Mat 1501 lecture notes, October 7-17, 2013

Area and coarea

Throughout the following discussion we assume that n, N are positive integers
and that n < N. We will generally be interested in the case n < V.

Our goal is to obtain
e a formula of the form
) = [ (o)da
for f : R® — RY Lipschitz and injective and A C R™ Lebesgue measur-
able.
e A dual formula for Lipschitz maps f : RV — R™.

These will be called the “area formula” and “coarea formula” respectively. We
will also prove more general results, where for example we drop the asssumption of
injectivity (in the “area” case)

In fact, the integrand on the right-hand side of the area formula will be es-
sentially the “volume element” or “area element” for an n-dimensional manifold
embedded in RY, which may be familiar from some calculus class. So the signifi-
cance of the area formula is

e two ways that we have of measuring the size of smooth n-dimensional
submanifolds — using Hausdorff measure or using calculus — are completely
consistent with each other; and

e this continues to be true when we consider “submanifolds” that are parametrized
by Lipschitz maps rather than smooth maps.

1. linear maps
1.1. some linear algebra.

Definition 1. A linear map O : R® — RY is orthogonal if
Oxr-Ox=zx-x for all x,& € R".
We recall that if L : R™ — R™ is linear (for any n,m) then L* : R™ — R" is
the linear map defined by requiring that
Lr-y=x- L%y for all x € R",y € R™.
If we write L as an m X n matrix with respect to the standard bases of R" and R™,

then the matrix corresponsing to L* is the transpose of L.

Lemma 1. Let O : R® — RY be a linear map. The following are equivalent.

(1) O is orthogonal.

(2) O* 0O = Id, (that is, the n x n identity matriz).

(3) O is an isometric embedding of R™ into RY ie

|Ox — OZ|gy = |z — Z|gn for all z,& € R™.

(4) if we write O as a N x n matriz, then the columns of O form an orthonor-
mal set.

(5) If vi,...,vy is any orthonornal basis for R™, then {Ov;}7, is an or-
thonormal subset of RN .



(6) O can be written in the form
O = Q o Z’R?L‘}RN’
where gn_gni : R® — RY s defined by ign_gvz = (2,0,...,0) (with

N —n zeros) and Q : RN — RY is orthogonal, i.e. Q* o Q = Idx

Exercise 1. Prove some or all of the above Lemma. In the final conclusion, note
that @ is not unique as long as N > n ; that is, there is more than one possible
choice of @ such that O = Q o ign_g~.

Lemma 2. Let L : R" — RY be a linear map.
Then there exists S : R™ — R™, symmetric and nonnegative definite, and
O : R™ — RN orthogonal, such that

L=0oS.

The lemma implies that O = L o S~1 if S is invertible. If S is not invertible,
as the proof will show, then O is in general not unique.

PRrROOF. Step 1. Let A = L* o L, Then Ax -z = |Lx|? for all z € R", and
x is clearly symmetric, so there exist nonnegative numbers Aq,... A, and vectors
V1, ...,U, € R™ such that

Av; = N, i=1,...,n, and ;- vj; = 0.

Thus {v;}?; form an orthonormal basis for R™.
To define any linear map, it therefore suffices to specify how is acts on vy, ..., v,.

We define
Sv; = /A
and
Ou. — {)\i_l/zLUi if \; £ 0
‘ w; € RV, to be determined later  if A\; = 0.

Step 2. We first claim that L = O o S (regardless of the choice of vectors w;
in the definition of O.)

It suffices to check that Lv; = O(Sv;) for every i.

This is obvious if \; # 0.

If \; =0, then O(Sv;) = 0. In addition, |Lv;|> = Av; -v; = 0, so Lv; = 0 and
the desired identity holds.

Step 3. We now note that

{OUZ‘ : /\z 7'5 0}
forms an orthonormal set. Indeed, if A;, A; # 0, then
_ A
)72

Step 4. For i such that A; = 0, we may thus choose w; in the definition of
O in such a way that {Ov;}?_; is an orthonormal set, and then (according to the
previous Lemma) O is an orthogonal map. (]

O’Ul' . O’Uj = (AiAj)71/2LUi . L’Uj = (>\i>\j)71/2AUi ‘v = Vi V= (5”
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Lemma 3. If L : RN — R"” is a linear map, then L can be written
L:SOPRN_,RTLOQ

where Q : RN — RN s orthogonal, Pgn _gn is the canonical projection of RN onto
R™ (that is, P(x1,...,on) = (21,...,25) and S : R™ — R"™ is symmetric.

