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Introduction. The classical inequality of Hardy for smooth functions f €

5o (f € R\{0}):
s £2 4 s+2( p1\2
/Rxf §7(5+1)2/R"”+(f>

for s # —1 can be generalized in various ways and provides a weighted version of
Poincaré’s inequality. The standard generalizations replace the weight z® with the
radial variable or the boundary defining function of a smooth domain, are reduced to
the one-dimensional case and are proved directly by partial integration, as far as the
weight stays smooth. Here we we replace the weight by a homogeneous polynomial
that is singular also away from the origin, so its zero set is a singular algebraic cone.
In this case no direct method of the preceding form is available: the rectilinearization
of such a set being non-trivial along its singularities. Specifically, singular algebraic
varities are rectilinearized under the process of "resolution of singularities” then, their
singularities unfold and appear as "normal crossings”. We follow this procedure to
the extent of ” reduction of multiplicity ” of an algebraic set and prove following
generalization.

Let P(x1,...,z,) be a homogeneous polynomial of degree d in n-real variables
belonging to the class P9 that we define in the next paragraph. Let V(P) = {z €
R"™/P(z) = 0} be the algebraic set that it defines. We introduce the Hardy factors:

_|vef

We prove the following generalized Hardy inequalities GHI;:

H(PP<er) [ 9P

R" R"

for functions f € C§°(R™ \ V(P)). This inequality while it is elementary to prove
when the algebraic variety V(P) is smooth away from the origin, it is rather cum-
bersome when the variety is singular. The above inequality may be viewed as direct
generalization of Hardy’s Here, we will consider the stratification of the algebraic va-
riety V(P) by multiplicity and the inequality will be examined through the resolution
of singularities process. This provides a finite covering, in every chart of which the
algebraic set is reduced to normal crossings. The inequality is readily reduced to a
corresponding one for inhomogeneous polynomials.
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THEOREM 0.1. Let P be a nonhomogeneous polynomial of degree d. Then there
is a constant ¢{(P) > 0,i=1,2 such that

HU(P)f? < (P Z||Vf||2

R

If f € PIH PIH being a class of polynomials that we define in the sequel, then we
have the following:

H(P)f? < & (P Z||Vf||2

R”

However, it is worthnoticing that we can refine the crude form of the preced-
ing inequality for an inhomogeneous polynomial of degree d, belonging in the class
described below; precisely there is a constant c3(P) > 0 such that for functions
f € Cg(R™\ V(P)) there holds:

WP <) [ 97P + W+ [af)r?
R™ R™
We present two applications of this inequality:

e We apply the inequality to a particular case of a problem that motivated the
study of these inequalities: the existence of an asymptotic expansion in powers
and logarithms of the distributional trace of the heat operator corresponding
to

c

Hc,oc =-A + —
||

for ¢ € C§°(R™) and small @ > 0. The inequalities provide the required
estimates for the domain, closure and the Neumann series of a suitable power
of the resolvent of H.,. The existence of the asymptotic expansion follows,
in view of the singular asymptotics lemma [C1], from the well known theo-
rem of Bernshtein-Gelfand, [BG], for the meromorphic extension of integrals
containing complex powers of polynomials.

e We consider a smooth domain that approaches arbitrarily close a non-smooth
one: it is defined by the level sets of a polynomial. In this domain we com-
pare the growth of functions to the growth of the polynomial defining it.
This allows us to compare values of functions in the following manner: in a
smooth metric in a Euclidean domain represent the domains of given curva-
ture growth by the semialgebraic sets defined by specific polynomials. Then
we obtain estimates of the local growth of laplacian eignefunctions in terms
of the curvature growth. Here we prove the simple inequality that provides
the growth of integrals of functions is such semilagebraic domains.

The article begins with a review of the local reduction of an algebraic set to
normal crossings according to [BM1] with certain comments that adjust the process
with our purposes. In the sequel we prove the preceding theorem and its further
generalizations and then we proceed to the applications.

1. Local reduction of an algebraic set to normal crossings. We commence
by reviewing the necessary definitions and results on blowing up and local desingu-
larization of an algebraic set with guide essentially the presentation in [BM1].
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1.1. Standard constructions.

1.1.1. Blown up space. In the various steps we will use conical partitions of
unity covering the euclidean ball centered at the origin

Boem ={z e R"/|z|* =23 + 22 < ¢}

subordinate to the cones

1 2
——af?}
for a > 1. Let P™ denote the n-dimensional projective space of lines through the

origin in R"*!. Let Bf .11 = Bo,e,nt1 \ {0} be the punctured euclidean ball around
the origin in R"*!, set

Cosj ={z € R" /27 >

Boeni1 = {(@,0) € By ipy X Pz €1}

and let o : §0757n+1 — Boent1 (z,1) — x. Then o is proper, restricts to a homeo-
morphism over Bf . ,,,q, and o~ 1(0) = P™. This mapping is called the blowing up
of Bo,n with center {0}. In a natural way, Bg . ., is an algebraic submanifold of
Bo7e7n x P™:

Coordinates. Let (z1,...,7,41) denote the affine coordinates in R™*! and let
t =1t :...: tyt1] denote the homogeneous coordinates of R™. Then

§07€7n+1 = {(x,t) S BoyéynJrl xP":ix Nt = O}

Furthermore 30767,1 is covered for o > 1 by the conical charts j =1,...,n+ 1:

~

~ 1
Co.i = t) € By ema @ t2 > ——|t|?},
5= 1) € Bocoia 8> —— |t}
with coordinates (21, ..., Tnt1,4), for each i, where
ti ., .
Tii = Ti, fﬂjiz;al#J
with respect to these local coordinates, ¢ is given by
T; = Ty Tj = Tiiji, 17 J-
Let n > ¢ and B"~¢(0) then the mapping o X id : By X Bo.c.. — BE(0) x BM=¢(0)
is called the blowing up of BE(0) x B?~¢(0) with center C' := {0} x B?~¢(0) C R"
and it is denoted by Blg(BE(0) x B ¢(0)) = Bo.e,c x Bl °.
1.1.2. Blown up volumes and vector fields. Let the usual volume in R™ be

denoted by vy, then under blow up with center of codimension ¢ > 1 considered in
the i-th chart it pulls back the volume

c—1-—

Up =T; Up.

