori estimates in Proposition 3.6.1 tell
us first that T > ty, since for t; = t, we can simply set w(tg) = w, h(ty) = 0 and all
the bounds (3.34)-(3.37) would be trivially true. Moreover if ' < oo, then the bounds
in Proposition 3.6.1 gives that the solution can be smoothly extended to [ty, 7] and (Loc)
contradicts the maximality. Once we have established the global existence, the convergence
to a C® @ follows from the bound (3.37). In turn we have the bound

[dw(t) © du(t)[lo + [[d(Si-w(t)) © dio(t)]lo < CtH,

so that all the integrals used in (3.27)-(3.30) converge in the uniform norm and define
continuous functions. These computations give, therefore, ufe = whe + h.

We now rewrite (3.24)-(3.25) in terms of a fixed point for an integral operator on
(w, \) := (w, h). First of all we write

w(t) = wy + /t L(S;—1w(T))A(7) dr =: wy +/t W(w(T), (1)) dT . (3.65)
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We then rewrite the function E(t) of (3.45) as
E(t) = 2d(S;-1w(t) —w(t)) © d(Z(Si-1w(t))A(t)) =: E(w(t), A(t)) . (3.66)

Finally,

Aty =2 {Stl {@b(t —to)h+ /tﬁw(”’ M) (e =) dT} }

to

= (t — tg)Sp-1h — t 2 (t — tO)S;,l@—t—QSt’,l /t E(w(T), \) Yt —7)dr

=p(t)

+ S / E(w (), \())Y'(t — 7)dT . (3.67)

to

Observe now that the operator # is smooth on C*, because of the regularization of S,
(cf. the proof of Proposition 3.6.1). The operator & is locally Lipschitz from C* to C® (cf.
the proof of Proposition 3.6.1) because it loses one derivative, but on the other hand the
operators S; and §; in front of the integrals in the above expressions regularize again from
C? to C*. Hence the local existence in (Loc) follows from classical fixed point arguments.

We briefly sketch the details for the reader. We consider an interval J = [ty, ;] as in
(Loc) and t, > t1, whose choice will be specified later. We consider a pair (w, \) € C(J, C*)
which solves (3.65)-(3.67) and satisfies

lw(t) = wolls + ¢~ lw(t) —wolla < e, (3.68)
A o + [AB)]la < 1. (3.69)

(and in case ty = t; we simply set w(ty) = wy and A(tp) = 0). We consider next the space
of pairs (w, \) € C([tg, t2], C*) such that

e w=w and A = A on the interval J;

e the following inequalities hold:

lw(t) — wolls + ¢~ {Jw(t) — wolls < 2¢, (3.70)
A o+ A s < 2. (3.71)

On X we consider the norm [[(w, )[40 := maxyep ] ([|w(t)]|s + |A(t)]]4). X is clearly a
complete metric space. We then consider the transformation & : X — C([to, 2], C*) given
by (w, h) — o/ (w, h) = (W, h) through the following formulas:

a(t) = wo + / W (w(r), A7) dr

At) = p(t) — 728, / E(w(T), A(7)) Y(t — 7)dr + S / E(w (), A(?))Y'(t — 7)dr

to to
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Now, if we assume t; < #; + 1, then max; | (w(t), A(#)[la < C, because of the estimates
(3.70)-(3.71). Hence we can estimate

t2

[w(t) — w(t1)]lo < / 17 (w(r), A(T)l[adr < C(tz —t1) VE =t (3.72)
t1

Similarly, since sup, ||E(w(t),A(t))||s < C and recalling the estimates of Proposition 3.4.1,

we conclude that

IAE) = A(t)[|a < [[(t) — p(ta)||a + Clta — t1) VE >t .

From (3.68)-(3.69) and the smoothness of the map g, it is easy to see that (3.70)-(3.71) is
valid for the pair (w, ) provided ¢y — ¢; is smaller than a certain threshold. In particular
for t5 — t; small enough &/ maps X into itself.

It remains to show the contraction property. Consider two pairs (wy, A1), (ws, A2) € X

and (W;, \;) = @ (w;, A;). Then, using the properties of the operators S;-1 and S;_, we
easily conclude

max ||y (t) — wa(t)]l4 < / 2 17 (wi(7), A(7)) = # (wa(T), Aa(7)) |4 dT (3.73)

t1

max [ As(t) = Ao (t)la SC/2 1€(wi(7), (7)) = E(wa(7), Ao(T)) 3 d7 - (3.74)

t1

In turn, recalling the Lipschitz regularity of the operators # and £, we easily achieve

Hﬁf(wl, )\1) - M(wm )\2)H4,0 = ||(U~)17 5\1) - (?1727 5\2||4,0
< C(ta — t1)[[(wr, Ar) — (w2, A2)||a0-

Again, it suffices to choose ty — t; smaller than a certain threshold to conclude that .« :
X — X is a contraction. O

3.8 Higher regularity of the map
Finally, in this section we complete the proof of Theorem 3.2.3 by showing the following
Proposition 3.8.1. The map u of Proposition 3.7.1 belongs to C* if h € C* for k > 4.

Proof. The proof will be by induction on k. Assume that, under the assumption h € C*,
we have shown that

@)+ ¢ @)l < C (3.75)
() o + [1h Ol < C (3.76)
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for some constant C. We will then show that, under the assumption that A € C**! the
same set of estimates hold with k + 1 in place of k, namely

lo@llkes + 7w @)z < €7 (3.77)
2@ o + 1Ok < €7, (3.78)

with constants C” which are worse than C, but depend only on k (and t,, which is however
fixed in this proof). Indeed the estimate for ||w(t)||x41 will come from the following stronger
claim: there is a function §(s) which converges to 0 as s — oo and such that

lw(®) — w(s)|lpps < 8(s)  forall £ > s > #,. (3.79)

This completes the proof of the Proposition, since it clearly shows that w(t) converges in
CF1as t 1 oo.

We start by estimating w(t) using (3.24) and recalling the same arguments of the proof
of Proposition 3.6.1: from (3.75), (3.76) and Proposition 3.4.1 we conclude

()l + o (t)lls < C (3.80)

We next estimate the function E(t) of (3.45), again using the arguments of Proposition
3.4.1. First, by Proposition 3.4.1(c) and (3.75) we get

t*1S1w(t) — w(t)||1 + [|Si-rw(t) — w(t)||p1 < Ct. (3.81)
Then, using (3.41) we conclude
IE@ o+ 1E@)|lx < CE2. (3.82)

We next recall the computation for A(t):

. t—t 1 ¢
h(t) = —M‘S‘glh + ' (t — tO)Stflh—t—2 1 / E(T)y(t —7)dr (3.83)
2 tO
—A() —:B(t)
t
+ St/ E(T)Y'(t —7)dr . (3.84)
max{to,t—1}
—.C(t)

Now, using that h € C*1 Proposition 3.4.1(c) and the fact that ¢'(t — t,) vanishes for
t —ty > 1, we easily conclude that

Ao + 1A k2 < C (3.85)

where the constant C' depends on k and ¢, (which are both fixed). As for C'(t) we can use
(3.82) and Proposition 3.4.1(b) to conclude

2ICO)lo + C )iz < C (3.86)
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The estimate on B(t) turns out to be more delicate. First notice that, by (3.82), we
certainly conclude that ||L(¢)||x < C. Using now Proposition 3.4.1 we get however the

weaker estimate
IB(t) sz < Ct. (3.87)

We can now go back in the argument for (3.80) and recover |[[w(t)|[sre < Ct2. In turn,
plugging this information in the derivation of (3.82) we get |[E(t)|[z1 < Ct~'. The
latter bound can be used to estimate ||L(t)|[x+1 < C'logt which in turn, using Proposition
3.4.1(c), improves (3.87) to

IB(t)||k+2 < Clogt. (3.88)

We can now iterate the whole process to reach respectively

17(#)[[5+2 < C'logt
[0(t)[[1+2 < Clogt
lw(t)ller2 < Ctlogt
IE(®)[lk+1 < Ct2logt.

Since however t~2logt is integrable on [ty, oo[ we achieve the desired bound || B(t)||z12 < C
and indeed, using again Proposition 3.4.1(c),

B o+ 1BE)]lrs2 < C. (3.89)

Clearly (3.85), (3.89) and (3.86) yield (3.78). As already argued several times, we directly
conclude [|w(t)|lg+e < C and ||w(t)||g+2 < Ct. Besides, following the same reasoning as
above we also conclude the following useful bound:

FYNE®) o + || EX)|[pr < CE2. (3.90)

Thus the only bound which remains to show is (3.79): the argument, however, follows
almost verbatim the one for (3.37). We sketch briefly the details. First, we recall the
computation in (3.54). Then, using the bound (3.78) we derive

1A (t) — h(s)[lo < Ct7* (3.91)
in place of (3.55). Similarly, using (3.56) and (3.90) we derive

Ih(t)—h(s)|lk41 < Cs '+ || Sim1h—Se-1h g1 +[|Si-1 L(00) —=S-1 L(00) [|k41 Yt > 5> tg.

(3.92)
Plugging these inequalities in (3.54) and using (3.42) we derive the existence of a function
d(s) which converges to 0 as s — oo and such that

lw(®) = w(s)lke1 < (s) + C/ (D)7 " + |1 D(7) o) d - (3.93)

This replaces the analogous estimate (3.59), where D(¢) is the quantity defined in (3.54).
The estimate ||D(7)[lo < 772 of (3.62) is certainly valid here as well. In order to estimate
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| D(t)]|k+1 we first recall the computations in (3.60) and the quantities D’(¢) and D"(t)
introduced there. Using the better bounds ||w(t)|[r+2 < Ct and (3.77), the estimate in
(3.63) can in fact be improved to

ID#)|ls+1 < Ct. (3.94)

Inserting the inequalities just found for ||D(7)|lo and || D(7)||x+1 in (3.93), we immediately
conclude our claim. O

3.9 Proof of Corollary 3.1.2

The proof of Corollary 3.1.2 uses a construction very similar to that employed Corollary
2.1.5 to show the existence of a short embedding of a noncompact manifold.

Proof of Corollary 3.1.2. Consider an open covering {U,}, as in Lemma 2.2.1 and let C; be
the corresponding classes. As in the proof of Corollary 2.1.5, fix a family {y,}, of smooth
functions with the properties that ¢, € C2°(U,) and for every p € ¥ there is at least one ¢y
which equals 1 on a neighborhood of p. Moreover, having ordered {U,}, we fix a (strictly)
decreasing number of parameters ,, converging to 0.

