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REMARKS ON SOME INTERPOLATION SPACES

Luc TARTAR
Carnegie-Mellon University

Dedicated to Enrico MAGENES

Abstract. One purpose of this paper is to introduce a new idea of associating microlocal measures to bounded
functions of bounded variation, and even to functions in the interpolation space (H(Q),L%(9)) 1/2,00" in
order to replace and improve some methods from geometric measure theory. Some properties of similar
interpolation spaces are reviewed first.

I do not remember when 1 met Enrico MAGENES for the first time. My first visit to Italy was for a
CIME course in Varenna in 1970, and he may have come there, or I may have met him a few months after
at ICM70 in Nice, but I definitely met him three years after on my second visit to Italy, when I stopped for
a few days in Pavia on my way to Trieste. He kindly guided my visit to the famous Certosa di Pavia, and
insisted that I should come back again as my visit could not be complete without seeing the facade; it was
not that some work was being done with scaffoldings all around as it unfortunately happens sometimes when
one visits a famous monument, but it was in November and the fog limited our visibility to a few meters.
1 did visit Pavia a few other times, not quite as often as I would have liked, and in that warm atmosphere
that emanated from E. MAGENES 1 always felt as if there was now an Italian branch on my family tree.

1 cannot remember if my thesis advisor, Jacques-Louis LIONS, had told me to read any of the three
volumes that he had written with Enrico MAGENES, but I did read the first one entirely and some parts of
the others two and it was then that I first learned about the theory of interpolation in the case of RILBERT
spaces [L1&M]. J.-L. LIONS did give me his article with Jack PEETRE to read [L2&P], which improved my
understanding of the case of BANACH spaces, and he mentioned some improvements by J. PEETRE, some of
which I later found useful when I wrote my thesis: the first part {T1] answered a question that J.-L. LIONS
had asked me in orde: 1o generalize one of his results [L3]; the second part also answered another question
of J.-L. LIONS but never appeared as the corrections proposed by the editor never reached me due to some
defect in the transatlantic mail system, and as my personal difficulties about writing (and also reading) were
genuine, I could not put my mind on questions of publication for quite a long time after this incident. Many
of my results remained then unpublished, sometimes mentioned by J.-L. LIONS as “to appear” instead of
“personal communication” which would have been more appropriate, as I could not have initiated the too
arduous process for me of preparing a manuscript for publication without someone insisting that a particular
result of mine was worth publishing.

Progressively, I moved away from functional analysis and set my new goal of understanding more about
Continuum Mechanics and Physics, so I could not find enough motivation to write down some of these
technical results which I had obtained before.

Today, however, I realize that even for questions of Continuum Mechanics, some technical results from
interpolation theory might be more important than I had thought previously. I did mention orally some
remarks in this sense in two meetings during the Summer of 1992, the first one in Oberwolfach and the
second one in Trento, where 1 had the pleasure to meet again Enrico MAGENES, and it is therefore with
great pleasure that 1 dedicate to him some of these old remarks, mixed with new ideas.

1. A problem in singular perturbations and boundary layers.

In the early 70s, J.-L. LIONS was working on questions of singular perturbations, some of them involving
questions of boundary layers; as he often did, he was teaching the subject and writing a book on it at the
same time [L4]. One of the many questions that he was considering was to describe the boundary layer
correction in a variational elliptic problem of the type

—€e2Au,+u,=finf, u =0o0n a9, (1.1)
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Q being a bounded open set of R¥. For € > 0, this problem has a natural variational framework in V = H3(Q)
when f is given in V' = H-}(Q) or H = L?(R2), and one obtains the natural bounds

C (9
lluellv < 11fllv-, and luell < Zilfllv-, 12)

which can be improved in the case f € L?(Q), to give

lluellv < g—llflln. and |luc|l# < ClIf|la, (13)

where, as usual, C denotes various constants, not necessarily all equal. One then turns to the question of
describing the behaviour of u, as ¢ tends to 0, assuming at least that f € L?(R), and the first result is that

u, — f in L?(Q) strong, (14)

but without any uniform estimate, while if f € H}(2) one can write an equation for u, — f and deduce that

llue = flla < Cellfllv (1.5)

One arrives then at the interesting question of studying the boundary layer, i.e. of describing what
occur: = the case where f is smooth but not 0 on the Loundary 8Q of Q. In that case, the standard
technique consists in performing a local change of variable, using € as a characteristic length for rescaling in

o . L i . .
the normal direction, and one then discovers that one needs a correction in e“‘-‘l, with d(z) denoting the
distance to 8Q; after a few computations, this gives the error estimate

llue = flly < CVE if £ and 89 are smooth enough. (1.6)

The question which puzzled me was that this classical method is not well adapted to discovering what
is the minimum regularity that one should ask for f and for the boundary 89 in order to have an estimate
like (I1.6). With Bernard NIVELET, who was working on this kind of problem at the time, I did some quite
technical computations in order to check that the estimate is still true in the case where f is smooth and

Q is a square, even though A(e'#l) has singularities on the diagonals, but I then found a method that
could give an estimate like (1.6) without describing the correction at all. My method has a few advantages
for what concerns regularity hypotheses: for what concerns the regularity of f, it does not even ask that f
belong to H)(R), as f € H*(R) is enough for s > %, and even a little less, as we will see when I will describe
the precise interpolation spaces which I used. For what concerns the regularity of the coefficients, it applies
if —A is replaced by a second order operator with bounded measurable coefficients -Z-N.j=1 5‘:—.(0,5 Eg—,)

assuming of course that it is uniformly elliptic, i.e. there exists @ > 0 such that 2?'J=,a.'j£.~€,- > al¢f?
for all £ € RV and almost every z € Q2. For what concerns the regularity of the boundary, it applies to
strongly LIPSCHITZ domains; actually, if the goal is only to prove an estimate like (1.6), I conjecture that the
regularity hypothesis for 82 can be weakened by a careful use of nonlinear interpolation as I did in my thesis

for what concerns the regularity of coefficients needed for regularity theorems obtained by interpolation.