PRrROOF. By applying Lemma [2[to L* : R® — RY, we find that
L*=0o0S5.
Thus L = S o O*. Moreover, by the final conclusion of Lemma [I} we know that
O = Q oign_pgn, so that O* = (ign_g~)* 0 Q*. Thus
L =50 (ign_g~)* 0o Q".

Since Q* : RY — RY is orthogonal whenever @ is, it suffices to check that
(ign_rN)* = Pryv_pgn, and this follows directly from the definitions. a

1.2. area formula for linear maps. We now prove the area and coarea
formulas for linear maps. We will use the notation

for linear L : R™ — RV, JL :=\/det(L* o L).

for linear L : RY — R", JL :=+/det(L o L*).

(Here “det” means the determinant of the associated matrix.) Thus, in both cases,
JL = det S, where S is the symmetric matrix appearing in the polar decomposition.
The notation JL will be explained a bit later.
First, the area formula:

Proposition 1. Assume that L : R" — RY is linear, and assume (as always) that
N >n. Then for every measurable A C R™,

HM(L(A)) = JL-L"(A) = /AJL dz.

Exercise 2. The proposition relies on the fact that if O : R — R¥ is orthogonal
and A is any subset of R”, then H"(O(A)) = H"(A).

Prove that this holds. Note that it is not necessary to assume that A is mea-
surable.

Exercise 3. Here is a two-sentence proof that if A is any Lebesgue measurable
subset of R™, then O(A) is a H™ measurable subset of RV:

If A is Lebesgue measurable, then it is a countable union of compact sets,
together with a set of £™ measure zero. Thus O(A) is a countable union of compact
sets, together with a set of H"™ measure zero (by the previous exercise) and is hence
‘H™ measurable.

Is there a one-sentence proof? I can’t think of one at the moment, but perhaps
it should exist. (“This is obvious” is not allowed.)

Proor or ProprosITION [l Fix L linear and A measurable, and write L =
O o S as in Lemma[2] Then by exercise 2] and the fact that H™ = L™ in R”,

H™(L(A)) = H"(O(S(A)) = H"(S(A)) = L"(5(4)).
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Since JL = det S, it therefore suffices to show that
(1) LM(S(A)) =det S L"(A).

Let us assume that we already know, from earlier in our lives, that this holds if
S is diagonal (or see Exercise 4| below). In the general case it follows by writing
S = Q*DQ, where @ : R® — R"™ is orthogonal and D : R — R"™ is diagonal, and
then using Exercise [2| again (or more simply, in this case, the invariance of £" with
respect to rotations of R™). O

Exercise 4. Prove if S is diagonal and nonnegative definite.

hint 1: 1t is clear if det S = 0.

hint 2: If S is both diagonal and invertible and A is any subset of R", then
|S(R)| = det S - |R| for every rectangle R, and

ACU;R; if and only if S(A) C U;S(R;).

As usual, we follow the convention that a “rectangle” is one whose sides are parallel
to the coordinate axes, or in other words, a product of intervals.

1.3. coarea formula for linear maps. Now we prove

Proposition 2. Assume that L : RN — R™ is linear, with N > n. Then for every
measurable A C RN,

(2) JL- LN (A) = / JLdr = [ HN""(AnL Yy} dy
A R

The proof will use

Lemma 4. Assume that f : R™ — R"™ is integrable and that S : R® — R" is an
invertible linear map with det S > 0.
Then

/ Fly) L(dy) = det S / FoS(2) £™(d2).

(TERSE) PROOF. If f is the characteristic function of a measurable set, then
this just reduces to the N = n case of Proposition |1} or equivalently identity ,
established above.

It then follows for finite linear combinations of characteristic functions of mea-
surable sets, and then by a standard approximation argument for general integrable

functions.
O

The proposition just follows from Fubini’s Theorem and a change of variables.