Next consider the map v° : ¥ — R2™*D defined in the following way: for each i €
{1,...,n+ 1} and every p € ¥ set

Uy 1y (p) = erpe(p) and 03, (p) = eee(p)

if p is contained in some U, € C;, otherwise we set them equal to 0. As already shown in
the proof of Corollary 2.1.5, the map is well-defined and we let h := (v°)*e. Provided we
choose the ¢, sufficiently small, we have ¢ — h > 0.

For each U, fix a smooth map ®, which maps U, diffeomorphically on the standard
sphere S™ \ {N}, where N denotes the north pole. We extend it to a smooth map on the
whole manifold ¥ by defining &, = N on ¥\ Up. If o denotes the standard metric on S™
we then select a sequence 7, of sufficiently small positive numbers such that the tensor

gi=g—h—) mdio
l

is still positive definite. For each Uy consider the tensor gy := 2 (3, gog)_l g, so that
> o=3.
¢

Observe that, since ®, is a diffeomorpshim on the support of g,, which in turn is contained
in Uy, the (0,2) tensor g, := (®,')%g, is well defined on S* \ {N} and can be extended
smoothly to S™ by setting it equal to 0. Thus there is an isometric embedding w’ of S™
into RN such that (w’)*e = g, + ny0. By applying a translation we can assume that w’
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maps the north pole N in 0. Thus, u! := w’ o ®, is a smooth map on ¥ which vanishes
identically outside U, and such that

(uz)ﬁe =g+ mq)ga.

Now, for each i € {1,...,n+1} we define the map v’ : ¥ — R™ setting v'(p) = ¢,(p)u’(p)
if p belongs to some U, € C; and 0 otherwise. Finally let u = v° x v! x ... x v""!. Then it
is obvious from the construction and from Remark 3.3.1 that u is an isometry:

ule = (Uo)ﬁe‘l'zgé“’zwq)%:h‘l‘ENI‘FZW@EU:g-
¢ ¢ ¢

u is necessarily an immersion. The argument of Corollary 2.1.5 shows finally that wu is
injective and completes the proof. Observe that, if we set instead

g:=9— ZW‘PEU
¢

and define analogously the maps w’, uf and v* with i € {1,...,n + 1}, the resulting map
@ = vl x...xv"" is an isometric immersion of 3: the only property which is lost compared
to u is indeed the injectivity. O
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Chapter 4

Continuity of solutions of parabolic
equations

4.1 Introduction

In 1958 Nash published his fourth masterpiece [72], a cornerstone in the theory of partial
differential equations. His main theorem regarded bounded solutions of linear second or-
der parabolic equations with uniformly elliptic nonconstant coefficients. More precisely,

equations of the form
Oyu = div,(A(z,t)Vu), (4.1)
where:
e the unknown wu is a function of time ¢ and space z € R";
e O,u denotes the time partial derivative %;

e Vu denotes the spatial gradient, namely the vector

Vu(z,t) = (O1u(z,t),. .., Owu(x,t)) = (S—Z(x,t), . ﬁ(x,t)) :

e and div,V denotes the (spatial) divergence of the vector field V,
div,V(z,t) = 0, Vi(x,t) + ...+ 0, Vy(x, 1) .
Following the Einstein’s summation convention on repeated indices, we will often write
div,(AVu) = 0;(A;;0;u) .

Assumption 4.1.1. In this chapter the coefficients A;; will always satisfy the following
requirements:

(S) Symmetry, namely A;; = Aj;;
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(M) Measurability, namely each (z,t) — A;;(z,t) is a (Lebesgue) measurable function;
(E) Uniform ellipticity, namely there is A > 1 such that

A Hol? < Ay, t)vo; < Ajol? V(x,t) € R" x R and Yv € R™. (4.2)

Clearly, since the coefficients A;; are not differentiable, we have to specify a suitable
notion of solution for (4.1).

Definition 4.1.2. In what follows, the term solution of (4.1) in an open domain 2 C R"xR
will denote a locally summable function u with locally square summable distributional
derivatives O;u satisfying the identity

/u(a:, t)Oyp(x,t) dx dt = /&-gp(:ﬂ, t)Ai;(z,t)05u(z, t) dx dt Vo e C°(92). (4.3)

The following is then Nash’s celebrated Holder continuity theorem. As usual we denote
by || f]le the (essential) supremum of the measurable function f and, in case f coincides
with a continuous function a.e., we state pointwise inequalities omitting the “almost ev-
erywhere” specification.

Theorem 4.1.3. There are positive constants C' and o depending only upon X\ and n with
the following property. If A;; satisfy Assumption 4.1.1 and u is a bounded distributional
solution of (4.1) in |0,00[, then the following estimate holds for all to > t; > 0 and all
T1, 29 € R™:

Lol -\
|u<x1,t1>—u<x2,t2>\scuuHOO['“ 72 +(2 ) ] (4.4)

0 h

From the above theorem Nash derived a fundamental corollary in the case of second

order elliptic equations
div,(AVv) =0, (4.5)

where the measurable coefficients A;; do not depend on t.

Definition 4.1.4. If 2 is an open domain of R", the term distributional solution v of
(4.5) in Q will denote a locally summable function v with locally square summable partial
derivatives satisfying the identity

/aiv(x)Aij(x)ﬁjv(:E) dx =0 Vo e CF(Q).

The following Theorem is nowadays called De Giorgi - Nash theorem, since indeed De
Giorgi proved it independently from Nash in [21] (see [23] for the English translation) !.

n fact De Giorgi’s statement is stronger, since in his theorem ||v|| in (4.6) is replaced by the L?
norm of v (note that the power of r should be suitably adjusted: the reader can easily guess the correct
exponent using the invariance of the statement under the transformation u,(z) = u(rz)).
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Theorem 4.1.5. There are positive constants C' and 8 depending only upon X\ and n with
the following property. If A;; satisfy Assumption 4.1.1 and v is a bounded distributional
solution of (4.5) in Bs,.(z) C €, then the following estimate holds for every (x,y) € B.(2):

[o(2) = o(y)] < Cllvller™ |z —y|”. (4.6)

Theorem 4.1.5 was sufficient to give a positive answer to Hilbert’s XIX problem, namely
the regularity of scalar minimizers of uniformly convex Lagrangians in any dimension, cf.
[21, Teorema III]. The case n = 2 had been previously settled by Morrey in [62] and it was
also known that the Holder continuity of the first derivative of the minimizer would suffice
to conclude its full regularity, see [47, 63]. The De Giorgi-Nash theorem closed the gap?.

The De Giorgi-Nash Hoélder continuity theorem is false for elliptic systems, as it was
noticed by De Giorgi in [22]. In fact, for vectorial problems in the calculus of variations
Necas proved later the existence of nondifferentiable minimizers of smooth uniformly convex
functionals when the domain and the target have sufficiently large dimension. The methods
of Necas were refined further in [41] and [88] and recently the paper [61] used a different
construction to show the existence of a nondifferentiable minimizer when the target is 2-
dimensional and the domain 3-dimensional. Since Morrey’s work shows the regularity for
planar minimizers even in the vectorial case, the latter example is in the lowest possible
dimensions. Finally, in [89] it was shown that if the domain is 5-dimensional, vectorial
minimizers might even be unbounded!

Various authors rewrote, simplified and pushed further the De Giorgi — Nash theory.
The two most important contributors are probably Moser [65] and Aronson [5]. Moser
introduced the versatile Moser iteration, based on the study of the time-evolution of suc-
cessive powers of the solution, which simplifies the proof (and avoids the explicit use of the
entropy functional ), see Definition 4.2.3). Moser further proved what is usually called
Harnack inequality (although a more appropriate name in this case would probably be
“Moser-Harnack”). For positive solutions v of (4.5), the inequality is the estimate

sup v < C' inf v,
Br(x) Bar ()

where the constant C' only depends on r, the dimension n and the ellipticity constant .

As for Aronson, he established a Gaussian type bound on the associated fundamental
solution S(z,t,%,t) (cf. Theorem 4.2.2), more precisely he bounded the latter from above
and from below with functions of the form

: f% e Blamsl/e
t—o)r

(Nash established the (weaker) upper bound with K (t — )=/, cf. Proposition 4.2.4).

2Indeed it was known that the first partial derivatives of the minimizer satisfy a uniformly elliptic partial
differential equation with measurable coefficients. De Giorgi’s stronger version of Theorem 4.1.5 would
then directly imply the desired Holder estimate. Nash’s version was also sufficient, because a theorem of
Stampacchia guaranteed the local boundedness of the first partial derivatives, cf. [86].
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These three results — the Holder continuity, the Moser—-Harnack inequality, and the
Gaussian type bounds — are all connected and in some sense equivalent. Fine expositions

of this, as well as clever rewritings/simplifications/improvements of the proofs, can be
found in Bass [7, Chapter 7], [8] and Fabes & Stroock [30].

Most of the chapter will be dedicated to Nash’s proof of Theorem 4.1.3, whereas The-
orem 4.1.5 will be derived from it in the last section.

4.2 Preliminaries and main statements

Nash’s approach to Theorem 4.1.3 follows initially the well known path of proving “a priori
estimates”. More precisely, standard arguments reduce Theorem 4.1.3 to the following
weaker version:

Theorem 4.2.1. Theorem 4.1.3 holds under the additional assumptions that
(A1) A;; is smooth on R™ x R;

(A2) A;; = 0i; outside of a compact set K x [0,T];

(A3) w is smooth.

Observe a crucial point: it is well known (and it was well known at the time Nash
wrote his note) that the assumptions (A1) - (A3) imply the smoothness of any solution of
(4.1), but the crucial point in Theorem 4.2.1 is that the constants C' and « of (4.4) are
independent of A (more precisely depend only on the dimension n and the constant A in
(4.2)). We will focus on Theorem 4.2.1 for most of the subsequent sections and only at the
end, in Section 4.8, we will show how to conclude Theorem 4.1.3 from it 3.

Under the assumptions (A1)-(A3) of Theorem 4.2.1 we take advantage of the existence
of fundamental solutions. More precisely, we recall the following theorem (see [33, Chapter
1.6]).