For simplicity, I describe the method for —A. My result was mentioned in [L4] for f € H!(R), but I
had shown it for f € H*(f2) with 5 > 4, and this result was rediscovered later by Yoshio KONIsHI [K). The
discussion will center on two families of interpolation spaces and I first recall what these interpolation spaces
are, using the K-method of J. PEETRE (which, together with its dual J-method, is a simplification of the
methods introduced by J.-L. LIONS & J. PEETRE [L2&P), which already generalized a few earlier ideas).

Definition 1: If E; and E; are two BANACH spaces embedded in a common topological space 8o that their
sum Eg + E) is defined, then for t > 0 and a € Eq + E) one denotes K(t,a) = inf(||ao||o + t||a;]];), where
the infimum is taken over all the decompositions a = ag + a;, with a; € E;, and where |l-|li denotes the
norm on E,;. Then for 0 < 6 < 1 and 1 < p < o0, (Eo,E))s, denotes the Banach space of a € Ep + E;
such that t=’ K (t,a) € L? (0, 00; ?), the norm on this space being the corresponding norm of t=*K (¢, a) in
Lr(0,00; 4t). For convenience, we will write E(6, p) instead of (Eo, E; Yo.p-
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Remark 2: Describing what these spaces are in particular circumstances is not always easy, but one always
has E(6,p) € E(6,q) if 1 < p < ¢ < 0o. These spaces satisfy the interpolation property, namely if a linear
operator T from Ey + E; into Fp + F) is continuous from E, into Fo and continuous from E,; into Fy, then
it is continuous from E(6,p) into F(8,p) with norm < C||T||3~*|IT||¢, where ||T||; denotes the norm of T
from E; into F;.

Notation 3: For 1 < p< o0, X(p, ) = (H&(Q).L’(Q))ll” and Y (p,0) = (H‘(Q),L’(Q))l/“.
Theorem 4: If f € X(00,0), then the estimate (1.6) holds, namely

llue = flly < CVEISlx(0.0)- (17

Theorem 5: One has X(00,9) C Y(00,0). If Q is a strongly Lipschitz bounded open subset of RN, then
Y(1,92) C X(00,0).

Remark 6: As for s > § one has H*(Q) = (H'(Q),L%(Q)),_, , € Y(1,9) one deduces that (1.7) holds if

the norm in X (c0,Q) is replaced by a norm in H*() with s > 3.

Theorem 4 has not much content as it is almost the definition of the interpolation space X(o0,Q)
mentioned in the statement, but Theorem 5 and its corollary stated in Remark 6, is a more interesting
statement.

Proof of Theorem 4{: The linear mapping T defined by Tf = u, — f, with u, defined by equation (1.1),
maps H}(Q) into L%(Q) with a norm < Ce by (1.5) and maps L?(Q2) into L*(Q) with a norm < C by (1.3);
therefore, by the interpolation property, it maps X(c0,Q) = (H{(R),L%(R)) into L?(9) with a norm

< CV/e, which gives (1.7).

1/2,00

Proof of Theorem 5: As H}(Q) C H(), the interpolation property implies that X (c0,Q) C Y(o0,).

In order to prove the second inclusion, one first uses a LIPSCHITZ partition of unity to localize what
happens around various points of Q or the (compact) boundary 99; of course for u € Y(1,92) one has
u= ), 6;u with all §; LIPSCHITZ and the interpolation property implies that each 6, u belongs to Y (1,Q).
As Q is a strongly LIPSCHITZ domain, around a given point of the boundary, one can consider that Q is
replaced by Q' = {z € RN : zy > F(z;,...,2n-1)} where F is a LIPSCHITZ map, and then by R} =
{z € RN : zx > 0} by considering zy — F(z,,...,zn-1); of course the interpolation property is again used
to see that spaces like Y (1,9) behave nicely by LIPSCHITZ changes of variable. It is enough then to show
that Y (1, RY) C X(oc, R} ), and then put all the pieces back together by using once more the interpolation
property to deal with spaces X (o0o0) for various open sets.