PROOF OF PROPOSITION 21 Let us write L = S o P o Q as in Lemma [3] but
writing P instead of Prn_ g~ for simplicity.

Step 1. First, note that JL = 0 if and only if det.S = 0, and if this holds,
the image of L is contained in a subspace of R™ of dimension at most n — 1. Thus
AN L™y} is empty at L™ a.e. y. It follows that holds in this case, since both
sides equal zero.

Step 2 We henceforth assume that JL > 0, so that S is invertible.
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We may then use Lemmal[d]to change variables in the integral on the right-hand
side of . Since det S = JL > 0, this yields

(3) HN " (ANL Hy})dy = JL / HN (AN L HSz2}) dz.
Rn

RW,
For every y € R", since L' =Q o P 10571,

ANLYSz} = ANQ~ (P~ {z}) = Q! (Q(A) N P—l{z}).
It follows from the rotational invariance of Hausdorff measure that
HN (AN LTHS2)) = Y (QA) N Pz) )

for every z € R™.
Step 3. By Fubini’s Theorem z — HY~"(Q(A) N P~*{z}) is L™ measurable,
and

[ (@ npe) = £Y(@Qu) = £ ()

(We have used again the rotational invariance of Lebesgue measure.) Combining
this with 7 we obtain the conclusion of the Proposition. (]

2. the area formula

In this section we will state without proof the area formula and some corollaries.
The proof is rather similar in spirit to that of the coarea formula, which we provide
in detail in the next section.

Theorem 1 (Area Formula). Assume that n < N, and let f : R® — RY be a
Lipschitz map and A C R™ a Lenesgue measurable set.

Let

Jf(x) = \/det(V f*(2)V f(x))
If f is injective, then

/A Jf(@)dH" (z) = H'(f(A)).

More generally,
/ Jf(z)dH"(z) = / HY(AN f~Hy}) dH"(y)
A RN

We will sometimes use the notation

N(f. Ay):==H (AN f~Hy})
for the number of point in the intersection of A with the preimage of f. Note that
N(f,A,y) #0if and only if y € f(A).

As a corollary, we have a change of variables formula. We state it in the general
case (ie, when f is not injective). The formulas become much more transparent if
f is injective.

Theorem 2. Assume that n < N, and let f : R* — RN be a Lipschitz map and
A CR"™ a Lenesgue measurable set, and defie the Jacobian Jf as above.
Ifu: R™ — [0,00] is Lebesgue measurable, then

yeRY — Z u(x)

z€f~1(y)
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is H™ measurable, and

[ @ is@are = [ |3 ww | ae).

zef~1(y)

As a result, if v: RN —[0,00] and A C R™ are H"™ measurable, then
[vet@it@anta = [ oN LA
]RN

Example 1. If n = 1 and f : R — R is a Lipschitz curve, then Jf(z) = |f'(z)|
a.e., and the area formula implies that, for an interval I,

HA(F(T)) = / f'(2)|dz if f i injective,
I

The case when f is not injective is illustrated by the example f(z) = (cosz,sinz).
If we take I to be the interval [0, 37], then

s = [ 1@l = [ N1y a)

where the “multiplicity function N(f,I,y) is

0 if y is not in the unit circle
N(f,I,y) =<1 ify = (y1,y2) belongs to the unit circle, and y» < 0
2 if y = (y1,y2) belongs to the unit circle, and yy > 0

Example 2. Given a Lipschitz function f : R” — R, let us define F(x) = (=, f(z)).
Then F : R® — R™+! is Lipschitz, and one can check that JF(z) = (1+ |V f|>)'/2.
Thus for any measurable A C R",

H({(x, f(2)) 2 € A}) = /A (1+|VF2) 2.

Some version of this formula is probably familiar for smooth functions.
We will see more examples later.

Exercise 5. If one actually has to compute a Jacobian Jf(x), by hand, compu-
tations can often be simplified by working in a coordinate system in which V f(z)
has a simple form.

Use this observation to check quickly that in the situation described in Example
it is in fact the case that JF(z) = (1 + |V f(z)|?)'/2, as asserted above.