Theorem 4.2.2. Under the assumptions of Theorem 4.2.1 there is a smooth map
(x,t,7,t) +—  S(x,t,T,1)
defined for x,z € R™ and t > t with the following properties:
(a) The map (z,t) — S(x,t,z,t) = T(x,t) is a classical solution of (4.1) on R"x]t, co[;

(b) T(-,t) and OFT(-,t) belong to the Schwartz space of rapidly decreasing smooth func-
tions . (R™) and the corresponding seminorms can be bounded uniformly when t
belongs to a compact subset of |t, ool

3Nash does not provide any argument nor reference, he only briefly mentions that Theorem 4.1.3 follows
from Theorem 4.2.1 using a regularization scheme and the maximum principle. Note that a derivation
of the latter under the weak regularity assumptions of Theorem 4.1.3 is however not entirely trivial: in
Section 4.8 we give an alternative argument based on a suitable energy estimate.
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(¢) T>0and [T(x,t)dz =1 for every t > t.

(d) T(-,t) converges, in the sense of measures, to the Dirac mass 0z ast | t, namely

lim [T (z,1)p(z) dz = ¢(Z)

tlt

for any bounded continuous test function p. Moreover, for any ball B,.(z), T(-,t)
converges to 0 on R™\ B,.(x) with respect to all the seminorms of the Schwartz space.

(e) For any u bounded smooth solution of (4.1) on R™ x [t, T we have the representation
formula

u(z, t) = /S(:E,t,y,f)u(y,f)dy. (4.7)

Viceversa, given a bounded smooth ug(y) =: u(y,t) the formula above gives the unique
solution on [t, 00| subject to the corresponding initial condition.

(f) The properties above hold for the map (Z,t) — S(x,t,Z,t) = T(Z,t) on the domain
R™x| — oo, t[, which therefore is a (backward in time) fundamental solution of the
adjoint equation

Except for the smoothness, the existence of a map S with all the properties listed
above is given in [33, Chapter 1] (note that point (f) is proved in [33, Theorem 15]. The
latter reference shows that S has continuous first order derivatives (in time and space)
and continuous second order derivatives in space when the coefficients A;; are C? (in
fact OV cf. [33, Theorem 10]). Decay properties for the function and its first order
space derivatives are then showed in [33, Theorem 11]. The higher regularity (and the
decay of higher derivatives) when the coefficients A;; are smooth and constant outside of
a compact set follows easily from the arguments given in [33] and we have stated it only
for completeness: the arguments of Nash do not really need this additional information.

In the remaining sections we will derive several bounds on the map S which will finally
lead to a proof of Theorem 4.2.1 through the representation formula (4.7). Three very
relevant quantities which we will compute on the fundamental solutions are the energy, the
entropy and the first moment.

Definition 4.2.3. Under the assumptions of Theorem 4.2.1 let T'(z,t) := S(x,t,0,0),
where S is the map of Theorem 4.2.2. We then introduce

(i) The energy E(t) := [T (x,t)* dz.
(ii) The entropy Q(t) := — [ T(z,t)logT(x,t) dx.
(iii) The first moment M(t) := [ T(z,t)|z| dx.

On each of these quantities (which by Theorem 4.2.2 are smooth on |0, co[) Nash derives
subtle crucial estimates, which we summarize in the following proposition.
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Proposition 4.2.4. Under the assumptions of Theorem 4.2.1 there are positive constants
C1,Cs, Cs and Cy, depending only upon A and n, such that the following holds. If T, E, Q
and M are as in Definition 4.2.3, then

E(t) < Cyt ™", (4.9)
T (-, 1))l < Cat ™, (4.10)
Q) > —Cy + glogt, (4.11)
Cyy < M(t) < Oyt (4.12)

The last bound is in fact the cornerstone of Nash’s proof. With it he derives subse-
quently what he calls G bound.

Definition 4.2.5. Let T be as in Definition 4.2.3 and consider the “normalization” U of
the fundamental solution: U(&,t) := t"2T(t'2¢,t). For any 6 €0, 1] the Gs-functional is

Gs(t) = / e ¥ log(U (€, 1) + 0) d€ . (4.13)

Proposition 4.2.6. Under the assumptions of Theorem 4.2.1 there are constants Cs and
0o, depending only upon A and n, such that the following holds. If Gs is as in Definition
4.2.5, then

Gs(t) > —C5(—1logd)'?  for all § < . (4.14)

The latter bound allows in turn to derive the central “overlap” estimate of fundamental
solutions, namely

Proposition 4.2.7. Under the assumptions of Theorem 4.2.1 there are positive constants
C and «, depending only upon \ and n, such that, if S is the map of Theorem 4.2.2, then

/|S(x,t,x1,f)—S(x,t,:vg,mdeC(%) for allt > t. (4.15)
The Holder estimate in space for a bounded solution « is a direct consequence of the
overlap estimate and of (4.7), whereas the estimate in time will follow from additional
considerations taking into account the other bounds derived above.
After collecting some elementary inequalities in the next section, we will proceed, in
the subsequent three sections, to prove the three Propositions 4.2.4, 4.2.6 and 4.2.7. We
will then show in Section 4.7 how Theorem 4.2.1 follows.

4.3 Three elementary inequalities

In deriving the estimates claimed in the previous section we will use three “elementary”
inequalities on functions. All of them have been generalized in various ways in the sub-
sequent literature and hold under less restrictive assumptions than those stated here: the
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statements given below are just sufficient for our purposes and I have tried to keep them
as elementary as possible.

The first inequality is nowadays known as “Nash’s” inequality. In [72] Nash credits the
proof to Elias Stein.

Lemma 4.3.1. There is a constant C, depending only upon n, such that the following
inequality holds for any function v € . (R"):

() e ()"

The second is a Poincaré-type inequality in a “Gaussian-weighted” Sobolev space.

Lemma 4.3.2. The following inequality holds for any bounded C' function f on R™ with
bounded derivatives which satisfies the constraint fe_|§|2f(§) d¢ =0:

2 / e 2 (¢) de < / e VRV £ (O de (4.17)

The proof of the final inequality is credited in [72] to Lennart Carleson:

Lemma 4.3.3. There is a positive constant ¢, depending only on n, such that the following
inequality holds for any positive function T € . (R™) with [T = 1:

1
/ 2|7 (@) dz > cexp {—— / () log T(z) d:c} | (4.18)
n
Proof of Lemma 4.3.1. Consider the Fourier transform o of v:

o(y) = (QW)_"/Q/eix'yv(z) dx .

Recalling the Plancherel identity and other standard properties of the Fourier transform

we achieve
J1oe= [1a (419)
190 = [ WPlitr ay (4.20)
o) <em) " [ o (421)

Using (4.21) we obviously get

2
[ bwra<cr ( / |v|) |
{ly|<p}
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whereas using (4.20) we have

ofdy< [Py =L [ vop
I B o

(4.19) and the last two inequalities can be combined to reach

/W <cp (/\v|)2+%/\w2, (4.22)

where the constant C' is independent of p.

Next, the inequality (4.16) is trivial if v or Vv vanish identically. Hence, we can assume
that both integrals in the right hand side of (4.16) are nonzero. Under this assumption
(4.16) follows right away from (4.22) once we set

1
n+2

J Vo2
(f o))

Proof of Lemma 4.3.2. Consider the Hilbert space H of measurable functions f such that
[ 16 £2(¢) d¢ < oo, with the scalar product

O

(f,q) = / e F(€)g(€) de

It is well known that a Hilbert basis of H is given by the products of the Hermite poly-
nomials (cf. [4, Section 6.1]): if H; denotes the Hermite polynomial of degree i in one
variable, suitably normalized, we define, for any I = (i1,...,4,) € N

Hy(§) = Hiy (§1)Hiy(§2) - .- Hy, (&) -

We then have
[ e a - Sed [ @ rre - > (4.23)
where
ar = [ 9 1O HiE) de (4.24)
Bus = [ &0 F(€) Hi(E) de. (4.25)
Integrating by parts and using the relation
B (™1 Hy () = (205) " Hi (¢)
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we easily achieve the identity
Zﬁ?g = 2|I|a7].
j=1

We thus conclude

/ el 26 de = 3 o (4.26)

/k—ﬁﬂVf@M%%::EZMIm%. (4.27)
I

The inequality (4.17) is then a trivial consequence of the two identities above provided
a(0,0,..0) = 0. Since the Hermite polynomial Hj is simply constant, the latter condition is

equivalent to [ 1€ f(€) d¢ = 0. O

Proof of Lemma 4.3.3. For every fixed A € R, consider the function e(7) = 7log 7+ AT on
10, 00[. Observe that the function is convex, it converges to 0 as 7 — oo and converges to

o0 as T — o0o. Its derivative €/(1) = log 7 + (1 + \) vanishes if and only for 75 = e7*=* and
moreover f(15) = —e *71 < 0: the latter must thus be the minimum of the function and
therefore
TlogT + At > e M1 for every positive 7.
In particular, for any choice of the real numbers a > 0 and b € R we have
/(T(x) log T(z) + (a|z| + b)T(2)) dx > —e 71 /e_” dx . (4.28)
If we set
Q= — /T(a:) log T'(z) dz , (4.29)
M ::/|x|T(x) dx , (4.30)

D(n) ::/e—w d (4.31)

then we can rewrite (4.28) as
—Q+aM +b>—e"ra""D(n) (4.32)
(where we have also used that [T =1). Set a := 4% > 0 and e¢™® = 55=a". Then (4.32)

; D(n)
turns into
e n\"
- ~1 (—) > 1.
Qrn ‘%(Dm>ﬂf )—

In turn, the latter is equivalent to

n—nlogn+log D(n) +nlogM > Q.

Exponentiating the latter inequality we conclude M > ¢(n)e®/" for some positive constant
c¢(n), which is precisely inequality (4.18). O]
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4.4 Energy, entropy and moment bounds

In this section we prove Proposition 4.2.4.

Proof of the energy estimate. We differentiate £ and compute
E'(t) :2/T(x,t)8tT(t,x) de =2 [ T(z,t)0;(Ai;j(z, )01 (z,t)) do
=— 2/8jT(z, t)Ai;(z,t)0,T(x,t) doe < —2)\/ VT (z,t)|? dx

(4.16) L2/ .
< -C (/ |T(:c,t)\2dx) = OB

where C' is a positive constant depending only upon A and n. Note moreover that in the
last line we have used [T'(x,t)dz = 1. Since E(t) is positive for every ¢ > 0 we conclude
that £ E(t)=%" > C' > 0. By Theorem 4.2.2(d), lim, o E(t)~' = 0 and thus we can integrate
the differential inequality to conclude that

E(s) = /O %E(t)‘z/"dtzCs,

which in turn implies £(s) < Cys7"/?, where C; depends only upon A and n.