For u € Y(1, RY') we want to show that u € X (oo, RY'). For this we consider that u is extended by 0 for
zn < 0, take a C* function p having compact support in zy > 1 and having integral 1, and for 0 < e < 1
we define u, by the convolution product

u(z) = /R" s"Np(g)u(z - y)dy (1.8)

so that u, has its support in zy > € and therefore belongs to H}(RY). Using now H = L*(RY) and
V = H}(RY), we want to show that

9
lle = uelly < CVE, and |lgrad(uc)lly < 7 (1.9)

which will imply that u € X (oo, RY ) because it shows that K(t,u) < C(* +1/£) and therefore by taking
e =1 that K(t,u) < CVi for t > 1 (as HJ(RY) C L*(RY), one has K (t,u) < Ct by writing u = 0+, and
there is no need to check that K(t,u) < Cv1 for t < 1). All the required inequalities will follow from the
fact that u € Y(l,Rf) implies



llu(. = ) = v(O)lls < CVylllully,ry) for y € RN, (1.10)
Let us first admit (1.10). Then, because p has integral 1, one has

and t.herefore takmg the L2 norm glV&

e = ulls < [ e |o(¥)|VBly < V& (112)

On the other hand as u, is a convolution product, one has

_ = ~(N+1)5 (¥ y(z - = -(N+1) g, (Y -y) -
Oju.(z) = ~/R,';' € B,p(e)u(: y)dy = /R!: € 3,p(€) (u(z y) u(z))dy, (1.13)
as the integral of 9,p is 0, and this gives
. -4 (¥ < /
18 uella < /R: e 0o, p(¥) | Vislay < (1.14)

It remains to prove (1.10). For yn = 0, inequality (1.10) holds even for u € Y(co, RY) because one has
[lu(. = y) = u()|lx < Clyl-l|u]lv and ||u(.=y) = u(.)||l# < 2||u||s and the interpolation property gives (1.10),
but this argument does not work if yy # 0, but it does apply for the case of R", as we will use later. Let
us consider now the case where yy # 0 and y; = 0 for j # N, and denote by Pu the extension of u which is
even in z N, i.e.

Pu(zy,...,zn-1,zN) = u(zy,...,2n_3,2N) if 2Ny > 0or u(zy,...,zn-1,—2zN) if N < 0. (1.15)

The interpolation property shows that u € Y (1, RY) implies Pu € Y(1,R") and therefore by applying the
preceding argument to Pu on R", one deduces that

IPu(. = y) = Pu()llw < CVylllully,p~y for y € RY, (1.16)
and this will give (I1.10) if we show the inequality

llullaocen<n) £ C\/’_l“ullyu,ng)- (1.17)

Indeed for a function ¢ of a single variable one has

le(to)l < Cligllds ) liella sy, (118)

where C is independent of tg, and therefore

lellzsocicny € CVAlIRlE s ayllellEa ay. (1.19)

which after integration in z,,...,ZN_) gives

llullzsocencny € CVRIIUllE s pyllullFa ny. (1.20)

This last inequality implies (1.17) by a classical argument of LIONS & PEETRE [L2&:P] (which uses the
J-method), namely if a linear map S satisfies

lISullz < CllullE;*lull}, for all u € Eq N Ey, (1.21)
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then it satisfies

[ISullz < Cllullg,1)- (1.22)

Remark 7: By interpolation, if u € X(00,), then the extension of u by 0 outside 2 gives a function in
X (00, RV), and therefore an inequality of type (1.10) holds, giving then an inequality of type (1.16), i.e. by
denoting d(z) the distance of z to 89, u € X (oo, ) implies

lullz2(ocd(eycny € CVA for 0 < h < 1. (1.23)

The preceding proof actually shows that u € X(o0,) if and only if v € Y(00,Q) and (1.23) holds for
u, as this inequality is conserved by localization and LIPSCHITZ change of variable.

I1. An interpolation space on Q with traces exactly in L2(8Q).

If inequality (1.17) was true with Y (1, RV) replaced by Y (p, RV) with p > 1, then by taking squares,
dividing by h and letting h tend to 0, it would imply that functions in Y (p, RV) have a trace on zy = 0
belonging to L2(R™), and this is not true. However, the space Y(1,R") does have L2(RN-1) traces on
zny = 0 (as follows from (1.17)), a fact which I learned in 1975 in a talk of Shmuel AAGMON, who was
describing some work he had done with Lars HORMANDER concerning questions of spectral theory [A&H).
The trace result obviously extends to LIPSCHITZ hypersurfaces (S. AGMON & L. HORMANDER were actually
interested in traces on spheres, and working with the FOURIER transform of Y (1, RV) instead); S. AAGMON
& L. HORMANDER also proved that any L?(RV-!) function could be a such a trace, not by an explicit
construction but by an argument using the transposed operator.

Of course, one cannot obtain information on the trace by interpolation as one is exactly considering
a limiting case beyond which traces are not defined. Around 1985, in collaboration with Michel ARTOLA,
we constructed an explicit lifting of the trace from L?(89) into Y (1,9) by applying a method which I had
derived earlier for proving the classical result of Emilio GAGLIARDO [Ga) that every function in L}(89) is
the trace of a function in W11(Q); my method is quite similar to E. GAGLIARDO’s original method. For
simplicity, 1 consider the case of R?, and present both results for completeness and in order to show the
similarities of the two questions.

For f € L'(R) let us construct u € W = W1(R?) such that u(z,0) = f(z) almost everywhere.
Continuous functions with compact support are dense in L!(R), and can be approximated uniformly by
continuous piecewise affine functions by refining the mesh size, so there exists a mesh size h and a continuous
function g affine on every interval (ih, (i + 1)h), such that ||f = gllLy(r) < ellfllL1(r) With @ < 1. The
interest of this class of functions g is that there exists a constant C independent of ¢ and A such that
£z Ry < §llgllLr(r)- A function G € W = W1(R?) with trace g is then given explicitly by

G(z,y) = g(z)e~ ¥, (1L.1)

and one immediately checks that it satisfies

lIGllw < CllgllL(m)- (11.2)

Then one repeats the procedure with f replaced by f — g and one creates then a series of functions G (with
smaller and smaller mesh sizes) whose sum is the desired function.