For a bit more of a challenge, assume that f : R®> — R? is Lipschitz, define
F:R3 — R® by F(z) = (z, f()), and check that

JE(@@)? =1+ VP + VPP + |V x V2P

where (f!, f2) are the components of f. This can be done in a few minutes by
choosing a good basis for R? at the point z.
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3. the coarea formula

Theorem 3 (Coarea formula). Assume that N > n and let f : RN — R" be a
Lipschitz map.
Define

Jf(x) == \/det(V f(2)V f*(x)).

Then for every measurable A C RV,

coareal] (4) /A Jf@)yde = [ HY(AAFHy))dH ().

Rn

And for every measurable g : RN — [0, 0o],

coarea2| (5) /RN g(z) Jf(z)dx = /n </f—1{ }g(w)d'HNn(m)> dH™(y).

We will omit the proof of . The idea is that shows that it holds if
g is the characteristic function of a measurable set, and it follows for finite linear
combinations of characteristic functions. It is then deduced for arbitrary measurable
g by an approximation argument.

Before giving the full proof, we give an

OUTLINE OF THE PROOF OF THE COAREA FORMULA. Step 1. f(A) is a mea-
surable subset of R™. This will be left as an exercise.

Step 2. For any measure p on R” and function g : R® — R, not necessarily
p-measurable, define

(6) / g(z)du(y) := inf {/ h(y)du(y) : his p-meas., g < h pu a.e.} .
Then

RN R < D (i) (),
R™ WN

Step 3. y € R" — HN =" (AN f~{y}) is H™ measurable, and thus

[ s ndre < S Lip ) (4),

Step 4. reduction to the case when f is C!.
Step 5. proof of the coarea formula if f is C and Jf(x) > 0 in A.

Step 6. proof of the coarea formula if f is C* and Jf(x) = 0 in A. O

Here are some remarks about how this is done, working backwards through the
argument.
e The idea of the final two steps is to approximate f by linear functions,
for which we already know the formula. These rely, among other things,
on the measurability proved in Step 3 (which is not any easier for f € C*
than for Lipschitz f.



The case J f = 0 is a little harder in some ways, and is handled by, in effect,
perturbing f to get a function whose Jacobian is everywhere positive,
using the previous case, and then taking limits as the perturbation tends
to zero.

The reduction to the case of C* maps relies on a Lusin-type theorem for
Lipschitz maps, which says that given a Lipschitz map f, one can find
a C! map that agrees with f (and such that the gradients also agree)
outside a set of arbitrarily small measure.

In order to control the approximations, however, we need the pre-
liminary upper bound of [, HN~"(A N f~*{y}) proved in Steps 2 and
3.

Measurability is proved by first considering the case when A is compact.
For general A, it is proved by an approximation argument. The prelimi-
nary estimate of f]gn HN="(AN f~1{y}) is needed to control the errors in
the approximation.

Step 2 is proved by a smart argument that directly uses the definition of
Hausdorff measure. The idea is that a cover of A, suitable for estimating
the H™ (A), also yields covers of AN f~1{y} that can be used to estimate
HN= (AN f~{y}) for every y.

We remark that one often sees arguments with the above structure: in order
to prove some inequality, we first prove a weaker version of it, which can be used
to show, for example, that sets of measure zero are harmless. In fact, we have
already seen this in the proof that H™ = L™ in R™. Here the crucial point is
that subsets of RY of £V measure zero have a negligible impact on the function
y s HN=7(AN f1y)).

With those preliminaries, here is the complete proof:

Proor. Step 1.

Exercise 6. Prove that under the assumptions of the theorem, f(A) is a L£"-
measurable of R™. (Consult the discussion in exercise [3| above.)

Step 2. We will use the following fact.

Lemma 5. If A C R", then

H™(A) = Hg(A),

where HE(A) (“spherical Hausdorff measure”) is defined by

with

H3(4) = lim M3,5(4),

Hgs(A) = inf{z ws(diam B;)® : A C U; By, every B; a ball of diameter less than 6}

Exercise 7. Sketch a proof that the lemma holds. I do not recommend trying to
do this from scratch, so to speak — it’s much easier and more sensible to cite some
theorem that will take care of much of the proof.