Proof of the L>* bound. By translation invariance, from the energy estimate we
conclude

/|S(x,t,x,f)|2dx <C(t—1)"".

By Theorem 4.2.2(f) the above argument applies to the adjoint equation to derive also the
bound

/|S(x,t,x,f)|2dx <C(t—1)~"".
On the other hand, using Theorem 4.2.2(e), we have

T(z,t) = /S(x,t,:f, OT(z, %) dz.
Using the Cauchy-Schwarz inequality we conclude

T(z,t)]* <E(L) [|S(z,t, 2, )P dz < Ct™. (4.33)

Proof of the entropy bound. The L*° bound and the monotonicity of the logarithm
gives easily

Q)= ~1og IT(, O [ T(a,)do = ~log | T ) 2 ~C'+ S logt.
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Proof of the moment bound. The first ingredient is Lemma 4.3.3, which gives
M(t) > CeR®/™ Next, differentiating the entropy we get

Q@%:—/ﬁﬁJ%T@w»&T@Jﬁm::u/0+bgﬂxﬂﬁﬂAﬂx06T@t»d
:/@mg@@&mwmn@mu
_ / (9, log T, ) Ay (. 1), log Tz, 1)) T, 1) d
> / Az, )V log T(x, )Tz, £) da .

Recall that [T(z,t)dx =1 to estimate further

Q'(t) >c (/ |A(z, 1)V log T'(x, )| T (z, ) dx)2 =c (/ |A(z, t) VT (z,1)| dx)2 :

Whereas, differentiating the momentum:

/ma Ay, 0T (2, 8)) d /| Ay (00T (@) da

We thus conclude |[M'(¢)|? < C Q'(t).

Let us summarize the inequalities relevant for our argument:

Qt) > —Cy + glogt, (4.34)
M(t) > CeRW/m (4.35)
CQ' ()" > |M'(t)]. (4.36)

Recall moreover that, from Theorem 4.2.2(d), lim o M (t) = 0. We thus set M (0) = 0: this
information and the three inequalities above will allow us to achieve the desired bound.

Define nR(t) = Q(t) + C5 — §logt. Observe that Q'(t) = nR/(t) + 4. Hence we can
use (4.35) and integrate (4.36) to achieve

t
et e < M(t) < oy / (& +R(s)" ds . (4.37)
0

7

1(t)

Using the concavity of & +— (1 + €)% on [~1, 00| we conclude that (1 +&)"2 <1+ g and
thus

(L4 ()" < (Qi)/ (1+ 50002s) = 297+ (3) " R,
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Hence
I(t) s/t(zs)—lﬁ ds+/t ()" R (s)ds = (2t)" + (£)"” R(t)—/t(Ss)‘l/zR(s) ds
<20 + (1) R(t) .

Inserting the latter inequality in (4.37) and dividing by t'/> we conclude that

C46R(t) S 03%2(t) S \/5 (1 _I_ @) , (438)

where ¢4 and c3 are positive constants (depending only upon n and A). Now, the map

p|—>c4e”—\/§<1+g>
converges to 0o for p 1 oo and thus (4.38) implies that R(t) is bounded by a constant which
depends only upon A and n. In turn, again from (4.38), we conclude (4.12).

4.5 G bound

In this section we prove Proposition 4.2.6. We will use in an essential way the bounds of
Proposition 4.2.4, especially the moment bound. In turn Proposition 4.2.6 will be used
crucially to compare fundamental solutions for different source points. Observe in fact that
the integrand defining Gy, through

Gs(t) = / e P log(U (€, 1) + 0) d | (4.39)

is rather negative at those points £ which are close to 0 (the “source” of the fundamental
solution) and where at the same time the value of U is low. The goal of the proposition,
namely bounding G5(t) with —C(—logd)"/?, is thus to gain control on such “bad points”.

We begin by noting the obvious effect of the normalization U(&,t) = t"T(t'2¢,t). All
the estimates of Proposition 4.2.4 turn into corresponding “time-independent” bounds,
which we collect here:

[utend=1. (4.40)

/\U(iat)|2d£ <C, (4.41)
IU( )]l < C, (4.42)
< [ <c. (.43
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Moreover, the parabolic equation for 7' transforms into the identity
200,U(&,1) = nU(E, 1) + EQU(E,t) + 20;( Ay (72, 1)U (€, 1)) (4.44)

and observe that the “rescaled” coefficients A;;(€,t) := Ay;(t'2€,t) satisfy the same ellip-
ticity condition as A;;, namely A~ o[ < A v0; < A|vl?
Differentiating (4.39) we achieve

v [ g2t U(E 1) (4.44) _ep UG 0) o 2§ VU(E 1)
2t = [ Gy d \/e UG t>+5d§+/ SO+

—H(6)>0 —Ha (1)

e 0i(Ay (&, 00U < 1))
+2/ ¢ (5 1 d¢ . (4.45)

- -

Hs (1)

As for H,, integrating by parts we get
Hy(t) :/6‘52£-V(log(U(§,t) +0)dé = —/e"ﬁ'z(n—2|€|2) log(U (¢, t) +6) dg
= — nGs(t) +2 / e EFIE? (log 8 + log (1 + 671 U(E, 1)) de
> —nGs(t) + 210g5/ €267 de > —nGs(t) + C'logd . (4.46)

Finally, integrating by parts Hj:

Hs(t) = — 2/@- <6_|§|2(U(§,t) +5)—1) A (&, 0)0,U (&, 1) dé
:4/€—|a|2§inj<£7t> () e+ 2/ LepQU(E DA, t()g NOV(ED) 4

U, t) + (U(&,t) +0)?
=4 [ e A6 00, Top(U (€ + 0)de
b =H(t) 7
42 / P9, Tog(U(€, 1) + 8) Ay (€, )0 log (U (€, 1) + 8) de . (4.47)
—Hs (1) ’

Note first that, by the ellipticity condition, the integrand of Hs(t) is indeed nonnegative.

Next, for each (&, ) consider the quadratic form A(v,w) = A;;(&, t)v;w;. The ellipticity
condition guarantees that this is a scalar product. Hence, we have the corresponding
Cauchy-Schwartz inequality |A(v,w)]* < A(v,v)A(w,w). Using this observation, Hy(t)
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can be bounded by
|H(t)| <4 / eI (645(6,06) " (9 log(U(E,t) + 8) An(€, )0 log (U (€, 1) +6)) 7 de

= (/ e A (€ 08 dé) " () < O () (4.48)

Inserting (4.48), (4.47) and (4.46) in (4.45) we conclude the intermediate inequality
2tG5(t) > C'logd — nGs(t) — C(Hs(t))'? + Hs(t). (4.49)
The moment bound (4.43) will be used in a crucial way to prove the following

Lemma 4.5.1. There are positive constants G and ¢ both depending only upon \ and n
such that, if § <1 and Gs(t) < —G, then Hs(t) > ¢(1 — Gs(t))?.

With this lemma we easily conclude the existence of further positive constants G, ¢, C'
(depending only upon A and n) such that

2UG(t) > éGs(t)? + Clogd  if Gs(t) < —G and § < (4.50)

N[ =

Set therefore Cs := (0“)1/2 and let dy < % be such that

¢

Cs(—logdy)”* > G.

We now want to show that with these choices the estimate of Proposition 4.2.6 holds. In
fact, assume that § < §p and that at some point 7 > 0 we have

Gs(1) < —C5(—1ogd)">.
By our choice of dy this would imply Gs(7) < —@, which in turn implies, by (4.50),
27GY5(T) > —logd . (4.51)

In particular, there is an € > 0 such that Gy is increasing on |7 — &, 7[. We then conclude
that Gs(T —e) < —Cs(—logd)"/? and we can proceed further: it can only be that G5 <
—C5(—1log6)'* on the whole interval ]0,7[. But then (4.51) would be valid on ]0, 7[ and
we would conclude that

lim Gs(7) = —00,

70
contradicting the trivial bound G5 > logd.

In order to complete the proof of Proposition 4.2.6 it remains to show that Lemma
4.5.1 holds.
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Proof of Lemma 4.5.1. Observe that, by the ellipticity condition,
Hy(t) > 2271 / e 1P|V log(U (€, 1) + 6)|? de . (4.52)
We now wish to apply Lemma 4.3.2. We set for this reason

f&) =1log(U(&,t) +6) —n "/ / e 6P log(U (&, 1) + 0) d€ = log(U(&,t) + 6) — 7 "*Gs(t) .

This choice achieves V f = Vl1og(U+4) and [ e €7 £(£) d¢ = 0. We can thus apply Lemma
4.3.2 which, combined with (4.52), gives

Hy(t) > 427! / e (log(U (€, 1) +0) — 7r_"/2G5(t))2 d¢ . (4.53)

Consider now the following function g on the positive real axis:
g(u) == u(log(u + &) — 7 "Gs(t))?.

Since U is (strictly) positive, we have
T "*Gs(t) > " log o / e 6P de = logs . (4.54)

Moreover ¢ is nonnegative and vanishes only at the only positive point @ such that
log(@ + 0) = 7~ "*Gs(t) .
Next, differentiating g we find
g (u) = —u~?(log(u + 0) — 7 "2Gs(t))* + 2u~" (u+ 0) " (log(u + §) — 7 "*Gs(t)) .

Hence the derivative ¢’ vanishes at @ and at any other (positive) point u,, which solves

u

log(u + 0) — 7~ "2Gs(t) — 2u 5

-

=0. (4.55)

v~

=:h(u)

h(u) is negative for u < @ and thus any solution of the equation must be larger than @. In

fact
4.54

(4.54)
h(0) =log2+1logd — m "2Gs(t) —1 < log2—1<0.
Since § < 1 we certainly conclude that any solution u,, of (4.55) must be larger than .

On the other hand differentiating h we find

2u 1

M) = e ure
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which is strictly positive for u > 9.
We conclude that there is a unique point w,, > % which satisfies (4.55). On the other
hand
lim g(u) =0. (4.56)

uToo

Hence u,, must be a local maximum for g and g is strictly decreasing on Ju,,, ool.
Observe next that

108 Uy, < log(ty, +6) < 7 2G5(t) +2.
We therefore conclude that

U < exp(2+ 77 2Gs(t)) =: Up(t).