It is noteworthy the way that the vector fields that generate dilation transform under
blowing up or down. Let then z = o(y) and
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then in the k-th chart we have the formulas:

i#k: Dy, =D,,
Dkl = EOu
E, = 2E, — D,,.

Notice theat the Euler vector field E is expressed in the radial variable r = |z| as
E =19, =D,.

We will consider mappings obtained as a finite sequence of local blow-ups ; i.e.,
TN = 010 ...00yN, where for each i = 1,...,7,0; : V; —>AVi is a local blow up with
center C; = {0} X By ¢ n—c of the preceding form with V; = By, X Bo,e,n—c; and
‘/i = BO,E,ci X BO.,e.,nfci-

The conical atlas partition of unity. We conclude with the partition of unity of
the punctured ball Bf ., subordinate to its conical covering. Let p € Cg°(R,)
with supp(¢) C [0,1+¢),¢ =1 in [0, 1] then set

r
i(z) = —_ .
X () @( /—1+a|$j|>
We compute its derivatives:

1 | e
Vil < S et < =
i1+ tig=L

This formula is very important because in the end of the blow-up process we encounter
the derivatives of the localizations functions. These will require the further application
of the one dimensional Hardy inequality, i.e. in the radial variable.

1.2. The local desingularization algorithm. Here we ’ll follow the proof
of the local desingularization theorem in algorithm devised in [BM] and developed
in the conventions that we need for the inequalities. It consists of two steps the
determination of the center and the reduction of the multiplicity.

THEOREM 1.1. Let P : R"™ — R be a regular function. Then there is a countable
collection of regular mappings m, : W, — R"™ such that:

1. Fach 7, is the composition of a finite sequence of local blows up (with smooth
centers)

2. There is a locally finite covering U, of R™ such that mw.(W,.) C U, for all r.

3. If K is a compact subset of R"™, there are compact subsets M, C W, such
that K =, m(M,). The union is finite by (2).

4. For each r, P o m, is locally normal crossings.

Determination of the center. Let a € V(P), mboxord,(P) =: m and choose
coordinates © = (x1,...,2,) such that x(a) = 0 and, in.(P)(0,...,0,z,) # 0
the lowest degree homogeneous component of the polynomial. Moreover denote
by & = (#1,...,2p—1) and let h; = V(z;) be the coordinate hyperplanes. Since
(0 P)(x) # 0 then

(8;’?;1P)(:17) ~x, — H(T) =2
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for some regular function H. Then we perform the division
P(x) = Q@)zy + Y cn(@)al.
0<k<m

Moreover, possibly after translation, we may assume that ¢,,—1(Z) = 0 and also
observe that each ¢ (%) = 0% |, P, &y ~ 07" LP.

Let a € hy, then for 0 < k < ord, P = pp(a) introduce the sets
P(a) i= {(P,ord,P)}, Cpla) = {(cx, pp — F)}.
The union of stata of multiplicity at least up(a)(= m) is denoted by
Sp(ay = {x:ord, P > pp(a)}
as well as that
Sep(a) = {x :ordeg > p, forall g € Cp(a)}.

First we will use an induction on n (and on m), to arrive at the particular instance
when for all &

(x)  er(@) = (@) ep(@)

while v € HN""! and for some ko, ¢}, (0) # 0. In order to handle at once the various
cr’s we define the auxiliary function

m!

Ap(Z) := product of all non zero ¢;"~

* and all their nonzero differences.

The inductive assumption asserts that there is already a uniformization for Ap :

a1 QAn—1
Ap ~ it x," 7.

This implies in first place that each nonzero cx (%) = (7% )c} () with Q € N"~! and

cr(0)* # 0. Moreover each nonzero ¢;" ™" — ¢~/ ~ M| with A;; € (N"1)*. The
following elementary lemma suggests:

LEMMA 1.2, Letx = (21, ..., 2). Ifa(x)z®—b(z)z? = c(x)z? and a(0)b(0)c(0) #
0 then either a € 8+ N" or f € a+ N"

The lemma implies that the set £ := {—1-Q;} € ;N"! s totally ordered with
the induced partial ordering from N"~! and therefore there exist a p = min(£) €
-LN"~!. Therefore we are reduced to the case (*) with y = p € ;N"~1. We show

that the special case (*) implies reduction in multiplicity by blowing up succesively
the components of Sp(a).

Spa) =Sepa) ={x 2, =0, ord,(z7) >1} = UZI
I

where Z; = (,c;(hiNhy) and I C {1,...,n — 1}, card(I) = v, — 1 minimal such that
> icr Vi > 1 or equivalently that 0 < >, ;v —1 < for all k € I. Actually, these
serve as centers of the desingularizing blowups C' = Zj, for all £ we have that

ordccy > m —k >0,

where ordocr = infco (ordzck).
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Reduction of the multiplicity. Let a € V(P) and choose coordinates such that
z(a) =0, =(1,...,vm —1). Let further

Cosesjnm = (Cazjn N Bo,e,vn) X Bo,en—v,,

and the blowup
o BO,e,n—Vm X BO,e,n—Vm — BO,e,um X BO,E,n—um

at 3 € 071(0). We calculate in these conical charts:
o Let 8 € Caseinin,v,, then the strict transform o|C,, maps as follows

Tpn = Yn, Tj =YiYn,J =1, .., U;m—1, Ty =ys,n >8> p,.

Its effect on the polynomial is

(@ (nP) (W) =y Pa(y) =y (" Q) + Y (o cr) )yl ™
0<k<m

and we observe that Q(c(8)) # 0 while (Zogk<m ck(y)yE=™)(0(8)) = 0 and
hence P(B) # 0.
o In the conical sector Cu.e;jn,v,., J € I the strict transform o maps as follows

Tn = Yn, ¥Yj,T5 =1Yj, xk:ykijj#kzla"'uc_lu Ts = Ys, S > MN.