For f € L*(R) let us construct u € Y (1, R?) such that u(z,0) = f(z) almost everywhere. By the same
argument, there exists a mesh size h and a continuous function g affine on every interval (ih, (i + 1)A), such
that ||f — gllLa(ry < allfllL2(r) With @ < 1. We make the same observation that ||£|IL3(R) < $ligllzacr)
and use a similar formula

G(z,y) = g(z)e” F, (11.3)
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in order to generate a function with trace g (notice the different power of A in the exponential). It remains
to estimate the norm of G in Y (1, R2). One has ”G”L’(R’) < Cﬁ”g”l_:(n) and ”G“L:(ﬂ?) + ”%(:—;“L’(R’) +

152 lLacre) < 76.;“9”1.2(;:), and therefore

lIG]ly (1.82) < ClIGII}aaa)IGIIE s ga) < Clisliacay- (114)

Then one repeats the procedure with f replaced by f — g and this creates then a series of function G (with
smaller and smaller mesh sizes) whose sum is the desired function.

III1. Regularity for evolution variational inequalities.

Just after having found the role played by X(oo,) and Y (o0, 2) in the singular perturbation problem,
I discovered another situation where a space like Y (co) arose naturally, this time in relation with a question
of regularity in time of solutions of evolution variational inequalities (of parabolic type).

In the usual Hilbert setting V C H = H' C V', V being dense in H and the respective norms being
denoted by ||.||, |.| and ||.||., let A € L(V,V’) be such that there exists a > 0 and § € R such that

(Au,u) > ally||? = Blul’ for all u € V, (I11.1)

and then let f € L?(0,T;V’) and ug € H. Then there exists a unique solution u € L2(0,T;V)NC([0,T); H)
of

% 4+ Au= fin (0,T); u(0) = uo, (111.2)
and it obviously satisfies %‘,4 € L?(0,T;V’), because both f and Au belong to this space. The evolution
variational inequality consists in having for each ¢ a nonempty closed convex set K(t) in V and ask instead
of (I111.2) that u satisfy

(‘;—;‘ + Au,v— u) >(fiv-u)ae t€(0,T)forall ve K(t) ae. t € (0,T),
u(t) e K(t)fort € [0,T]; u(0) = uo. (111.3)
Of course, one adds that ug belongs to the closure of K'(0) in H, and one requires some reasonable dependence

for K(t) with respect to {, but the problem is that if such a solution u exis': cne cannot deduce where 1—',‘

will be. One must then use a weaker notion of solution, corresponding 1t = formulation where %‘7‘ is not
used, and then one must ask about the regularity of that solution. In my argument, 1 was using a particular
hypothesis for A'(1), namely that

K (1) is nondecreasing in t, (I111.4)

and what I obtained was not an estimate on the derivative of u in t, but on a derivative of order 4, involving
a space like Y (00), but with values in H. Let us consider first the case of smooth solutions.

Theorem 8: Under assumptions (111.1) and (I11.4), there is a constant C such that if u is a strong solution
of (111.3), i.e. such that u € L2(0,T;V)NC([0,T); H) and & € L%(0,T; V"), then it satisfies

T T
/ lu(t) - u(t — h)dt < Ch( / IF()IfZdt + uol? +1) for 0< h < T, (111.5)
0 0

where u had been extended by 0 for ¢t < 0.
Proof. By choosing a constant v € K(0), which is admissible because of (I111.4), the inequality (II1.3) gives

d(|u - vl’)

1
@ + 2a|ju = vll* = 2Bju — v’ < 2|If — Avll.|lu|| < allu - v]]* + Shr- AvllZ, (111.6)
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which implies the first elementary estimate

T T
/ llu(t) = v|[?dt + sup |u(t) —vf* < c( / [1£(t) = Av|Pdt + |uo — v|2), (111.7)
0 1€[0.7) ()

where C depends upon a, 8, T and the best constant « such that ||v]| > v|v| for every v € V. In order to
obtain the less elementary estimate (I11.5), I made a translation in order to have 0 € K(0), and chose the
test function v to be

o(t) = % [:hu(s)ds, te(0,T) (IIL.8)

with h > 0 arbitrary and u being extended by 0 for t < 0. Again, this is an admissible test function because
of (I11.4) and the extension of u by 0 for t < 0 gives v(0) = 0, which is admissible because 0 € K(0). We
then integrate (I111.3) from 0 to T with this choice of v. One has

/OT(%,v - u)dt = -%MT)P + %|uo|2 + (u(T),v(T)) - %/OT (u(t),u(t) —u(t - h))dt, (111.9)

so that

T rdu 1 [T T )
A (E,v—u)dts—z—h [ u(t) — u(t = h)Pdt + Fluol” + F1u(T)I* (111.10)

As all the other terms are bounded by constants independent of h because of the first estimate (I11.7), one
obtains a bound independent of A for %foT [u(t) = u(t — h)|?dt, i.e. the estimate (II1.5).