Define
U* () :=
0 otherwise.
Summarizing we can bound
(0> ¢ [ g (€00 (et de. (457)

Recalling (4.42) we have [|[U*(, )|/ < C, if we set C =max{C, e*} we have ||U*(-, )]s <
C and, at the same time, C' > €3 > Uy(t) > u,,, because for Gs(t) we have the trivial
bound

Gs(t) < / log(U(&,t) + ) de < / U(E,t)de = 1. (4.58)

Using the monotonicity of g on |u,,, co[ we then infer
Hs(t) > Cfe_lflz(log(é +0) — 7 "PG(4)PU (€, 1) dé (4.59)

where c is a small but positive constant (depending only upon A and n) and C'is a constant
larger than €3, also depending only upon A and n. In particular, the trivial bound (4.58)
implies

log(C' + 8) — m="2Gs(t) = 7= (x"21og(C + 8) — Gs(t)) > 7 "2(1 — Gs(t)) > 0

and we therefore conclude
Hs(t) >co(1 — G(;(t))2/e_|f|2U*(§,t) d&
—=co(1 — Gs(t))? / e EPU (e, ) de (4.60)

|€]=exp(2+Gs (1))

=:1

-~
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Clearly, in order to complete the proof of the Lemma we just need to show the existence
of positive constants G and ¢ such that

Gs(t) < -G — I>e¢.

Under the assumption Gs(t) < —G, for any p > 0 we can write

[> e_“Q/ U(E, 1) de = e (1 —/ U(E, 1) de —/ U(E,t) dg) .
p>|€|>exp(2—G) €| <exp(2-G) €1=p
Using (4.42) we have

/ _ U(f, t) d¢ < C(exp(2 — G))n
€] <exp(2—G)

for a constant C' depending only upon n and . In particular, if we choose G large enough
we can assume that the integral above is bounded by i. Next, using (4.43) we get

/ U@w&sl/U@ma&sg.
€]>p K K

1

Thus, it suffices to fix u large enough so that the latter integral is also smaller than ;.

With such choice Gs(t) < —G implies I > %e_“z, which thus completes the proof. O

4.6 Overlap estimate

We are now ready to prove Proposition 4.2.7. First of all we notice that, without loss of
generality, we can assume ¢ = 0. We thus consider two fundamental solutions S(z, ¢, x1,0)
and S(z,t,s,0). Fix for the moment a positive time ¢ and set & := 2;t~"/* and

Ui(€) = t"2S(t7¢, ¢, 2, 0).
By Proposition 4.2.6 we have

/f““bgm@+&&z—@vmww2 (4.61)

for all 9 < 9y. In particular in the rest of this paragraph we will certainly assume § < 1.
We then add the two inequalities above to get

/ [e—lf—ﬁllz log (U3 (€) 4 0) + e 8P log(Us (&) + 8)| dE > —2C5(—1log §)'> V5 < 6.
(4.62)
Let
U () == max{U1(§),U2(§)}  U-(§) := min{U1(¢), U2(£)}
f1(€) := max{exp(—[¢ — &1[*), exp(—[€ — &[*)}
f-(&) := min{exp(—|¢ = &%), exp(—|€ = &[*)}
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Recalling the elementary bound ac + bd < max{a, b} max{c, d} + min{a, b} min{c, d} we
then conclude

/[f+(£) log(Us+(€) + ) + f-(€) log(U~(€) +9)] d€ > —2C5(~log ). (4.63)

Since § < 1 we have
log(U+(§) +0) < U+(§) < Ui(§) + Ua(§)

and consequently we can bound

/ £1(6) 1og(U(€) + 8) de < / (UL(€) + Un(€)) dE < 2. (4.64)

Next, observe that
log(U_(&) + 6) =logd +log(1 + 67 'U_(£)) <logd + 6 1U_(€)

and thus
/ F-(€)log(U_(€) + 8) de < log / Fo(6)de + 57" / U(€)de,.  (465)

Observe next that [ f_(£)d¢ is simply a function w of [& — &, which is positive and
decreasing.
Combining (4.63), (4.64) and (4.65) we achieve

[ (€ de 2 maxs [<2 = w(les — &) logd — 2C(~1os8) ] . (4.66)

The right hand side of (4.66) is a nonnegative decreasing function ¢ of |£; —&;|. Considering
the rescaling which defined the U;’s we then conclude

[ ittt 0 SGe s 0} e = [U-iaez o () 0 aen
Next, recall the elementary identity
lo— 7| =0+ 7—2min{o, 7},

valid for every positive o and 7. In particular we can combine it with (4.67) to conclude
1
5 / |S($a t> Ty, 0) - S(ZL’, t> T2, O)| de =1— /mln{S(ZIZ’, ta T, 0)7 S(l’, t> T2, 0)} dx

- ER
=) <%) : (4.68)

where 1 is a positive increasing function everywhere strictly smaller than 1.
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We will pass from (4.68) to (4.15) through an iterative argument. In order to implement
such argument we introduce the functions

To(z,t) =max{S(z,t,x1,0) — S(x,t,25,0),0} (4.69)
Ty(z,t) =max{S(x,t, x9,0) — S(x,t,x1,0),0} (4.70)

and
1
A(t) ::/Ta(:v,t)d:v:/Tb(:B,t)d:E: §/|S(x,t,:)31,0)—S(z,t,$2,0)|d:)3.

Furthermore, let T (z,t,t) and T;(x,t,t) be the solutions of (4.1) with respective initial
data T,(z,t) and Ty(z,t) at t. Note therefore the identities

7:(0,t,0) = [ S(oty. DT dy = [ S(ot0.) Tuly DI DA® " dydz (47)

=:x(y,2,1)

Ty (x,t,1) :/S(x,t, z,ﬂTb(z,ﬂdz:/S(z,t,z,f)x(y,z,ﬂdydz. (4.72)

Moreover, T (x,t,t) — Tj (x,t,t) = S(x,t,21,0) — S(z,t, 22,0) and thus
Tr(x,t,t) — Ty (z,t,t) = S(x,t,21,0) — S(x,t,x9,0) for every t > t.
We therefore conclude the inequality

|S(z,t,21,0) — S(x,t,29,0)| < /|S(x,t, z,t) — S(z, t,y,t)|x(y, z,t) dy dz . (4.73)

Observe that (4.68) obviously implies

%/|S(:ﬂ,t,:ﬂ1,f)—S(x,t,xg,mdxgw(%) : (4.74)
Integrating (4.73) we then obtain
At) < /¢ (L_ZJ) Xy, z,t)dydz YVt >t. (4.75)
-9
Observe in particular that A is monotone decreasing and
Alt) < /X(y, 2, ) dydz = A(t). Vt>t (4.76)

Let € := ¢(1) = 1 —¢(1) and define o := 1 — £. For each natural number k£ > 1 we let
t, be the first time such that A(t;) < o*, if such time exists. Since

Az —z) < (1) =1—-e <0,
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we have the inequality

tl S ‘Z(Zl - LU2|2 . (477)
We wish to derive an iterative estimate upon tx; — t%.
In order to do so, we let xq := % and define the moments:
M,(t) ::/ | — xo|To(x,t) do (4.78)
My(t) ::/ |z — x| Ty (2, t) do (4.79)
Mk = maX{Mb(tk), Ma(tk)} . (480)

Strictly speaking the moments are not defined for ¢ = 0. However since the functions
converge to 0 as t | 0, we set M,(0) = M,;(0) = 0. Observe that

O'k O'k
To(y, ty) dy < —— /Ta(y,tk)ly — zo|dy < —.
/ly—mo|z2okMk 2M;, 2

Moreover, an analogous estimate is valid for 7,. Since the total integral of T,(y,tx) (re-

spectively Ty(2, 1)) is in fact A(t,) = o¥, we conclude
o
/ To(y)dy = —, (4.81)
ly—zo|<20—F My, 2
ok
/ Tp(2)dz > —. (4.82)
|z—x0| <20~k My, 2

Consider the domain Q = {(y,2) : |y — 20| < 207%My, |2 — 20| < 207*M,} and its
complement ¢. Observe that on Q we have |y — z| < 407 %M. Thus for ¢’ > t; we can
use (4.75) to estimate

A(t') < / C

S/X(%Z,tk) dydz — [1— (40 " My(t' — t,)~7")] / X(Y, 2, ty) dy dz

Qp

X(y, 2, te) dy dz + o (4o~ M (¢’ —tk)_l/Q)/ X(y, 2, ) dty dz
Qp

<A(te) = [1— v (4o Mu(t' — ti) ") ] A(ty) ! <%)

:O'k [2 + %’l/f (40'_kMk(t, — tk)_l/Q):| . (483)

If we set
t =ty + 160 M |

then
(Ao Mt — )" ) = (1) =1—¢,
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and (4.83) gives
Aty < o” <1 - E) =M,

We thus infer the recursive estimate
topr <ty + 16072 M2 . (4.84)
We next wish to estimate Mj. Observe that
To(z,t") =max{S(z,t',21,0) — S(x,t,29,0),0} = max{T, (z,¢',t) — T; (x,t',t),0}

<TX(z,t',t) = /S(m,t',y,t)Ta(y,t) dy .

Now,
M, (1) = / 2 — 20| T, ) do < / (e =yl + 1y — 2o))S(a, 'y, ) Ta(y, 1) dy da

=/ |y — @o|Tuly, t) dy + /Ta(y,t) / |z —y[S(z, 1y, 1) dedy.
Using the moment bound we then infer
M, (') < M,(t) + A(t)Cu(t' — ).
This, and the analogous bound on M(t'), leads to the recursive estimate
My < My, + " Oy (trn — 1) < Mi(1 4 4Cy) .
Since clearly to = 0 and My = M,(to) = My(ty) = m;;”', we clearly have

|$1 — $2\

M, < 5

(1+Cy)F. (4.85)
Thus the recursive bound (4.84) becomes

trar <ty + 4|z — 2?02 (1 + Cu)? )" (4.86)
————

B

Summing (4.86) and taking into account that t; < |z1 — 2»|* we clearly reach
k+1 _ 1

B_1 < dfz, — I2|2Bk+1 ) (4.87)

trerr < 4|z — 3]
where B is a constant larger than 2 which depends only upon A and n (if B as defined in
(4.86) is smaller than 2 we can just enlarge it by setting it equal to 2).