Then the polynomial becomes

(0" 0GP)W) =y P ) =y (" QW) + > (% er) @y ™ yk)
0<k<m

since in this sector

T = U(g)u?j = (yla -'-7yn—1)-

Observe that 9"~ ' P} ~ y, since Q(a) # 0 while h), = o0~ (hn) = {y, = 0}
and ¢;;,—1 = 0 identically.
We conclude that for all points on the exceptional divisor the order is not big-
ger than m, 8 € o~ 1(C),ordgP' < d if P! denotes the resulting regular function.
Therefore assume that ordg P* = m iff 8 € h,, (N{ord,C}, > m — k} where

=y} "0 ) @) = @) F (o))

and ¢ = y;l.(:W o) and there is ko, (cj )(c(B)) # 0 by the particular case (*).
Hence, v; = i, if i # j and v; = >7,c; v — 1 therefore 1 < [y/| < |y| and since
IV, 17| € N""1 it follows that after no more than |y|m! blows up of this type
multiplicity has to decrease.
REMARKS.
e Let P € R[xy,...,x,] and V(P) :=V the variety it defines. Set then

& B orp )2
Pia)= Y (ax{l ...8x%”‘( )

itetin=k
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and consequently Vi := V(Py) The stratification by multiplicity we ’ll use
consists of the strata that are semialgebraic sets:

Y=V \ Ver1)NV.

If P is homogeneous then by Euler’s theorem X3, ; C %) while the implicit
function theorem asserts that X are smooth.

e Let I(V) be the sheaf of germs of regular functions on R™ that vanish on V.
Let x € X}, then set

oP
Lok ={§€R": PEL(V),) &7 — € L(V)}

and also that E, , = Lik.
e The class P9 of polynomials consists of those P such that when codim;, = 2
for some k then

{(z+ Eyx)N Vet \{z} #0
where V,, is the germ of V at z.
o If P > 0 everywhere as well as that Pi,..., P, > 0 everywhere and it is true
that

P=>"P
J

then V(P) is not a hypersurface. Then the same procedure with more com-
plicated details brings the set to normal crossings, cf [BM]. However, if we
assume that each of the P;’s belongs to the class 7 then we can proceed
without appealing to the desingularization for codimension> 1.
e We would assume that P is irreducible otherwise split it in its factors and
use Young’s inequality to deal with its factor separately.
The inequalities of Lojasiewicz. Through the paper certain distances from al-
gebraic sets are estimated by the values of the defining polynomials through the
fundamental Lojasiewicz inequalities, cf [BM]:

THEOREM 1.3. Let P be a regular function on an open subspace M C R™.
Suppose that K is a compact subset of M, on which V(|VP|?) C V(P). Then there
exist c,c >0 and p,0 < p < 1,v > 1 such that

IVP(2)| > clf(2)' ", |P(x)| > cd(z,V(P))”

in a neighborhood of K, sup(u),sup(v) € Q.

It is true that v(K) < sup,cx fto(P). Furthermore in the case of a homogeneous
polynomial function in R™ the constant depends on conical neghborhoods of the
origin.

In the case of a homogeneous polynomial P of degree m then the algebraic cone
decomposes as V(P) = R, x K where K is the trace of the cone on the sphere. Then
Lojasiewicz inequality suggsets that for C(K) > 0, = L

m

|VP| > Cp|P|* .
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This follows from the application of Lojasiewicz on the trace, under stereographic
projection in coordinates (r,§) € R x R"!, and for applying Young’s inequality for
p,g>1, pg=p+q;

IVP(z)| > mr™ P& +r™|VP(E)| >
> mr™ HP| + Crm| PP > O rie e | P(x)) k.

We choose as p = %ﬂ scale and arrive at the result p = ﬁ
2. The inequalities. Here we will prove the inequalities GHI;, GHI; for an
inhomogeneous polynomial P of degree d in the class H and an arbitrary function

f e CGRM\V(P)):

R”

hi
PR = [ H @ <e [ STV = i, (@)
j=0

where

_|vef

This inequality will be based on the fact that after a suitable number of blow-ups
with suitably chosen centers the multiplicity of the polynomial has to decrease. The
choice of centers is provided in the proof of the local desingularization theorem.

To fix the ideas assume that we are localised in a tubular neighbourhood of V' (P)
of width e:

Ne(P) = {z € R"/|P(z)| < ¢}

1
and also the tubes of width ¢/ that enclose the strata of multiplicity Xj:

k
Nek(P)={z € R"/Qx(x) = > P/(z) < e} }.
§=0
We assume that €q,...,6n,,€ are chosen so that this system of tubes Ni,..., N,

exhaust N, and using functions of the form x (?—:), for x a one-dimensional cut-

offs we localize in these sets. Thanks to Lojasiewicz these cut-off functions when
differentiated stay away from the variety. The integral then is splitted up as

FPI(f) = _Zm%I;i PI()
<
where
LiPin = [ s
As a matter of fact we have that

supp(f) = | (supp(f) N Ny).

Jj=0
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We are ready to set-up the multiplicity reducing algorithm. Select then points
a € V(P)N Ny (P): ord, P =m, codim(Sp(q)) = Vm
and choose a system of coordinates such that z(a) = 0 and also that

P(0,...,0,2,) ~ 2

n -

The initial change of coordnates that rectifies the center we will denote by K,, :
Ny, = R"™"™ x R, which consists of algebraic maps localized through ¢,, ¢,, at
such points on a € S,:

Nm
Km = § Cmil,, Km;lm .
Y4

=1
These maps have jacobians 0 < ¢p(em) < J(Kmye,,) < Cm(em)
2.1. The inequality GHI; for H! = P~1.

The inequality in the multiplicity reduction step m = m — 1. Using the conical
partition of unity {xm i} subordinate to the covering in

Um

U Em(Nem(P)) "R x Cy,
k=1

we localize and compute that

1 2 S —1 212 4

P = [ W EP@n <Y [ PPl ] (0D,
k=1

m;l,k

€m,m

164> 2

C = RKm(VUm, D= —m

( ) <d(Vm+1)+m))
Npaak =0 (Noso.k)s Nimok = Km(Ne,,) DR x Gy,
m vm—1

Dk = xkamk; Dllc — x;7+‘ 2
fm,l,k = Xm)k;f-

The last integral is majorized further by:

m 2 2

/N H (P k) [|Dkf11|2—|—( T (P) fms1 k) } (D})” 0.