Remark 9: For weak solutions, one must be a little more careful, but the idea is the same. One uses a time
discretization, choosing a mesh size k = At = 77;7, approximating f by f, = i-f:’f_l)k f(dtforn=1,...,N,
and defining u,, expected to be an approximation of u(nAt), by an implicit scheme: solvingforn=1,..., N,

the variational inequalities

-l-(u,. —Up_1,V— Up) + (Atn,v = Ug) > (fn,v — u,) for all v € K(nk), with u, € K(nk). (I111.11)

Assuming that we have made a translation so that 0 € K(0) € K(nk), we can take v = 0 in (III.11)
and obtain the discrete analog of (I11.7), i.e.

N T
£ lluall + sup lun? < [ 1SOIZdt + uol?), (1m.12)
n=1 n
as well as
N
2 lun — un—l'2 <G, (I11.13)
n=1
with C independent of N. The analog of (I11.5) is
N
z Jun = “n—m'z <Cm, (111.14)
n=1

with C independent of m and N, and it is obtained by choosing v = v, = #(u,.-; +...4 tp_m), and
summing in n after multiplying by k. Indeed the analog of the left hand side of (I11.9) is

7



N
X = Z(u,.—u,.-hi(u.._;+...+un_m)—u,.), (111.15)

n=1
which transforms into a few more terms than the right hand side of (111.9), as — 3|u(T)|? + §|uo|? is replaced
by —4lun|? + &|uol® - %2:’;1 |tn — tn—1]?; then the other terms are (ux.vn) replacing (u(T),v(T)), and
-1 TN (un,up = tn_m) replacing —} f:(u(t),u(t) — u(t = h))dt. This g:ves for the analog of (I11.10) the
inequality

N-1
1 S T T
X<-5m ?;, ltn = tn—m|? + 5 luol + Zlow P, (I1L16)

which with (I11.11) implies (1I1.14) as all the other terms appearing are bounded by constants independent
of m by (111.12). Having solved (I11.11) for all n, one creates a function by interpolation, and any reasonable
method will give a function satisfying (I11.5). Passing to the limit in (II1.11) is not difficult if one uses a
test function such that v(t) € K (t) for every t € [0,T] and which is smooth enough, for example such that
g € L*=(0,T; H), so that the derivative in t can be used for the test function v instead of the solution u

1 remember applying the same idea to other nonlinear problems. A first one was an abstract pseudo-
NAVIER-STOKES setting, %—‘,‘- + Au + B(u,u) = f, for which I was considering variational inequalities if my
memory is correct, as I have misplaced my personal notes on that question long ago, but J.-L. LIONS did
mention it in a joint book with Roland GLOWINSKI and Raymond TREMOLIERES [G&L&T] (although they
wrongly attributed me a co-author for that result). A second one, answering a question of Haim BREZIS at
a meeting in Pau in February 1972, was an equation of the type %‘,4 + 8p(u) € f witl: p convex.

IV. What functional spaces could one use for hyperbolic equations?

At a meeting in Oxford in the Summer of 1982, I did mention functional spaces like Y (o0) as a possible
answer to a question of Andrew MAJDA. I had heard mentioned before that the space of BV functions,
although quite useful for studying a scalar quasi-linear hyperbolic equation, did not seem adequate for
treating the case of systems of conservation laws; A. MAJDA was adding the remark that for linear hyperbolic
systems in more than one space variable the L? setting seemed almost necessary and that the study of small
perturbations of a nonlinear system added the constraint of using a functional space adapted to linearized
problems, so that a space like BV had to be excluded. A space like Y (00, RV ) seemed to me a good substitute,
as it was using a L? setting, while at the same time it contained many functions having discontinuities, as
piecewise smooth functions with discontinuities along smooth hypersurfaces do belong to Y (o0, RV).

Unfortunately, my only result in that direction concerns a scalar equation in only one space variable,
and it uses different interpolation spaces than Y (oo, R), so that I still do not know if the space Y (oo, RV) is
useful for hyperbolic equations. The framework is that of entropy solutions of

ou , O(1w)

5 = 0 in the sense of distributions in R x (0,T); u(z,0) = v(z) a.e. in R, (Iv.1)

obtained, for example, by the vanishing viscosity method. We assume for simplicity that f is a C? function.
For € > 0, the regularized equation

pur O(F(u)) g2y
YT e

defines a (nonlinear) semigroup S¢(1), which satisfies

=0ae. in Rx(0,T); u*(z,0)=v(z)ae. in R, (Iv.2)

IS @)vllLery S llvllLr(ry for 1 < p < 0. (Iv.3)
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IS (t)v = S* (wlly(ry < llv = wllL(R)- (Iv4)

As £ tends to 0, u® converges to the particular solution of (IV.1) which satisfies the following entropy
condition

o(vtw) | o(v)
ot Oz

for every convex function ¢, called an entropy by Peter LAX, the entropy flux ¢ being defined by ¢/ = f'¢’;
the entropy solution corresponds to a semigroup S(t) which satisfies the same inequalities (IV.3)-(IV.4) as
S¢(t) does. As S*(t) and S(t) commute with translation, one can deduce immediately that

< 0 in the sense of distributions in R x (0,T), (Iv.5)