We next set tg = 0 and A(0) = 1. Hence, for any ¢ there is a unique natural number k
such that
Uy <t <Tpgr1-
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We then conclude

x,t,21,0) — S(x,t, 22, z=A() < A(ty) < o”. .
S 0)—S 0)|d At) < A < o 4.88
Observe on the other hand that
4 _ 2
k+1>—(logB)™" logM .

If we set a := —2(log B) ! log o, which is a positive number depending therefore only upon
A and n, we reach the estimate

/\S(x,t, 21,0) — S(x,t,29,0)| dv < o714 <|Ilt%x2|) : (4.89)

This is exactly the desired estimate and hence the proof of Proposition 4.2.7 is finally
complete.

4.7 Proof of Theorem 4.2.1
First of all observe that, by Theorem 4.2.2(f), (4.15) can also be used to prove

/|S($1,t,y,ﬂ—S(x2,t,y,f)|dy§C(%) for all ¢ > t. (4.90)

This easily gives the Hélder continuity of any solution u through Theorem 4.2.2(e):

x1 — 22|\

(4.91)

As for the time continuity, we use
u(x,t) —u(z,s) = /S(x,t,y, s)u(y, s) dy — u(x, s)/S(x,t,y, s) dy
to estimate
urs) = w0 < [ S tye)uy,s) ~ ula, 9] dy

< / S(a,t, . 9)|uly, ) — ule, s)] dy+ / S(a,t,y, $)|uly, s) — ulz, s)| dy,
ly—z|<p

ly—z|>p

~ /
' '
= =1

(4.92)
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where p > 0 will be chosen later. Using (4.91) (and the fact that the integral of the
fundamental solution equals 1) we can estimate

I < Cllul|ses™p . (4.93)

For I, we use the moment bound (4.12):

I < 2,0_1||U||oo/ ly — 2|S(x,t,y,5) dy < Cllufloop™ (t — 5)"*. (4.94)

We thus get
ult,2) — u(s, )] < Cllullo (%5~ + (£ = 5)p7) .

Choosing p't® = 5*/*(t — 5)'/* we conclude

t— s\ 2@
lu(t, x) — u(s, )| < C|luloo ( . ) ) (4.95)

The combination of (4.91) and (4.95) gives Theorem 4.2.1.

4.8 Proof of Theorem 4.1.3

In order to conclude Theorem 4.1.3 from Theorem 4.2.1 fix measurable coefficients A;;
satisfying Assumption 4.1.1 and a distributional solution v on R™x]0, oo[ which is bounded.
Without loss of generality we can assume that the A;; are defined also for negative times,
for instance we can set A;j(x, —t) = A;;(z,t) for every x and every t > 0. Next, we observe
that, if ¢ is a smooth compactly supported nonnegative convolution kernel in R™ x R, the
regularized coefficients Bj; = Aj;; x . satisfy Assumption 4.1.1 with the same constant A in
(4.2). Consider moreover a cutoff function ¢* which is nonnegative, compactly supported
in By.—1x] — 2¢,2¢71[, identically 1 on B.-1x]| — e~ !, e7![ and never larger than 1. If we
set A5, = ¢°Bf; + (1 — ¢°)d;, again A° satisfies Assumption 4.1.1 with the same A as A.
Note also that

ll_I)I(l) ||A;€] — AinLl(BR(O)X}—R,R[) =0 for every R > 0. (496)
We now wish to construct solutions u°® to the “regularized” parabolic problem
O = div,(A°Vu), (4.97)

which converge to our fixed solution u of the limiting equation (4.1). In order to do so,
we fix a smooth mollifier x and a family of cut-off functions (. in space. Such pair is the
“spacial analog” of the pair to (¢, 1) used to regularize A. For every time s we define the

regularized time-slice
u () = [u(-, s) * xe] () 6°(x) -
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By classical parabolic theory, there is a unique smooth solution u**® of (4.97) on R” x [s, o[
subject to the initial condition u®*(-,s) = u®®: in fact this statement follows easily from
Theorem 4.2.2. Moreover, by the classical maximum principle (cf. for instance [33]) we

have
[u*]loo < 870 < J|tfoo - (4.98)

The key to pass from Theorem 4.2.1 to Theorem 4.1.3 is then the following lemma.
Lemma 4.8.1. For a.e. s > 0, u®® converges weakly* in L*>(R"x]s, 00) to u .

We will turn to the lemma in a moment. With its aid Theorem 4.1.3 is a trivial
corollary of Theorem 4.2.1 and of the estimate (4.98). Indeed the solutions u** will satisfy

the uniform estimate
|£L’1 —l'2|a tg—tl ﬁw
+ , 4.99
(tl — S)a/2 tl — S ( )

for all 5 > t; > s > 0 and all 1,25 € R™. By the Ascoli-Arzela Theorem the family
u®* is precompact in C° and up to subsequences will then converge uniformly to a Holder
function u® on any compact set K C R"x|s, 00[: by Lemma 4.8.1 v* will coincide with u
for a.e. s and we will thus conclude

|u™ (1, t1) — u™* (22, 12)| < Cllulls

Ty — Ta|® ty — t1 ) T
fular ) — uea, t2)] < Clul [' e (22 ] . (4.100)

(tl tl — S

Letting now s go to 0 we achieve Theorem 4.1.3.

Proof of Lemma 4.8.1. First of all we note that, by a standard argument, (4.3) can in fact
be upgraded to the following stronger statement for a.e. pair t > s:

/u(a:,t)gp(:z,t) d:B:/u(x, s)o(x, s) d:)s+/:/u(x,7‘)0tg0(:z,7') dzr dr

- / / Do, 7) Ay (v, T)Osu(e, 7 dudr Vi € C(R™x]0, 0[]
) (4.101)

Indeed (4.101) holds for every pair s < t satisfying the property

lim — [/ / u(zx, T) xs|d:vd7‘+/ / u(z,t) —u(z,7)|dedr| =0 (4.102)
e=0 ¢ s—e J Br Br

for all R > 0. On the one hand standard measure theory implies that (4.102) holds for a.e.
s < t. On the other hand, to pass from (4.3) to (4.101) using (4.102) we just argue with
the following classical procedure:

e We fix y € C*°(R) which is identically 1 on | — 0o, 0] and identically 0 on |1, co.
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o We test (4.3) with o(x, 7)x (=) x(22).
e We let € go to 0.

Next, using (4.98) and the weak* compactness of bounded sets in L> we can assume the
convergence of u®*, up to subsequences, to some L function u®. We wish to show that u*
has first order distributional derivatives d;u® which are locally square summable. In order
to do so, we borrow some ideas from [6] and consider the function

alzf?

h(z,t) == — T

where o > 0 will be chosen in a moment. We use the equation (4.97) to derive the following
identity:

t
/eh(x’t)|ue’s($,t)|2d95 + 2/ /6h(x’T)aju€’s(£L',T)A§j(l’,T)aiue’s(l’,T) dzr dr
/ / h(z,7) 0t (z,7)|u®*(x, 7)|> — 2u ’s(l’,T)ajue’s(l',T)A%(ZL’,T)@,'}Z(ZL',T)] dx dt
/ W)y (g, 5) 2 dar (4.103)

Note that for each fixed € the solution u*® is smooth and all derivatives are bounded, by
standard regularity theory for linear parabolic differential equations, see for instance [28,
Section 7.2.3]. Thus all the integrals above are finite and the identity follows from usual
calculus formulae.

Now, observe that the last integral in the above identity is bounded by C||u||%, for some
constant C' = C(«, s). Using the ellipticity of Af; we can thus estimate

t
/eh(””’t) [u®*(z,t)|* dz 4+ 227! / /eh(m’7)|Vu€’s(:E, m)|*dx dr
t
S/ /eh(””) [0ch(z, 7)|u™*(z, 7)|* + 2\ [u™*(z, 7)|| VU (2, 7)||Vh(z, 7)|] dadr + Cllull% .
The weight h has the following fundamental property:
1 2
= —— . 4.104
Oh . |V h| (4.104)

It thus suffices to choose a small, depending only upon A, to conclude, via Young’s in-
equality,

t
/6h(gc,t) |ue,s(z’ t)|2 dr + o\~ L / /eh(m,7)|vu€vs(gj, ’7')| dx dt

t
ot [ [ e o) de dr + Clul.
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The latter inequality gives a bound on

t
/ /eh(x’T)|Vua’8(x,7‘)|2d:£d7'

which depends upon ||ul|o and A, but not upon . We thus infer a uniform bound for
VU L2(BR(0)x]s,00)) fOr every positive R. In turn such bound implies that the partial
derivatives 0;u® are locally square summable and that 0;u®*® converge (locally) weakly in
L? to them (again up to subsequences, which we do not label for notational convenience).

Passing to the limit in the weak formulation of (4.97) and using that the initial data
u®*(+, s) converge (locally in L') to u(-, s), we then infer the corresponding of (4.101) for
every t > s (in this case we need no restriction upon ¢ because we know that u® converges
locally uniformly!), namely the validity of

/ () o, 1) dr / u*(x, 8)p(, ) d + / t / u*(z, 7)p(, 7) dar dr

—/t/8ig0(:v,7')Aij(:B,T)ﬁjus(x,f) dx dr (4.105)

for every test function ¢ € C°(R™x]0, 00[). If we consider w := u — u® we then subtract
(4.105) from (4.101) to conclude the following identity for a.e. ¢ > s and for every test
p € CX(R"x]0, 00[):

/w(m,t)go(x,t) dx:/:/w(x,T)@TSO(x,T) dz dr

—/t/&go(x,T)Aij(x,T)@jw(x,T) drdr. (4.106)

Our goal is to use the latter integral identity, which is a weak form of (4.1) with initial
data w(-,s) = 0, to derive that w = 0 a.e.: this would imply that © = u® a.e. and thus
complete the proof of the lemma.

In order to carry on the above program we wish to test (4.106) with ¢ = e"w, but we
must face two difficulties:

e w is not smooth enough. Indeed the first order partial derivatives in space are locally
square summable and pose no big difficulties, but note that in (4.106) there is a term

with a partial derivative in time, which for e"w is not even a summable function.
h . . . .
e c"w is not compactly supported in space (the assumption of being compactly sup-

ported in time can be ignored, since all domains of integration are bounded in time).