1
€m,m

The singular term is made of the following factors that we are going to keep track in
the process:

m m,1
1,k,1(P) = Dy(log |Pk ),
-2 —m _*
Hvln;l,k = (Pm;l,k) a ) Pm;l,k =T, O (XkP)
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We perform successive blowups of this type in order to reduce the multiplicity of
the algebraic set and every time apply the one dimensional inequality. Therefore, we
introduce inductively for the blow up years j > 1 and corresponding blow - up chart
k; the following functions that can come out:

Nm;j = U_l(Nm;j—1)7 Nm;o = Ne,m

fm;O,k,O - Xm,kf; fm;j,kj,l - U* (Xk] fm;jfl,kj,l,l);
fm;jykjwl = Dy, (fmkaj—lql*l)

1 _ LA« 1
Honijk, = Lok O (Xm,ijm;j_17kj71),
Dinsjky i = D (Drmijoh; 1 ,1-1),
,Dm?jkavl =0’ (mekj,Dm;j—lvkj—lJ) 'Dliju
;‘?kjvl = Dy, (Q;{lkj,lfl)
Q;'yfkj,z =0" (Xm,ka}ril,kj,l,l)-

The integral is then majorised by the sum after ,, generations of blow-ups that are
neccessary for the multiplicity to reduce to m — 1:

Im(P)[f] < C(Em, m, da Vm) / Z H}n;'ym,k.],m (I)gn,l;k,Ym

Nym k., =1

Ym T

for the functions that encode the history of blow ups

2
2 2 m
(®m71;k7m) = Xk Z (fmwmﬂkmlemwm,kmbevmqum113)
li+l2+l3=ym

This sum extends over the set of all v,,-adic numbers with ~,, digits: A, (c). After
these blow ups the polynomial Pp,;,,, k., has multiplicity m — 1. In the next vym, 1
generations of blow-ups:

Im(P)[f] S c Z Imfl[Pm;'ym,k.Ym]((I)m,l;k.Ym)-
ke~ =1

Therefore we have to work with

In[P)(f) + I 1 (P)[f] < c /

Hy Py, )81+ / H(P) S
N,

mivym Nemfl,M71

and proceed analogously. The desingularization algorithm guarantees that on the set
Ny N Ne,, 1 ;m—1 the polynomials Py, k., , P have multiplicity m — 1. There-
fore the choice of blow up centers entails the change of coordinates K,,_1 that we
trace in the summands. Their appearance modifies the constant ¢. Thus we have m
generations of 71, ..., v, years of blow-ups.

Summing up for m =1 and final step. We arrive at the m = 1 stratum with the
following sum of integrals:

BPW= S [ P,
1<iz <y <m Y Nivsia

where the pair of indices stands keeps track of the origin of the function ®;, iy,
while the polynomials P, ;, ,, have multiplicity 1. Hence we change coordinates by
the map K7 and conclue with an applcation of Hardy’s inequality.
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Return to N.. In order to return back to N.. We summarize the process that we
followed:

Rectilinearization of the centers, blow up till we reduce the multiplicity by 1, again
rectilinearization of the new centers and new blow ups etc.

This finally made up a map: B : N, — N,, which is a piece-wise algebraic diffeo-
morphism outside a variety of positive codimension originating from the exceptional
divisors of the blow ups. Clearly the process can be reversed and the formula derived
above. We will perturb back the centers and blow down. The rectilinearization maps
just modify the constants back. The terms that have been produced will be examined
then. We examine now the ®;, ;, terms: the @) factors are constants hence they just
modify the consntant coefficients. The D-terms split in two terms: those that consist

i1
of the jacobians and the ”Hardy divisor factor” y, 7 Tn the course of the blow down
process the jacobian terms dissapear while in the conical charts of the R¥™ factor of
the coordinate system we have that for the radial variable r:

which combine with the blow down formula to give us that
Dy, (fo)? = E(f)]* < r?|VfI*.

If »—# persists then we apply again the usual Hardy inequality. The blowing down
process will effect the replacement of the |D (fD) o ¢)| with a term |V f| and finally
we get the result stated in the introduction

2.2. The inequality GHI, for H?(P) = ‘% ‘2. Here we separate at each year
of blow up the ”Hardy divisor term”, xlf and blow down directly, which could have

been done also in the preceding case. We apply the following elementary generalization
of the Hardy’s inequality refered in the introduction, for £ € N, f € C§°(R \ {0}):

2

[ Lo [ (1) womy

and the appropriate detemination of the factors D, ) that appear during the process.
Therefore we start with the first blow up in the conical charts and obtain in view of

m?2 4 2
WS G g4 )

that since m > 2

1,(P)[f] = /N H2(P) f2 (2o,

€m,m

VUm 9
S CZ/ (|Dkfm;l,k|2 + ‘D]%fm;l,k| ) (Bm;l,k1)2
k=1"N

m;il,k

Vm
2 ~
+C Z /]V (%fn;l,kl) 72?7,;1,]61 (Bm§1;kl)2vn

ki=1 m;l,ky
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where

16m?
(20 + 1)2
Notgr = 0 "(Noso ks )s Nenyoey = K (Ne,,) N (R x Cy,,)
Jmiky = 0" (X f)

1 vm—1

E(f), Bmik, = ok, |7,

¢ = km(Vm,d) =

Dy, fmi e =
CL‘kl

H?n;l,kl = (Vlog |Pm;1,kl|)2 o Pk, = xlzlma*(XhP)-
The first terms is blown down directly since in the conical chart
2

. 2 o 2
Ck . |:Ek| Z 1+a27“

3

and hence implies that

2
«
|Dkfm,k,1| < m|vf|2-

Therefore we have by an application of Hardy to the derivative of the jacobian B,;1 ,
we could comprise all terms in the following inequality

LnlPI(F) < C (I Il v, + T [PIF))

where we have the usual Sobolev space norm:

1 1121 vy = / V2 + V22,

m

and
2 2 2 A
Lima [P)(f) = / (Mo k)” (Frms1 6 Brg)” O
N1,k

Set then

fm;j,kj = 0—* (Xklj fm;j—l,kjlem;j—l,kjfl) ) Bm;j,kj = 0—* (Xm,k}ij;j—l,kljfl,l)7

and

Vm

Ll P = S / (H2 (Parsee)) ™ st Bors)?
]i}g:1 N’f’ke

Then we derive the recursive formula for these integrals. and then through the in-
equality, which is derived thorugh Young’s inequality and for |z, | < 1

‘ 1 4+1
(H2(Pm;€—l,kg,1)) S Cém2é (W + (HQ(Pm;é,kg)) ) )
ke

then

T 101 [PI(f) < Come ([IV fllgoecesn (w,,) + Te[PI(S)) -
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The first term originates from the (EGHI), Leibniz’s rule and the application of
Hardy’s inequality for the term Dy, By, k, to transfer the derivative to the f-term.

The blow down process in the conical charts gives us the Sobolev space norms. Specif-
ically we have that

. 1\, .
D2, Joea =1 (2B ) (0" (0 s By, )
14

Therefore by expanding the differentiation we arrive at

) 1
|D]zk£fm;€,ke|2 < c § r2i1 |V (Xk .fmj 1,k 1| |v138mj 1,kj— 1) <
i1 412 +13=7

1
< Z r2i1| v * fimij- Lk 1| B mij—1,kj-1"
i1+i2=jJ
We iterate this process and finally we end up with the following inequality

Ln[PY(f) < C (IV fllom 8,0y + Tma[PI(S))

where the term

LalP(f) = 3 /N (H2 (P 1) Uit )

k=1

Yo Ry

contains the polynomial mith mulitplicity m — 1 after the first generation of ., years
of blow-ups for the m stratum and B, = 23777 (02 +£) = 255 (V) + 51 (vm) ~ V3,.

Conclusion. Having exhausted the first generation of ,,-years of blow -ups we
reduced the multiplicity to m — 1 at the cost of bringing in the Hardy - factor in the
Ym + 1 power, and we integrate in the tubular neighbourhood of set of lower multiplic-
ity. Again the ”center defining maps” enter and are composed and we proceed. Higher
order derivatives appear but they are treated due to the formula that we calculated
above.

2.3. The inequality for homogeneous polynomials. Let P € P9 then
the inequality receives the simple form with the first derivatives. We start blowing
up the origin which supports the maximal multiplicity of V we obtain inequalities
corresponding to the traces of the algebraic set on the balls

Bo_’am:V(Ij—l)mOa;j_’nle, ]:1,,7’L+1

Then we use the preceding inequalities for inhomogeneous polynomials and by a scal-
ing transformation we obtain the desired result by trowing the “higher order terms”.
In the sequel we assume without loss of generality that we are already reduced to the
essential variables and proceed through the conical partition of unity and the notation
of the preceding paragraph:

1a[P](f) = H'(P)f*(x)vps1 = Z/ (faj)2ae™ 3(Pastj) " g1

Rn+1 oc ;4,m+1

Now in each cone éoml the function fg1,; = 0*(x;f) is compactly supported and
wehave that the volume form decomposes for the volume form of R”, v,

Unt1 = dzjvy,
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and the integral splits as
. ~ vg—3
TP =3 [ ToalPa )G ) ay)et ;- (CS).
j=1

In each term we have GHI; in the cross section: we obtain for @j the gradient in all
but the x;-variable:

hi,;
la1[Pai](fa) < C D IV faa 7 = (Ra 5 [P)(fan ) (@))%,

B()ocnz =0

where the function is compactly supported in R and smooth with respect to ;. Hence
we return back to (CS) and we have that

) < CZ/ (Ra,1,;(P fd,l7j)(x]))2 x;d_gdxj

We apply the Hardy’s inequality in each summand and obtain:
v 16 vy
/ (Ra1 5 [P)(fan ) () 2y day < 72/ |00, Ra 1 5 [P)(fan.5) ()| ™" da.
R va—1)2 Jg '

Cauchy-Schwarz inequality suggests that

O, (Z}G) ‘Zl ye <ZG@IJG>

Then apply this for G;(z;) = ([g. f2( ) and thanks to Cauchy-Schwarz again
we pass under the integral to obtain thanks to Leibniz’ srule that in gives us the
following

L

hi,j

/ ‘aijd,l,] fdle)(x])‘ Vd 1d </ Z|vZ |2 va= 1’Un+1

oc]n+1z 1

Then we blow down in each conical chart and taking into account the usual estimates
(we apply Hardy’s inequlaity for the conical atlas partition of unity) and obtain that

n+1

f<OZ/ U9 | e

Cajjnt1 \ =1

In the end we scale x + 7 = (A" 'zy,..., " lz,41) Evidently, we let A\ — oo to
obtain the inequality. Similarly we obtain the inequality for #2(P). O

REMARK. Sticking on the inequality for H? = one could also deduce the
following inequality, actually by partial integration: for Cs(P) we have

/ AP
Rn

Flr<aw [ we

2
= 7]
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2.4. Further inequalities. Let P € P9 of degree d and for s € R then the
following more general inequality is true for f € C§°(R™ \ V(P)):

[ oiprr<cws [P,
R™ R™

First we observe that the homogeneity we localize near V (P), the rest being treated by
rectilinearization and partial integration. We have for f € Cg°(R"\V(P)), 8 = s+ 2:
and Young’s inequality for p,q > 1,pqg =p + ¢:
eP|PPAF2 1 2
ppp < L Liprse
p elq

then we have that

2q
1 P~ f2
/ |P|2f2§/ 1—9IP|”BF+7| |q L
n R’Vl

1 2(q—1 2
g/ _|P|Pﬂf2+o/ V(P—%f)] .
np n

Then the last term gives us that for k; = (q;l—é)z

/ v (P*—z("nfl) f) 2<2(sh + 1),
where
_2(¢g—1)
B[ PO
R'Vl

Now
2(g—1 1
I :/ PSS H2(PYf2 < C1(P) {(1 terli+ 1+ )2

Now we selct ¢ such that:

1 m
C 1 < =qg<14 —
v +E)_1+e 7= +Cl(1+5)7
and we have that
I, < Csly,

and finally we have that:

_2(q—1)
/ |P|Sf2 <C (/ |P|26Pf2 +/ |P| m |Vf|2) )
R” R” R”

Now we split N, (P) = {z € R"/|P(z)| < n™},n < 1 in sets

N; = {z e R"/p™(D) < |P(2)| < 9™},

and accordingly F; = supp(f) N N;:

P5f2: / P5f2+/ PSf2'
/1P S e [ m

n
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The second term is reduced to the 1-d problem by change of variable. The integral
near the zero set is treated using the inequality derived from (BI;) for ¢ = nm+1 or
e = n™ analogously for 8 > 0, < 0. Finally we scale and obtain tyhe result. O

The inequality for the homogeneous polynomial allows to improve the inequality
for inhomogeneous polynomials, keeping only first derivatives:

ProproOSITION 2.1. Let P : R™ — R be a polynomial function of degree d from
the class P92 with V(]VP|?) C V(P). Let f € CP(R™\ V(P)) then for Cs(P) it is
true that:

/’ Pifru, <Co(P) [ £ 4 (Lt 2PV o
n Rn

Proof. From the assumption we localize near V(P), the rest being treated by
rectilinearization and partial integration. We stratify the algebraic set V(P) by mul-

tiplicity:
v(P) =3 JZu-

Since P is inhomogeneous then d > p. The smooth part being clear, we will study the
singular strata. Let a € X,,,z(a) = 0 and Py ,,, = in,(P) and introduce the tubular
d

neighbourhood of ¥,,, of width e
Ne={z e R"/P§,,(x) + P*(z) < 21},
We write this as
Ne=Ce| SR,
where for suitable 6 < 1:

Ces = {z € Ne 1 |P| > 6% Po,ml}
Ses = {x € Ne: |P| < 6| Py}
Res ={x € N.:0°|Pym| < |P| < 6| Poml}-

Notice that the stratum of multiplicity ,, C Sc s, Ces5, Re,s-

The integral
I€ — / P72/df2
N,

€

splits in three parts , i =1,2,3:

L= [ Py

€

for the functions localizing in the sets C¢ s, S¢ 5, Re,s respectively:

52|P0m|
Y= <7 )
! |P|

. [ |P|
qh‘w(a%wd
W =1-¢— g

We would estimate them seperately:
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1. Estimate for I3. The crucial observation is that supp(¢sf) NV (Pom) = 0
hence we apply the inequality for Py ,:

k§5wé V(g5 )12

Now in R, s we have that for k1 < %

VPom|

<C
V3| < C1 + Kq Pon

and we apply the inequality for H2(Py,) and we are done.
2. The integral I is filtered in the sets, for j > 1:

Sesj = {x € N/ Pom| < |P| < &7|P|}
and we obtain through the cut-off estimate:

5 2

J
Py
o<+ (32

PO,m

2

and the fact that supp(f) NV (P, ) therefore we have that

I < c/ PPV
R
3. The last is the term near the cone V(P). Then introduce the sets for n < 1:
Semg ={z € Ne/|P| = 61 = 6| Pom}-

Then through the cut-off estamates that allow us to select appropriately e,
we conclude that:

I s/ £ VR
R’Il

Summing up we find

L < c/ IVF2+ f2

O

2.5. Example: cubic hypersurfaces. Here, we treat the inequality for cubic
forms (n + 1)- variables, defining a conic variety with singular part containing a line
through the origin. The case n = 2 is treated in [P] with elementary methods.

If we choose the 21— axis such that V(P) is singular along it then the form is
written as P(z) = 21Q(&) + C(%) where & = (22,...,zp4+1) and Q, C are quadratic
and cubic forms without common factors since otherwise the inequality is fairly easier.
The form P defines a cubic hypersurface in P™ with a singularity at the point F; with
homogeneous coordiantes

Ei=[1:0:---:0]
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as well as at the points of the variety T where the varieties V(C), V(Q) touch each
other or the singular set ¥ of V(C) on the hypeplane H;. We assume also without
loss of generality that rank(Q) = n.

For the sake of simplicity we treat first the smooth part of the hypersurface defined
for € > 0 by

V(P) = JVe(P), Vo;={zeR"/ > er?}.
J

or
an
Observe that in V¢ (P) it is true that for ¢; > 0, depending on the values of P on S™
that c;7? < |VP| < car?,¢1 = (n + 1)e and also that czr < ‘%‘ < ¢4r. Therefore
the integral I1 ¢(P)[f] = I(P)[x1,f] is studied in V,(P) by the change of variables for
each j by
U;: Ve — R
(xlv . 'aInJrl) = (Ila cee )Ij15€7$j+17 . 'aInJrl)ag = P(I>

Then we calculate Vjn+l = d.Il RPN de,1d€d$j+1 RPN dIn+1

RS oY N T
Ve(P) — Ju,v..))

by applying the preceding inequalities in combination with that of Hardy.
~n+1
To proceed to Iy (P)[f] further we blowup op41 : R"" & R through the

usual cones for o > 1:

oP |?

8$j

Vjnt1 < C/ IV fPonta,
V.