It is not in general true for s < n that H* = Hg in R™.
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In view of the lemma, for every j > 0 we can find a collection of balls {Bf el
such that

. ) 1
AcCuy;B, ZwN(diam BHN <HN(A) + =, diam B} < = for all i.
i J
These balls clearly cover AN f _1{y} for every y, so that for every y,

HY AN ) <Y [wN_n(diam BHN"1, f(Bg)}

i=1

We define g/ (y) to be the term in square brackets |- - -] on the right-hand side above.
Then

HN (AN H{y}) < liminf Y gl (y) =: g(y) for every y.
J— -

Note also that gg is H"-measurable for every i, 7, so that g = liminf; . ", gg is
also H™-measurable. Thus

/* HYTM AN Ty hdH" < /:g(y)dH”(y) = /ﬂ/g(y)dH”(y)

n

since it is easy to see that [ *gdH™ = J g dH™ is g is measurable. And by Fatou’s
Lemma,

n J—o0

< liminf/ ng dH" (y)
R

Jj—o0

/ _g(y) dH"(y) = /R liminfz gl dH"(y)

= lim inf Z wN_p(diam B YN (f(BY)).

Jj—00
By the isodiamteric inequality,
H"(f(B])) < w(diam f(B]))" < w,Lip(f)" diam(B])".
Inserting this into the above, we find that

/ HN (AN fHy})dH™ < liminf wy_,w, Lip(f)" Z diam(B? ).
j—o00 :

n

So by the choice of the balls B{ we conclude that

@) [ e < Sty a),

n

Step 3. We now prove that

(8) y € R — HN="(AN f~Hy}) is H™ measurable.
Since [“g = [? when g is measurable, this will allow us to replace [~ by [ in
above.

We consider several cases.
Case 1: A is compact.
Since
HYT AN ) = lim 1T (AN F7 )
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it suffices to prove that y — HY "(AN f~*{y}) is measurable for every § > 0. To
do this, we will show that for every ¢, this function is upper semicontinuous. Thus,
we fix some y € R™, and some sequence y, — ¥y, and we will show that

(9) limsup Hy' (AN f~Hye}) < HF (AN FH{y)).

k—oo

To do this, fix ¢ > 0, and fix open sets C; such that diam C; < § for all ¢,
An f~Hy} cuc, and ZwN,n(diamCi)N_" <HY (AN FHy}) + e

Then the compactness of A implies that f~1{y,} N A C UC; for all sufficiently large
k. To see this, suppose toward a contradiction that there exists some subsequence
(still labelled (x)) such that

ar € Ty} N A, xp & UGy

for every k. Since A is compact, we can pass to a further subsequence (which
however we still label (z;)) that converges to a limit # € A. It is then clear that
x € f~Hy} N A, and hence that z € C; for some i. Thus all sufficiently large x
also belong to C;, which is a contradiction.

Since f~Hyi} N A C UC; for all sufficiently large k, it follows from the choice
of (C;) that

limsupHévfn(Aﬂ f_l{yk}) < HN_"(A N f_l{y}) +e

k—o0

for every € > 0, which clearly implies @

Exercise 8. In the lecture the claim was made, and then retracted, that y —
HN="(f~1{y} N A) is upper semicontinuous if A is compact.

Construct an example to show that this claim is in fact false for HV =" (although
as proved above it is true for Hév " for every positive §.)

That is, explicitly define a function f : RY — R” for some N > n, a compact
set A C RY and some y € R™ such that

limsup HY""(AN f7Hzh) > HY (AN f~Hy)).
2=y

Recall also that we have drawn a picture to give a argument (in retrospect, a
misleading argument) that the opposite inequality is plausible. Presumably the
example you construct should look rather unlike that picture.

returning to the proof.....

Case 2: A is measurable.

Then there is an increasing sequence K7 C Ky C ... of compact sets such that
A\ U2, K; has Lebesgue measure zero. For simplicity, we will write E := U2, K.
Then for every vy,

(10)  HYTMANfTHyh) = HYTEN Ty YA E) N ).