ImS(t)v — S)vllLrr) < lImav = vllLiR), (1v.6)

where 7, denotes the translation by A, i.e. nu(z,t) = u(z - h,t). From (IV.6), and the analog of (IV.3) for
p = 1, one can deduce that

IS()vllBv(ry £ Cllvllav(R), ’ (IV.7)

and by (nonlinear) interpolation that

IS@vliw < Clivliw, (IV 8)

where W is any interpolation space between BV(R) or W!}(R) and L*(R), like W*}(R)for 0 < s < 1. It
could seem natural to deduce existence results in interpolation spaces between BV (R) and L= (R), but the
known (nonlinear) interpolation theorems do not apply, as they require a LIPSCHITZ or HOLDER hypothesis
for the mapping on some of the spaces, and this does not hold for either BV(R) or L*°(R). However, 1 was
able to derive such an interpolation result, but by using a linear interpolation argument as follows.

Theorem 10: The semigroups S*(1) and S(t) satisfy the estimate

1S (t)vllz(o,p) + HIS)vllz(6.p) < Cllvllz(o ), (Iv.9)

where Z(6,p) = (BV(R), LN(R))O.;»‘ with0 < <1and 1< p<oo, and C is independent of €.
Proof. For v € L™(R), the solution of u, of (IV.2) is uniformly bounded, by an application of the maximum
principle, and satisfies

Hu® (- )llzee(r) < llvllLe(r)- (Iv.10)
We define a‘(z,t) = f'(u(z,t)), and consider the linear equation

ow 6w Hw . . _ .
5 +a 2 92 Oae in Rx(0,T); w(z,0)=wp(z) a.e. in R, (Iv.11)

so that, because of (IV.2) and the fact that u® is smooth enough to have 29;:_'2 = f'(u* )%?‘;'- the solution
of (IV.10) corresponding to the initial data v is u*. By the maximum principle, the solution w of (IV.10)
satisfies

Hw(-,)llze(r) £ llwollLe=(r). (IV.12)
On the other hand the function z = §% satisfies

€, 2
%; + 3(;2-) - cg;; =0ae in Rx(0,T); w(z,0)= wo(z)ae. in R, (1V.13)

so that, by the maximum principle applied to the dual problem, one has

9



”%tzl-’("t)“u(n) s ”%?“Lt(n)' (Iv.14)

The interesting fact is that the inequalities (IV.12) and (IV.14) are independent of the regularity of a*,
as long as a® is smooth enough, which is indeed the case because € > 0 and u® is reasonably smooth. As
BV(R) is included in L*(R), a result which does not extend to more than one space variable, one may put
on BV(R) the norm

lellavem) = lipllzmem + [| 32|z (1v.15)

where M(R) is the space of Radon measure with finite total mass, and easily deduce from (IV.12) and (IV.14)
that one has

llw(-, )llsv(r) < llwollav(ry- (1v.16)
Then one can use linear interpolation theory to deduce from (IV.12) and (IV.16) that one also has

Hw(-, )l1z(e.p) £ Cllwollz(s,p)- (Iv.17)

One then applies the result to wg = v, which gives w = u® and the desired estimate for S*(¢)v in (IV.11),
and then letting ¢ tend to 0, one obtains the same estimate for S(t)v, proving (IV.11).

Remark 11: The result for uf is actually true with BV(R) replaced by W:}(R), but of course, the limit u
may have discontinuities and take values in BV (R) but not in Wh!(R).

Remark 12: It is not difficult to check that
1 dh
, _ 72 . _ P s
Y(p,R) = {u € H=L*R): ——\/’_lllr,.u ully €L (0,00, 5 )}, (IV.18)

but because BV (R) is not embedded in L?(R), we also consider the spaces

1 dh
Z(p,R) = {u € L=(R): Zxlirau ~ ully € LF (0,00; —) } (1V.19)
With this notation, one has Z(%,Q) C Z(o0, R). Indeed one has

HHrav = vl|Lscr) £ ClhllIvllpv(r) and ||7Tav = v||Le(r) < 2|[v||Le(r), (Iv.20)

so that by interpolation one obtains

llTav = vllLacry < CVRIIv]Iz(1 2.2), (Iv.21)
and as this is true for all h, and as Z(6,p) C L*(R), this implies

llvlly (eo.m) < Cllvllz(172,2)- (Iv.22)

The space Z(},?) is not included in Z(p, R) for p < oo, as there are functions in BV (R) which do not
belong to Y (p, R) or Z(p, R) for p < co: let ¢ € D(0,00) have integral 1, and define u by u(z) = 0 for z < 0
and u(z)=1- f: #(y)dy for z > 0, so that u € BV(R) and has its FOURIER transform which decays like
-;- with ¢ # 0, and therefore belongs to Y (oo, R) but not to Y(p, R) for p < o0.