1

Coazjn+1 = {z € Rm_l/x? > I+a

2
||°}.
The procedure will incorporate an induction with respect to n. Explicitly we have
the formulas:
Let j # 1 then after restriction to Cq;jnt1, Ont+1 maps as

i #£J Ty = v,

z; = vj,

P(opt1(v)) = 2%.P/,
P} = 1:Q5(0) + Cj(0),

where ¥ = (v2,...,Vj—1,Vj41,...,Unt1). At the point @ € T; or a € X, the
order ord,(P}) = 2 and we choose coordinates such that u(a) = 0 and setting
@ = (ug,...,up) we assume that P} (u1,0,...,0) ~ uj hence

Pj(u) = (1+1j(u)ui + bj(@)ur + R; (1),

where
deg(l;) =1, deg(u;) =1, ordy(l;) = 0,0rd,(b;) =1,

as well as that R; is of the smae form as P} but in (n — 1)—variables. Then we
determine inductively the center

K,;={z¢€ Boﬁayn/ordm(le) =2}
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of blowups and the years v of blow-ups for the generation m = 2. The formulas for
the blowups in the ji-conical chart, j; # 1 are:
Uj = 'Ujvjl,j # j15vj1 = Uy,

implying that

Pj(u) = v}, P3;, (v), P, (v) = (1+vj,l5 (0))vf +bjj, (9))or + R; (D).
These blowups are repeated up to the desingularization of V(R;) and at each step we
apply Hardy’s inequality for the factor coming out of the blowup; finally we obtain
a smooth chart as precedingly and we apply Hardy’s inequality. The j = 1 conical
chart is carried through analogously.

In conclusion we have that

V2
_2 2
/ P75 ffongy < C / VI Pongs +) / V[ v
Rn+1 Rn+1 1—2 Rn+1

and scaling we get the desired result.

3. Heat expansion for operators H., = —A+c¢|P|™“. In this section we will
establish the existence of the small time expansion of the heat trace of the operator

Heo=—-A+c|P|™%

Actually we will prove the A\ — oo expansion of the distributional trace tr(R. o (\)*

of the k-th power of

X)

ReaN) = (Heo — N1

This will achieved in the following steps:

1. Determination of the domain of self-adjointness of H. o

2. Estimates for R o(A\) = (H.o — A)~! in various operator norms

3. The preceding allow us to prove the expansion by considering the expansion
of each term of the Neumann series for R, (\) around Ro(\) = (—A,, — )71,

4. After identifying the form of these terme we appeal to the usual Mellin trans-
form theorem in view of the Atiyah-Bernshtein-Gelfand theorem on the mero-
morphic continuation of integrals depending on complex powers

Domain of Self-Adjointness. First we determine the domain of selfadjointness
of the operator Hy o = —A 4 ¢|P|™® where ¢ € C§°(R"™) and P is a homogeneous
polynomial of degree d in the class P9. We extend C5°(R"™) provided that the
exponent a < 5.

The Kato-Rellich theorem ([RS]) suggests that the operator H,, is essentially
self adjoint on C§°(R"™). The neccessary semiboundedness estimate reads as

PROPOSITION 3.1. Let ¢ > 0,9 € C°(R"),a < 5,k < 1 then it is true that

[ elPI™¢ l2< w5 | =Ad 2 +8 11 ¢ llz> -

Furthermore the domain closure of the operator H o|(C§°(R™)) for small o consists

of H?*(R™).
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Proof. We decompose the integral in two parts, through a suitable partition of
unity: one sufficiently close - at distance €!/9- to the algebraic set and one in the
complement. Set then

N, ={z e R"/|P(x)| < €}
and
K.=R"\ N..

Choose X%,e —l—x%)é =1, supp(x1,e) C K. the functions that execute this decomposition
(it just suffice to take functions of the form x (%)) Split then

¢* = ¢ + 65 = (x1.c0)* + (x2.c0)>.
Then for the part localized in K3 ¢, we use the inequality:
|P|=* <eP?/4 4 B,
Hence, we compute and obtain

1 elPI%¢ [l2=[l c.|[P|™%1 [|L2 + [| c|[P|™%¢2 |2
SM. Al ¢ llze=ll x1e iz +v | (=8)¢2 L2 +8 [ & 2

having applied twice the inequality P~2/¢ < C(—A) for the second term where the
first term is due to the fact for & < %4 then [P|™% € Llloc(R”). Finally, we let ¢ — 0
and obtain the desired inequality. The Kato - Rellich theorem gives the essential
self-adjointness we have been looking for; the operator H. . is bounded below by — 2.
q.ed

Further we will examine the closure of the operator, initially considered on
C§°(R™). For this we write:

| Heat lI7:=] =A¢ 172 + Il [ P76 |2 +
(@, [(=A) - | PI7*[P|™* + ¢|P|7* - (=A)] - ¢).
Therefore combining the obvious inequality for the inner product with the inequality

obtained above, we get the desired estimate.

Operator estimates. For the Neumann series we will need the following estimates
relative to the resolvent Ry(\) = ((—A) — \)~L:

PROPOSITION 3.2. Let \ be sufficiently large and outside a cone shaped region

enclosing the positive real axis then the operator norm is,

[P|=*Ro(N)|| 2 = O(|A|71+F),
—x _ 1, da

|||P| RO()\)81||L2:O(|)\| 2+2)
II[IPI~%, Ro(M)]||z2 = O(JA| 712,

-IPI, Ro(W), s Ro(N] 122 = 05+ %).

Proof. Compute
(IP["*Ro(N)¢, |P|"*Ro(A)¢)
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with ¢ € L?*(R™). For this use a suitable partition of unity as in Proposition (2),
splitting 1 = Ro(\)¢ € C5°(R™) as before, far and close to the algebraic set V(P).
For the term involving ¥ = x1% apply Cauchy-Schwarz, while for ¢ = x2% use the
inequality as follows:

aP  be 1

1
ab< —+—, —+-=1,
p q p q
2
p:—,a:6%P72a7b:5_%7
do

and for the two terms we have that

| P2 [[12< Cc || 62 |,
and also that

4o || £2< Cel A2 || ¢ | -
Choosing then

§ =6 7w\t
we get the desired estimate.The other estimates follow in the same fashion as the first

one. [

The Neumann series. We will prove the existence of an asymptotic expansion for
a suitable power

R]cg,a()‘) = ()‘ - Hc,a)_k

and proving the existence for each term there. Actually, R’(f)a()\) is represented by an
integral kernel since as we intend to show, it is in the Hilbert-Schmidt ideal.
The resolvent expansion for R, () is

N—-1
1_do<

Rea(N) = Z(RO()‘>|P|_O‘)j.RO()\)—I—O(|/\| ( —)N—l)

§=0
the remainder is considered in the L2-norm. Use the fact that
RE L) = 150 (Rea(V)
to calculate the form of the Neumann series for Rf ,()). We set then
IV (N) = (Ro(N)|P|7)’,
so that