Since HN""(E N f~Hy}) = lim;_ o HY""(K; N f~1{y}), it follows from Case 1
above that it is Borel measurable as a function of y € R™.
And since L"(A \ E) = 0, we see from (7)) that

[ mn ) ay =0

n
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which implies that HY~"((A\ E) N f~'{y}) = 0 a.e.. Then the measurability of
HN="(AN f71{}) follows from (T0).

Step 4. Reduction to the case when f is C*.

Say we are given f : RV — R"™ Lipschitz and measurable A C RV,

For each € > 0, by a Lusin-type theorenﬂ for Lipschitz functions, there exists
a C' function f. and a measurable set G. such that

f=fand Vf=V/f. in G, LY RN\ G,) < e.

Let A. := AN G.. It is straightforward to verify from the definition of the
Jacobian that 0 < Jf(z) < C Lip(f) for LY a.e. z, for some constant C' depending
on N,n and Lip(f), so

(11) /AJf(:E)d:c/Aa Jf(z)dx

And by Step 2,

= / Jf(x) dx < eC
A\A.

(12)

[ an sy [ 0 )y

_ /R CHNT((AN AN ) dy
< COLY(A\ A.) =Ce

for a (possibly different) constant C' depending on N,n and Lip(f). If the coarea
formula holds for C' functions, then

[ drais = [ a0 g dy
e R‘n,
for every e, and the coarea formula for Lipschitz functions then follows from

and .

Step 5. We now prove the coarea formula under the assumptions that f €
CHRY,R") and Jf(z) > 0 in A.

Step 5.1 Fix ¢ > 1. (We will eventually let ¢ \ 1.)
We claim that for each £ € A, there exists an open set D, an invertible map
he € CH(Dg,RY) and a linear map L¢ : RV — R™ such that

(13) f=L¢ohe on Dy, Lip(he) <t in D, Lip(hg ') <t in h(Dg).

Thus, on each set, f is the composition of a linear map (to which we can apply the
coarea formula) and an approximate isometry.
To see this, let

I(NN —n):={acZV™:1<a;<...<anx_n, <N},
and for a € I(N, N — n), define p,, : RN — RN~" by

Pa() = (Tays s Tay_,,)-

LWe stated this result, and briefly discussed its proof, some time ago. We recall that the

basic point was to combine Rademacher’s Theorem with Lusin’s Theorem (applied to Vf) and
the Whitney Extension Theorem.
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Then define F,, : RY — RY by
Fo(z) = (f(2), pa(®))-

For every «, note that f = 7o F,, where w(x1,...,2n) = (21,...,%n).

Fix an arbitrary £ € A. Since Jf(£) > 0, the matrix V f(£) must have rank n,
and it follows that VF, (&) is invertible for some o = a(£). For such an index o
(which may not be unique), let he := (VF,(€)) ' o F,, and Lg = 1o VF, (). Then

Leohe =moVEL(§)o (VFa(g))_l oF,=moF,=f
as desired. Moreover, Vhe(§) = Idn by construction. So the inverse function theo-
rem implies that h, is invertible in a neighborhood of £, and that V(hgl)(h(@) =
Idy. Then a Taylor series expansions of both h¢ and hgl implies that one can find
an open neighborhood Dy of £ so small that the remaining conclusions of hold.

Step 5.2.
We next claim that there exist Borel sets Dy, invertible maps hy, € C*(Dy, RY),
and linear maps Ly : RNV — R™ such that

(14) A =UiDy, ie, a disjoint union

and
03)
f=Lyohy on Dy, Lip(hg) <t in Dy, Lip(h; ') <t in hy(Dy).

To see this, note that the sets {D¢}eca found above form an open cover of A, and
hence there is a countable subcover, associated to a countable sequence {1, &3, ...}
of points in A. Then and hold if we define Ly, = L¢, , hy, = he,, and

Dy:=Dg,, Dy:=De\Dy, ..., Dy:=D¢  \ (U Dj).

Step 5.3. Next we claim that for every k,

(16) t™"JL, < Jf(z) <t"JL, in Dy.