In order to remove these two problems we fix a cutoff function y € C°(R") and a compactly
supported smooth kernel in space only, namely a nonnegative v € C°(R") with integral
1. We then consider the spatial regularization

wiren) = [t (T1) dy
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and define the test function ¢ := y?e"w * .. The map x — w *7.(x,t) is smooth for every
fixed ¢ and moreover ||V(w * 7.)(+,t)|lc < Cllw||e™. To gain regularity in time we can
use the weak form of the equation to show that, in the sense of distributions,

O(w * ) = (div,(AVw)) * 7. = (A;;0;w) * O . (4.107)

Since dyw is locally square summable, we conclude that d;(w * 7.) is a locally bounded
measurable function and thus that w x % is locally Lipschitz in the space-time domain
R™x]0, 0o[. Hence the test function ¢ := x2ew * . is Lipschitz and compactly supported
and although it is not smooth, it is easy check that nonetheless (4.106) holds. Plugging
such ¢ in (4.106) and using (4.107) we then achieve

/ehut) (z, )w * 7.(z, )X dx_// . (e 7 (o, (@) i dr
// “ (e, 7) AwaW)*&%](w T)X ()dxdT

//h(g”ﬁwa:T Ajj(x, m)x(z)

[0;w * ve(z, T)x(2) + w * ve(x, 7)(0;h(x, T)x(2) + 20, x(x))] dx dT .

Next, assuming that ~ is a symmetric kernel we can using the standard identity

/ (f * 1) (@)g(x) dz = / F(2)(g *7) (@) da

to conclude
t
(I)=— / eh(w’T)ﬁjw(:c, T)A;j(x, T)[(xzﬁiw + x2wo;h + 2wx0;x) *Ve|(z, 7) dx dT .

Letting € go to 0 we then conclude

/eh(x,t)w (l’ t) — _2/ / (,7) a’w(llf T)Aij(x,T)ajw(IaT) dxdr

+/ /eh(x’T)X2(I)w2(I,T)ath(llfﬂ‘) dx dr

-2 /t / "Dz, ) x () 0w (x, T) Aij (2, 7)(20;x () + X ()0 (x, 7)) d dr .

Using now the ellipticity of A;; and (4.104) we then get

/eh(“ 2, )2 (x) doe < =2\ // @2 (2)|Vw(z, 7)|? de dr
— (40z)_1/S /eh(m’T)X2(£E)’w2(l’,7’)|Vh(:lf,7‘)|2d:lde

o) / / D (i, )|V, 7)| ()| Vh(z, 7)] + 2 (@)||Vx(2)]) de dr
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From the latter we recover, using Young’s inequality,
t
/eh(x’t)wQ(x,t)XQ(a:) dzr < —(4@)_1/ /eh(x’T)Xz(:z)wQ(:L',7‘)|Vh(a:,7')|2d:£ dr
t
+ C’()\)/ /eh(””’T)Xz(x)w2(x,7‘)|Vh(:v,7')|2dx dr

t
+C’(>\)/ /eh(:”’T)wz(x,T)\Vx(:c)Pd:ch,

where C(\) is a constant which depends only on A. Hence, choosing « sufficiently small,
depending only on A\, we conclude

t
/eh(m’t)wz(x,t)xz(x) dx < C()\)/ /eh(m77)w2(x77—)|VX(;L’)‘2CZLL’dT. (4.108)

Next, consider a cut-off function 8 € C°(B;) which is identically 1 on By and, for any
R >0, set x(z) := B(%). Insert the latter in (4.108). Using that |Vx(z)| < CR™' and the
fact that e"w? is integrable, when we let R 1 oo we conclude

/eh(m’t)w2(:£, t)dr <0.

This implies that w(-,t) = 0 for a.e. t > s and thus concludes the proof. O

4.9 Proof of Theorem 4.1.5

By standard Sobolev space theory, cf. [28, Chapters 7.2 & 7.3|, v|g,, () is the unique
minimum of the energy functional

&w) = /B B0 () da (4.100)

among those functions w € W12(Bs,(2)) such that w—v € W,*(Bs,(z)). If we first extend
A and v and we then regularize them by convolution to A® and v°, we can consider the
corresponding solutions of the regularized elliptic equations, using the same arguments of
the last section (a proof of the regularity of the solution can be found, for instance, in
28, Section 6.3]. By the maximum principle (cf. again [28, Section 6.4]), we will have
|v°|lc < [|7]|loo and v° will be a minimizer of the corresponding regularized energy func-
tional. Since ||v°||yw1.2(p,, (»)) Would be uniformly bounded, we can assume, after extraction
of a convergent subsequence, that v® converges weakly in W?(Bs,.(z)) to some v. v is then
a distributional solution of (4.5) subject to the constraint 7 — v € Wy*(Bs,(2)) and as
such it must be a minimizer of the same variational problem as v|g,, (), which we already
know to be unique. Thus © = v|p, () and so it suffices to prove Theorem 4.1.5 under the
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apriori assumption that A and v are smooth. Moreover, by rescaling v to v(x) := v(rz+ z)
we can assume that r =1 and z = 0.

Under these additional assumptions, we can consider v(z,t) := v(x) as a stationary
smooth solution of the parabolic problem

on Cj := B3x|0,00[. Theorem 4.1.5 is then a simple corollary of Theorem 4.2.1 and the
following proposition, which is a direct outcome of the theory developed by Nash.

Proposition 4.9.1. There is a constant C' depending only upon n and X with the following
property. Assume that A;j(x,t) satisfies the assumptions of Theorem 4.2.1 and w : By X
[0, 00[— R is a smooth bounded solution of (4.1) with w(x,0) =0 for every x. Then

(-, )l ze(my) < Cllwlloct ™. (4.111)

With Proposition 4.9.1 at hand, it is easy to conclude Theorem 4.1.5. Indeed multiply
v by a smooth cut-off function ¢ € C2°(Bj) taking values in [0, 1] and identically 1 on
Bs. Extend v smoothly on R" by setting it equal to 0 on R™\ Bs. Let z be the solution
on R™ x [0,00] of (4.110) with z(-,0) = pv. Note that ||z|lec < |||l by the maximum
principle. We can apply Proposition 4.9.1 to w(-,t) := z(-,t) — v(-) to conclude

o = 2, )l ey < 2C oot (4.112)
On the other hand, by Theorem 4.2.1 we have

21 — o|®

|z(x1,t) — 2(22,1)] < CO|v]|oo Ty (4.113)
In particular, for x1, 25 € B;, we can combine the last two inequalities to conclude
lv(x1) — v(22)| < C)v||so (t1/2 + \561;7/;”62“‘) vVt >0. (4.114)
Choose now /2% = |2, — x4|* to conclude that
[v(z1) — v(22)| < Cl|v|oo| @1 — 2]+ . (4.115)

So, to complete the proof of Theorem 4.2.1 we only need to show Proposition 4.9.1.

Proof of Proposition 4.9.1. Consider any smooth solution u of (4.1) in Cy := By x [0, ool
The boundary values on 0Cy determine then the solution through a representation formula
of the form

ula,t) = /a €l €)ds.

where the integral is taken with respect to the standard surface measure on the boundary
0Cs, cf. [33, Chapter 1.4]. If we set £ = (y(§),7(§)), then the kernel p(z,t, &) satisfies the
conditions
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o [plx,t,&)de =1;
e p(z,t,8) >0;
o p(x,t,6) =0if t < 7(€).

Since the fundamental solutions S(x,t, xg, to) with ¢y < 0 are also smooth solutions of the
parabolic equation in the cylinder (5, we reach the identity

S(xvtvxmtO) = S(y(£>77—(£)7antO)p(xvtvg) dg (4116>

0C2

Multiplying by |x — zo| and integrating we then have

/‘l’—xo‘S(ﬂf,t,l’o,to)dl’o://60 ‘ZL’—Io‘S(y(g),T(é-),xo,t())p(x,t,g)dé-dl'o (4117)

In particular, using the moment bound (4.12) we conclude

/ /a (=€)~ 0 = SODSE T, o to)plo £, ddio < Calt — 1) (4.115)

From the latter inequality, using again the moment bound, we achieve

/ & — y(©)lple. £,€) de = / / [ — () S((E), 7(€), 7o, to)pla, 1, €) dE dzo
0C> 0C
<Cilt— o) + /a ) / 120 — Y(©)ISW(E), 7(€). 20, to) dio pla, £, €) dE

(4.12)

< 2C4(t —to)'"? . (4.119)
Letting ¢y go to 0 we thus conclude

/80 [ = y(&)|p(€, =, 1) dE < 204t (4.120)

Let £ := 0C5 \ By(0) x {0} and observe that |z — y(§)] > 2 — |z| if £ € L. Thus, using
(4.120) and the fact that p > 0 we conclude

20t 2/£|x—y(§)\ﬂ($,t7§) g > (2 - |~”U\)/£ﬂ(%t,§) dg . (4.121)

Consider now a solution w as in the Proposition. Since w = 0 on By(0) x {0}, for any
(x,t) we have

(4.121) (O
wle.] < [ oot OOl < 5wl (1122)
The latter inequality for € B;(0) obviously implies (4.111). O
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Chapter 5

The other papers in pure
mathematics

5.1 A path space and Stiefel-Whitney classes

In 1955 Whitney communicated to the Proceedings of the National Academy of Sciences a
2 pages note of Nash, [70], where he gives a very direct proof of the topological invariance
of the Stiefel-Whitney classes of smooth manifolds, a theorem proved three years before
by Thom (cf. [91]). For the definition of Stiefel-Whitney classes of a smooth vector
bundle we refer to [60]: given a differentiable manifold its Stiefel-Whitney classes are then
the corresponding classes of the tangent bundle and the theorem of Thom shows that
such classes are a topological invariant. In fact Thom derives this consequence from a
stronger Theorem, namely that the homotopy type of a tangent bundle as fiber space
over a topological manifold M is the same for any differentiable structure on M. Nash
shows that this conclusion can be inferred from the definition of an appropriate path space
X of the topological manifold M, where, loosely speaking, the tangent bundles can be
embedded.

Definition 5.1.1. Given a topological manifold M, X is the space of continuous mappings
v : [0,1] — M which do not “recross” the starting point 7(0). X is endowed with the
topology induced by uniform convergence and with a natural projection map 7 : X — M
defined by () := v(0).