1_do¢

(\) = > T Ro(A) + +0(|A[7H =V,

In order to obtain the Neumann series of R o(\)* to study the beaviour of the terms
in this series. Therefore we set us

J
"7 = 9§ (IFRy(N)) = Y _ (=)~ (95IT7) Ro(A) ~“+1.
£=0
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Therefore we need

T’ = > I Ro(A)II™2 Ro(N) - - - Ro(A) I,

my+-t+mep1=i,m1 >1

Here observe that the number of Ry(A)-factors is £ Conclusively we have that for the
operator product factor

Ci;l;ml ..... Met1 — I RO()\)HmZRO(A) ce Ro(A)Hmz—i_l,

T67 — (_1)j+1 Z Ci;f;ml,...,mHl -RO()\)j_€+1,

0<e<j,m1>1,m1+-+mypp1=i
Now we see that
[Cistima o meallze < X705
e P
The trace class norm estimates are derived through the following estimate from [C1]:

ProrosITION 3.3. Suppose k? MZLT?Q),Z >2,x € L(Q)p(R"), 1—17 + % =1. Then
X-Ro(A) is in Ci(R™) for A € C\ Ry and

n(qgl—1+42)

[IXBo (V¥ (i < Crellxlop A7

for supp(x) C K CC R™ for all X in |[ImA| > eReX + € for given € > 0.

Combining the preceding estimates (Proposition 3.1, 3.2) we can conclude that
I € C;(R™) and furthermore that

n(qgl—1+2 . o
(g - )—1(1—%)

I XI™(A) 1< Crej || X ll2p N 77F75

The existence of the Asymptotic Expansion for tr(xRE (X)). We conclude this
section with the proof of the existence of the A — oo asymptotic expansion of the
trace tr(x - RE ,(X)). The latter for k chosen conveniently is a sum of integrals of the
form

TIRON any. .y a) = tr(XZPF)Y O\, oy ooy @) =

- /R I (RGN (@i, i) - TH_ [P (@) x (@) -~

with the convention x41 = z1,X = (1,...,2;) € R™. The resolvent is given by

- z+2 1 > _(m1-=29)% d
Ro(ers0z) = 572K (VR —aal) = e [ A
0

_2% T — X9 51 4m)2 2
Yy

The existence of the asymptotic expansion of the trace T/*(\, a1,...,a;) is proved
using the Mellin transform suggested by the following classical result - stated in the
terminology of [C2]:

PROPOSITION 3.4. Let f € C§°(R),m € R such that 2™ f € L} _(R). Suppose

loc
that the Mellin transform f has a meromorphic extension from the half plane {z €
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C/Rz > —m} with poles and multiplicity function S,d = deg(S) and further that
limgs—oo(|s|?f(s)) = 0. Then f € T®°(Ry).

Using the integral representations for the resolvent and changing variables we
deduce that the Mellin transform of 7; with respect to A takes the form for & =
kl —+ -4 kj:

zj’f(s, A1y, 0r) = cn)j7k(s)/ L P(s,al,.__,aj)(x y)x(z,y)dzdy
R xRy’
where we have set above

(2k— ")J

Cn,jk(s) =4 IT(s)T(—s
y = (y1,...,y;) and the integrand consists of:

i j s—j(ki—%)—1, s (M)
P () ([T w8 (O, y)) ot R
(T+yo+-+y)°

and Q = ¢*Q is the restriction of the homogeneous polynomial function Q : R™ x
R’ — R on the y; = 1 hyperplane

J J
Z (yk + ye—1)mr(y) 2} — Zﬂfi7i+1)(y)($i—1yi + Tit1yi-1) - @
k=1 i=1

where - denotes the Euclidean inner product and we have set as well
7Tf- (W) =vy1-  Yi1Yisr1--- Yj, ng1i+1)(y) =Y1---Yi-1Yiy2---Yj-

The existence of the asymptotic expansion is a direct consequence of the following the-
orem on the meromorphic continuation of integrals depending on complex parameters,

[BG.

THEOREM 3.5. Let P, ..., Py be regular functions on R™ and ¢ € C§°(R™), then
the integral

IO ) = [ PP PP g,
Rn

can be continued as a meromorphic function on the whole space of the complex vari-
ables A1, ..., A\i; at the same time the poles can be situated on a finite number of series
of hyperplanes of the form ai\1 + ... + ag A + b+ s = 0 where aq,...,ax,b are fized
nonnegative integers and s runs through all the odd natural numbers

4. Growth of inegrals in semialgebraic sets. Let P € P99 be a homoge-
neous polynomial and consider the following semialgebraic sets:

Np(n) ={r e R"/eo < P(z) < n}.

Then we consider the function ¢, supp(¢) C Bo g that satisfies the gradient estimate
for «,6 > 0:

IVEl <Al +0.
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If ¢ € C5°(R,) with supp(¢) C [0,14+¢),¢ = 11in [0, 1] then ¢ ( ) localizes in the

space P < n. We will follow the classical identities for the monotonicity formulas, cf.
[HL]. Then we have the following elementary identity:

o = —=5z VP Vo

P
VPP
we can differntiate the integral replacing ¢ by ¢ (%) ¢ in order to localize in Np(n):

It = | ¢
Rn

and get:

aI; _ ,
- VP.V
Ty~ /Rn |VP|2< v

Then integrate by parts to obtain for Q = |V P|*:

%S/ (@—

Then applying the conical Lojasiewicz inequality we obtain:

AP Pl V@
—|+d+2y —+
VPl Q

) 0 + vol(IN,).

P 1

< c|P|V/™ < ent/m
If we assume that @ € P9 -it is not neccessary, since with partial integration we can
avoid the term involving V@ - then applying the generalized Hardy’s inequality we
arrive at the differential inequality

dl
&¢ <C (7277%—114 +n%) .
dn

Then we arrive at the conclusion:

Ic(n) < ere® 7" 1 (n)2).

Actually this estimate combined with Harnack inequalities for semialgebraic sets
(proved in [P1]) provide growth estimates for functions on semialgebraic sets.
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