The preceding construction showing that some discontinuities are not allowed in Y(p, R) or Z(p, R) for
p < oo (although not all functions of Y (p, R) or Z(p, R) are continuous for p > 1) shows that in the family

of functional spaces Y (p, RY) or Z(p, RV) with 1 < p < oo, only Y (oo, RV) or better Z(p,RV) could be
adapted to conservation laws.
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Remark 13: In the other direction, the spaces Y (p, R) are not included in Z(},2) for p > 1, as Z(},2) is
included in L*(R), while Y(p, R) is not for p > 1. One can construct an unbounded function belonging to
Y (p, R) in the following way: let ¢ be a real even nonnegative C* function having support in 1 < |z| < 2
and integral 1, and let ¢ be its FOURIER transform, which is a real even C*® function, belonging to S(R)
and such that ¢(0) = 1; then the function f defined by f(z) = }_,¢z an¥(2"z) has FOURIER transform
Ff(€) = Lnez 9n27"9(27"€) and belongs to Y (p, R) if and only if the sequence a,, belongs to I*, and f will
be infinite at 0 by choosing the coefficients a, to be nonnegative numbers such that the sequence a,, does
not belong to I*.

As Y(1,R) only contains continuous functions, one has Y(1,R) C Z(1,R) and one can expect that
Y (1, R) is continuously embedded in Z(%,2), but I do not know if that is true.

Y(1,R) is actually embedded in the larger space Z($,00). In order to show that it is continuously
embedded in any space Z(4,p), it is enough (and therefore equivalent as H'(R) C Y(1, R)) to prove that
H!(R) is continuously embedded in Z(%, P), i.e. that there exists a constant C such that

“0”2(1/2,) < C"u””:(n) for every u € HI(R) (Iv.23)

Then for A > 0, one applies (IV.23) to the rescaled function u, defined by u,(z) = u(Az) for z € R;
as |[uallpv(r) = llullav(r) and |luallL=(r) = llullL=(r) for all A > 0, one deduces from the definition of
interpolation spaces that ||ua||z(1/2,0) = llullz(1/2,p) for all A > 0; on the other hand the L?(R) norm of u,
varies with A in a different manner than the norm of ‘7“}, so that (IV.23) applied to u, gives

u <C du
I—'—”Z—“\,;—l;\f)—-llulll,:(a) + C\/XIIE LRy for every u € H'(R). (1v.24)
Choosing the best A gives
du| ¥
llullzay2,) £ Cllullfz(n)”-d; LRy (1v.25)
which implies that there exists a constant C such that
llullz(a/2.0) £ Cllully1,R)- (1v.26)

I do not know if (IV.23) holds for p = 2, but it does hold for p = oo. For proving this, it is enough
to prove (IV.23) for p = co and for nonnegative u, as for a general u € H(R) both u_ and u, belong to
HY(R). For a nonnegative u € H!(R) and a > 0, let v, be defined by

va(z) = (u(z) = a)y4, (Iv.27)
so that

flu = vallLe(r) < a, (1v.28)

and v, € BV(R) as v, € H'(R) and is 0 outside a set of finite measure f(a), with f(a) satisfying f(a)e? <
Jg lu(z)|*dz, and therefore one obtains

1(1du
llvallBv(R) < ;“3 llullzacry, (Iv.29)

L3(R)
and (IV.28)-(IV.29) give directly (IV.23) for p = co.

Remark 14: The preceding arguments apply to slightly larger spaces, modeled on the Lorentz space L>*(R)
instead of L?(R). Let

du
V, = L**®(R) and V, = {u evi- € V,}. (1V.30)
Then one has

11



1 1 1
V(E’l) C Z(E,oo) C V(§,oo). (Iv.31)
As Y (oo, R) is not embedded in L*™(R), neither is the larger space V(%, ©0), but one has
V(%,oo) C BMO(R). (Iv.32)
On the other hand V(4,1) is larger than Y(1, R) but still contains only continuous functions.

Remark 15: Unfortunately, the argument used in Theorem 10 does not extend to the case of more than
one space variable. Indeed, one should then look at equations of the form

N
%" + Z:la,-g;% —~eAw=0ae. in Rx(0,T); w(z,0)= wp(z)ae. in R, (Iv.33)
for which the maximum principle does apply so that (IV.12) is satisfied, but the difficulty comes from the
fact that the derivatives %‘;— do not satisfy simple equations with good L! bounds.

So my search for discovering new functional spaces for hyperbolic problems, eventually defined as in-
terpolation spaces using more classical ones, is not much advanced as the only result that I have obtained
concerns a scalar equation in one space variable, while the main idea behind this search for new spaces was
that one must think of systems, and in a realistic multidimensional setting.

V. Associating microlocal measures to bounded BV functions.

My more recent contribution to this list of remarks about interpolation spares, was to use them in - -der
to associate microlocal measures to BV functions.

There are many problems in Continuum Mechanics where interfaces oc: .-, and often they do r. ve.
In conservation laws, for example, shocks can be created and it is not a completely understood question
to decide which discontinuities are physically relevant; it is believed that only the value of the solution
on both sides of the shock are relevant, and that an eventual internal structure of shock layers only helps
understanding what is the right admissibility criterion for shocks. However, in some other problems, the
geometry of an interface may play a role, for example when it moves in its normal direction with a velocity
depending upon the mean curvature of the interface, or a more general function of its curvature tensor,
as appears in some models in material science. Interfaces with small wrinkles may also appear in physical
problems, corresponding to the concept of generalized surfaces that Laurence C. YOUNG introduced a long
time ago, but instead of following his approach using a probability measure for the normal, I want to use
tools which are more adapted to partial diflerential equations, like microlocal measures.