Given a differentiable structure on M, we can define on its tangent bundle a smooth
Riemann tensor g and use it to “embed the tangent bundle in X” (more precisely we will
embed the sphere bundle in X, see below). To this aim, first of all we assume, by suitably
modifying g, that

(I) any pair of points in the Riemannian manifold (M, g) with geodesic distance no larger
than 1 can be joined by a unique geodesic segment of length 1.

Hence we can consider the subset G' of X consisting of those paths which are geodesic
segments with length 1 parametrized with arclength. Of course the sphere bundle on M
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given by the tangent vectors v with unit length is isomorphic to G as fiber bundle over M.
Nash’s main observation can then be stated as follows.

Theorem 5.1.2. If (I) holds, then G is a fiber deformation retract of X, i.e. there is a
continuous map ® : [0,1] x X — X such that

®(0,7) = for every v € X;
®(1,7) € G for every v € X;
®(1,m) = n for every n € G;
o (P(s,7)) =m(y) for every v € X and every s € [0,1].

The proof, which Nash sketches very briefly, is an elementary exercise.

5.2 Le probleme de Cauchy pour les équations
différentielles d’un fluide général

In 1962, four years after his last masterpiece on the continuity of solutions to parabolic
equations, Nash published a 12 pages note in French, whose aim was to prove the short-
time existence of smooth solutions to the compressible Navier-Stokes equations for a viscous
heat-conducting fluid. More precisely he considers the following system of 5 partial differ-
ential equations, in the unknowns p, v and 7" which represent, respectively, the density, the
velocity and the temperature of the fluid and are therefore functions of the time ¢ and the
space x € R?:

Op + div, (pv) =0
p&ﬂ)i —+ P [Ujajvi] —+ &-p = 8jaij —+ pFZ

W +v;0;T = 75— |div (5VT) + p*TS,divv] + 2ZTS(U)ijS( V)i + st (divv)?.
(5.1)

In the system above!:

!The first two equations are the first two equations from [73, p. 487, (1)] whereas the third should
correspond to [73, p. 488, (1¢)]. The latter is derived by Nash from the third equation in [73, p. 487, (1)],
which in turn correspond to the classical conservation law for the entropy, see for instance [57, (49.5)].
The third equation of [73, p. 487, (1)] contains two typos, which disappear in [73, p. 488, (1c)]. The latter
however contains another error: Nash has n and ( in place of anST and but it is easy to see that
this would not be consistent with the way he describes its derivation.

Nash’s error has no real consequence for the rest of the note, since he treats the coeflicients in front
of S(v ) :S(v);; and (divv)? as arbitrary real analytic functions of p and T and the same holds for

pT St

n
pT' St

TS under the assumption St # 0. The latter inequality is needed in any case even to treat Nash’s
“wrong” equation for T.
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e We use Einstein’s convention on repeated indices;
e The pressure p is a function of the density p and the temperature T
e 0;; is the Cauchy stress tensor, given by the formula
oij = 1 (0v; + 0ju;) + (C — %n) divv §;5, (5.2)
with 7 and ¢ (the viscosity coefficients) which are functions of p and T’
o ['= (Fy, Fy, F3) is the external force acting on the fluid,;
e i, the heat conductivity, is a function of the temperature 7" and the density p;

e The entropy S is a function of p and T', whereas Sy and S, are the corresponding
partial derivatives with respect to T" and p;

e S(v) is the traceless part of the symmetrized derivative of v, more precisely
1
S('U)ij = 5 [aﬂ)j + @-vi - %diV'U 61J:| . (53)

The functions 7, (, »,S and p are thus known and determined by the thermodynamical
properties of the fluid. They display a rather general behavior, although they must obey
some restrictions: we refer to the classical textbook [57] for their physical meaning and for
the derivation of the equations. In his paper Nash assumes that all the functions n, (, s, p, S
and Sy are real analytic and positive 2.

Similarly, the external force F' is given. Nash considers then the Cauchy problem for
(5.1) in the whole 3-dimensional space, namely he assumes that the density, the velocity
and the pressure are known at a certain time, which without loss of generality we can
assume to be the time 0. This problem has received a lot of attention in the last 30
years and we refer to the books [31, 59] for an account of the latest developments in the
mathematical treatment of (5.1).

In order to give his existence result, Nash first passes to the Lagrangian formulation
of (5.1) and he then eliminates the density p. Subsequently he shows the existence, for a
finite time, of a (sufficiently) smooth solution of the resulting system of equations under
the assumption that the initial data and the external force are (sufficiently) smooth. In
particular he writes the system as a second order parabolic linear system of PDEs with
variable coefficients, where the latter depend upon the unknowns (it must be noted that
such dependence involves first order spatial derivatives of the unknowns and their time
integrals). The existence result is therefore achieved through a fixed point argument,
taking advantage of classical estimates for second order linear parabolic systems.

’Indeed Nash does not mention the positivity of Sr, although this is is certainly required by his
argument when he reduces the existence of solutions of (5.1) to the existence of a solutions of a suitable
parabolic system, cf. [73, (6) and (7)]: the equation in T is parabolic if and only if pTLST is positive.

I also have the impression that his argument does not really need the positivity of S and p, although
these are quite natural assumptions from the thermodynamical point of view.
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5.3 Analyticity of the solutions of implicit
function problems with analytic data

In 1966 Nash turned again one last time to the isometric embedding problem, addressing
the real analytic case. More precisely, his aim is to prove that, if in Theorem 3.1.1 we
assume that the metric g is real analytic, then there is a real analytic isometric embedding
of (¥, g) in a sufficiently large Euclidean space. The most important obstacle in extending
the proof of [71] to the real analytic case is the existence of a suitable smoothing operator
which replaces the one in Section 3.4 in the real analytic context.

In his 12 pages note Nash gives indeed two solutions to the problem. Most of the paper
is devoted to prove the existence of a suitable (real) analytic smoothing operator on a
general compact real analytic manifold. But he also remarks that the real analytic case of
the isometric embedding problem for compact Riemannian manifolds > can be reduced to
the existence of real analytic isometric embeddings for real analytic Riemannian manifolds
which are tori, at the price of enlarging the dimension of the Euclidean target: it simply
suffices to take a real analytic immersion of ¥ into T?"*! using Whitney’s theorem and then
to extend the real analytic Riemannian metric g on ¥ to the whole torus (a problem which
can be solved using Cartan’s work [15]). On the other hand the existence of a suitable
regularizing analytic operator on the torus is an elementary consequence of the Fourier
series expansion.

Nash leaves the existence of real analytic embeddings for noncompact real analytic Rie-
mannian manifolds as open and it points out that “... The case of non-compact manifolds
seem to call for a non-trivial generalization of the methods”. The noncompact case was
indeed settled later by Gromov (cf. [36]).

5.4 Arc structure of singularities

In 1968 Nash wrote his last paper in pure mathematics. Although it was published 28
years later (see [75]), its content was promoted by Hironaka and later by Lejeune-Jalabert:
thus the content of Nash’s note became known very much before it was finally published.
Nash’s idea is to use the space of complex analytic arcs in a complex algebraic variety as
a tool to study its singularities and in particular their resolutions (whose existence had
been establised only four years before Nash’s paper in the celebrated work of Hironaka,
[45]). In his paper he formulated a question which became known in algebraic geometry
as Nash’s problem. A complete solution of the problem has not yet been reached although
several important progresses have been made in recent years (we refer the reader to the
very recent survey [20]).

Nash’s problem (and his ideas) are nowadays formulated for varieties (in fact schemes)
on a general algebraically closed field of any characteristic. However [75] is concerned with
complex varieties and in this brief description we will stick to the latter case. Take therefore
a complex variety V. The space X of arcs in V' is then given by the jets of holomorphic
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maps = : £ — V where € is an arbitrary open subset of C containing the origin®. An
interesting case is that where W = V; is the set of singularities of V: X (V}) consists of
those arcs which “pass through” a singularity. In [75] Nash realized that this space has,
roughly speaking, the structure of an “infinite dimensional complex variety” (for a precise
formulation we refer to [75, p. 32] or to [20, Theorem 2.6]; see also the earlier work of
Greenberg [34]) which has finitely many irreducible components, cf. [75, Proposition 1].
Nash calls such components arc families.

The main idea of Nash is to establish a relation between the arc families of X (V) and
the irreducible components of the image of V, through a resolution of the singularities of
V. More precisely, having fixed a resolution of the singularities V* — V' (namely a smooth
algebraic variety V* together with a proper birational map V* — V'), we can look at the
components W, ... W} of the image W* of V; in V*. Nash lifts almost every arc in X (Vj) to
a unique arc of X (IW*) and through this procedure establishes the existence of an injective
map from the arc families of X (V;) to the components of W*, cf. [75, Proposition 2]*. As
a corollary, given two different resolutions V* and V**, and the corresponding components
Wi, oo W, Wi oo WL of the preimage of Vi in V* and V**, Nash establishes the
existence of a birational correspondence W} — W™ between those pairs which correspond
to the same arc family (cf. [75, Corollary, p. 38]).

As a consequence of his considerations, such components are essential, i.e. they must
appear in any resolution of the singularities of V. He then raised the question whether all
essential components must correspond to an arc family: this is what algebraic geometers
call, nowadays, Nash’s problem. In high dimension the answer is known to be negative
since the work [48] and it has been shown very recently that in fact the answer is negative
already for some 3-dimensional varieties, cf. [19, 52]. It must be noticed that Nash was
indeed rather careful with the higher dimensional case of his question: quoting [75, p. 31]
“...We do not know how complete is the representation of essential components by arc
families”. However in the two-dimensional case it is a classical fact that there is a unique
minimal resolution, namely containing only of essential components, and in this particular
case, i.e. the case of algebraic surfaces, Nash conjectured that each essential component is
indeed related to an arc family. The conjecture has been proved only recently in [32].

Nonetheless the studies on Nash’s problem are very far from being exhausted. Indeed
the answer has been proved to be affirmative in a variety of interesting cases (see the survey
articles [20, 79]) and several mathematicians are looking for the “correct formulation” of
the question (see for instance [52]), possibly leading to a complete understanding of the
relations between resolutions of the singularities and the arc space.

3In the modern literature it is customary to take an equivalent definition of X through formal power
series; we refer to [54] for the latter and for several important subtleties related to variants of the Nash
arc space.

4In fact, Nash claims the proposition with any algebraic subset W of V in place of V; but, although the
proposition does hold for W = Vj, it turns out to be false for a general algebraic set W: cf. [20, Example
3.7] for a simple explicit counterexample.
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