Fix x € Dy, and note that
(17) |Vhi(@)] = IVhi(@)]| <t in Dy,

where || M|| denotes the operator norm of a matrix M, where we recall

M| := sup{[Mv] : |o| <1} = sup{Mv-w : |v] <1,|w[ <1}
=sup{v- M*w : |v| <1,|w| <1} = || M.
Estimate follows directly from the fact that Lip(hx) < ¢ and the characteriza-
tion of Vhi(z)v as a limit of difference quotients.
By definition,
Jf(x)? = det(Vf(z) o Vf*(z)) = det(Ly, o Vhy(z) o Vhi(z) o L}).

Clearly Vhy(z) o Vhj(z) is a symmetric, positive definite N x N matrix. As such it
can be written in the form Vhy(z) o VR (z) = Q* o Do @, where Q*oQ = Idy and
D is diagonal, with all eigenvalues of D bounded by t2. (This follows from )

We can also write Ly = SoO*, with O : R” — R" orthogonal and S : R” — R"
symmetric. Thus

Jf(x)? =det(SoO*oDoOoS*), O := Qo0 orthogonal.
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Moreover, O* o0 D o O is a n X n matrix with all eigenvalues less than 2, so
Jf(x)? = det S det(O* o D o O) det S* = t?" det S = t>"(J L)%

This proves one of the inequalities in (16)). The proof used only the fact that
Vf(xz) = Li o Vhg(z), and the bounds (17)), so the opposite inequality follows
by the same argument from the fact that Ly = Vf(x) o Vhy(x)™!, with Vhg(z)

satisfying .
Step 5.4 To complete the proof we will use the following lemma, whose proof
is an easy execise.

Lemma 6. Assume that h : RN — RY s a Lipschitz function. Then for any
ACRYN and any s > 0,

(18) HE(W(A) < (Lip(h)*H (4).
Exercise 9. prove the lemma.
Applying the Lemma to both h; and h,;l, we deduce that

(19) tNHN (hy(Dy)) < HN(Dg) < tNHN (hy(Dy)).
[steps-4v]

Moreover, since hi(Dy N f~{y}) = hi(Dx) N L;, {y}, the Lemma also implies that

(20) " NHN T (hy (D) N L HyY) < HY (D0 )
< tNTVHN T (g (Dy) N L Hy))

Step 5.5. We now use the above information to compute:

/ Jf(x)dHN (z) < t" JLy HY(Dy)
Dy,

&

IN

)
t"*N J L HYN (hi(Dy))

tntN / ) HY =" (hi(Dg) N Ly Hy}) dH™(y)

NG

£2N . HN T (D 0 YY) dH (y).
And using the opposite inequalities,
| as@an @ = e gne o)
k > "N JLi, HY (hy(Dy))

N / R (e(Di) 0 L M) dH ()
> 2N / HN (D 0 fHy}) dH™ ().
We sum over k to find that
o [ @ @) < [ rans ) ane) < [ Tie) o)

Finally, we obtain the coarea formula (in Jf > 0 in A) by letting ¢ \ 1.
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Step 6. Finally, assume that f is C! and J f(z) = 0in A4, and that £"(A) < oo,
and we prove the coarea formula. Clearly, we have to show that the right-hand side
of the formula vanishes.

This will complete the proof, since for f € C*(RY,R") and measurable A C
R we can write A as the disjoint union of {x € A : Jf(z) > 0} and sets of finite
measure on which Jf = 0.

We will argue by reducing this case to the previous case. To do this, fix € > 0
and define g : RV x R” — R" and 7 : RNV x R® — R" by

g(z,y) = f(z) + ey, 7(2,y) = y.
Then one computes that
Vy(z,y) = (Vf(x),eldn),  Vg(z,y)V'g(z,y) = Vf(@2)V" f(z) + Id,.

By writing VgV*g in a basis in which VfV*f is diagonal (with at least one zero
eigenvalue and all eigenvalues bounded by Lip(f)?) we see that

e" < Jg(x,y) < Ce,  for C =Lip(f)""

for all x € A and y € R™. (Here and below we are assuming that e < 1, so that
" K e)
Note that for every z € R”, a simple change of variables implies that

[ an s hane ) - / HN (AN y — e2))dH ().
If we fix some measurable £ C R™ with £L"(E) = 1, it follows that
[ an s b )
-/ ( HY (AR y — ez})dﬂw) " (2).
E R"I,

Now let A := A x E C RY*", Straightforward manipulations of the definitions
show that

Ang' g} Nl e) {(Aﬁf‘l{y—i—ez}) x{z} ifwekE

0 if not.

So
HY AN fHy —e2P)luwes = HY " (ANg Hy}na ' {z}).
Thus

/E (/n HN (AN Ty - sz})dﬂn(y)> dH"(2)

:/n - HN_"(Amg_l{y}ﬂﬁ'_l{z})d’}-["(z) dH" (y)

We will argue below that for every Borel B ¢ RV*™" (and in particular for B =
Ang 'y}

(21) HNTM (BN AT {2})dH" (2) < CHY(B)

R
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for some constant C'. We accept this for the time being and continue. Since Jg > 0
everywhere, we can combine the previous few statements and apply the previous
case of the coarea formula to conclude that

HY AN ) ) < [ WY AN g )

= / JgdHNT"
A

< eCHNTM(A) = eCHN (A).

R

Since ¢ is arbitrary, we conclude that
[ an s ant) =o= [ 15 @)
n A

This concludes the proof, modulo estimate above. This can be established by
the argument that we used to prove above. This yields the inequality

(22) HYN BN {z)) dH"(2) < w]\:i"w"Lip(f)"HN(B),
R N
which is the same formula as above, with the difference that this version concerns

an N-dimesional subset of RN*" whereas in the previous version we had an N-
dimensional subset of RY.

Exercise 10. Check that the proof of indeed shows that holds.

In view of the fact that [ * rather than | appears in , to be really correct
we should strictly replace [ by [ * in several places at the very end of the proof.
O

Exercise 11. The book Cartesian Currents in the Calculus of Variations, vol. 1
by Giaquinta, Modica and Soucek states (in Step 6 of its discussion of the coarea
formula, in Section 2.1.3) that for every Borel B € RY¥*" (and in particular for
B=Ang 'y}

(23) HYN (B Na Hz})dH"(2) = HY (B)
]R”n,

by Fubini’s Theorem, where B is a subset of RV 17,
Given an example to show that is not always correct.

Giaquinta et al deduce from the incorrect statement that, using notation
from Step 6 of the above proof,

HY =" (AN fH y}) dH" (y) = / JgdHN+m
R™ A

Since the right-hand side of this alleged identity depends on & — recalling the way
in which g depends on ¢, we see that it lies in the interval [e"HN (A), CeHN (A)]
— and the left-hand side does not, this is clearly false.

Now we state some consequences of the coarea formula.

Corollary 1. Assume that g : RV — R is integrable. Then

/RN g(z)dH" (z) = /OOO </{IGRN:|$|—T}9 dHN1> dr.
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PrOOF. This is a special case of the change-of-variables formula , with
f(z) = |z|. For this choice of f one can check that Jf(z) = 1 almost every-
where. ]

We remark that in general, the definition more or less immediately implies that

’Jf(x) = |Vf(z)] for f:RY — R (ie, in the case when n = 1),

Thus for a Lipchitz function,
[vsany = [ 1 e e 4 pa) =) d.
A —00

Another corollary is

Corollary 2 (“C' Sard-type Theorem”). Suppose f : RN — R" is C! and A C RY
s open.

Then for H™ a.e. y € R™, f~Yy} is the union of a (N — n)-dimensional C*
submanifold of RY and a set of HN ™™ measure zero. Precisely, if we define

C={zeA:Jf(x)=0}={zx € A:rank(Vf(z)) <n}

then HN="(f~Hy} N C) =0 for a.e. y, and f~{y} \ C is a (N — n)-dimensional
C' submanifold of RN,

Recall that Sard’s Theorem states that if f is C¥="*1 then f~'{y} NC is in
fact empty for H" a.e. y. Here we get weaker, but still nontrivial, conclusions with
weaker hypotheses.

PrROOF. The fact that HN =" (f~{y} N C) = 0 for a.e. y follows directly from
the coarea formula:

HY =" (F 1y} N C) dH™ () = / J () dH™ (z) = 0.
R C

The fact that f~1{y} \ C is a C! submanifold is a consequence of the Implicit
Function Theorem. (]
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