In approximating (IV.1) by the vanishing viscosity method (IV.2), one obtains an estimate

Vegrad(u ) bounded in L?(0,T; L*(R)), (v.1)

and

elgrad(u®)|> — p in the sense of distributions in R x (0,T), (vV.2)

and the nonnegative measure y appears in the entropy condition, as the entropy solution u must satisfy

1002) | 2(sw)
2 Ot bz

where g(u) = [;' 2f'(z)dz. The measure p lives on the shock set of the solution u, but it does not know
directly what is the velocity of any shock curve it lives on. If instead of a measure in (z,1) one constructs a
microlocal measure in ((z,t),(§,7)), it might contain some geometrical information about its support. Let
us consider for example a sequence of the form

+ p = 0 in the sense of distributions in R x (0,T), (V.3)
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u‘(:,t):U(z:d), (V4)

where U is a traveling wave joining the constant states a and b = with f(b) — f(a) = s(a — b) of course -
satisfying U’ € L?(R). Then the measure p is supported by the line of discontinuity z = st, and its constant
strength corresponds to [ |U’(¢)|?de; on the other hand, the H-measure corresponding to /egrad(u®)
contains a little more information as it lives on 7+ 8§ = 0, so that it can read directly what the speed of
propagation is. _

Instead of following the approach of geometric measure theory, which starts from a function of bounded
variation and then analyzes it in order to find the surfaces of discontinuity and their normals, the new
idea consists in creating some microlocal measures associated to u, which would contain in a decoded way
the geometrical information needed. Of course, the microlocal measures would be either an object without
characteristic length like the H-measures which I have introduced [T2], identical to the microlocal defect
measures introduced independently by Patrick GERARD [Gél), or an object with a characteristic length like
the semi-classical measures of P. GERARD [Gé2], identical to the Wigner measures of Pierre-Louis LIONS &
Thierry PAUL [L’&PaJ; it could as well be another object that still has to be discovered.

My purpose here is to see how the space Z(oc, R"), and the particular approach of our first subject of
singular perturbations, plays a role in a similar question: associate some microlocal measures to any bounded
BV function. What I do is actually to associate some H-measures to the space of functions Z(co, RV); with
the same arguments used for one dimension in Remark 12, one has

lihv = vl|1s(rny < |hllIgrad(v)llm@may;  llmav = v]lLerr) < 2|v]lLe M), (V.5)
and therefore one deduces that Z(4,2) C Z(co, RY), ie.

llvllz(co.rY) £ Clivllz(1/2,2)- (v.6)

For u € Z(o0, RN), we consider the equation

-e2Au, +u, = uin RV, V.7

for which have the bounds
ellgrad(ue)llza(rny < Cllullza(rw)y, (v.8)
llgfad(uc)”um"') < Cllsfad(")”u(RN), (v.9)

from which one can deduce
VEllgrad(uc)llzacrr) < Cllullz(co,rN)- (v.10)

The preceding inequality can be proved by interpolation, based on the following decomposition: for v €
Z(o00, RN ) so that ||r4v — v||La(rv) < C/IR], and for p € D(RN) with integral 1, one defines

v(@)= oy [ (L)t -nas (var)

for a > 0 so that

oo = ollzagrw) < CVEIIZ 2 llagam < = (v.12)
If one defines the FOURIER transform F by
FAE)= [ )=z, (va13)
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so that F induces an isometry on L?(R") whose inverse is obtained by changing i into —i, then the preceding
decomposition shows that for u € Y (00, RV) or u € Z(c0, R), Fu(£) belongs to an interpolation space and
that there exists a constant C such that

/ |€].IFu(€)|?dt < C, for every r > 0. (V.14)
r<jEl<2r

 The spaces Y (oo, RN) or Z(co, RN) are then characterized as the spaces of functions in L3(RV) or
L™(RV) satisfying (V.14) (notice that if u € Z(co, RV) then Fu may contain a Dirac mass at 0).
For u € Z(co, RV), the estimate (V.10) implies that

Vegrad(u,) — 0 in L2(RV) weak, (V.15)

and therefore, after eventual extraction of a subsequence, \/zgrad(u,) defines a H-measure u, which is a
N x N hermitian nonnegative matrix of Radon measures on RV x S¥-1. Because the curl of /egrad(u,)
is 0, the localization principle implies that y = (€ ® £)v with v being a nonnegative Radon measure on
RN x SN=1. Equation (V.7) gives Fu,(§) = pygrismpe Fu(£), so that

F (Vegrad(uo)) (=) = Ve

1+ 4e2n? [

ie. F(y/Fgrad(u,))(€) has the form f(c€)\/JEIFu(€) with f(z) = =¥ s that in particular £ is contin-
vous in RY,0(/]Jz]) near 0 and O(m-‘) near infinity; the information (V.10) and (V.15) is then easily

obtained as a consequence of (V.14) and the fact that f tends to 0 at 0 and at infinity. One can then derive a
formuia for the value of the measure v on a test function |¢(z)|?y(z), where ¢ is a LIPSCHITZ function with
compact support and ¥ € C(SV=1): let n — 0 be the subsequence extracted for defining the H-measure y,
then

Fuy(¢), (V.16)

2 . § 2 nl¢|

el*y) = 1 = A —

wlolt) = him [ 9(14%" gy

One can deduce from (V.17) something about the support of v: if for a Lipschitz function ¢ with
compact support, one has

P (pu)(€)d. (V.17)

lim lE1-IF(pu)()[?d¢ = 0, (V.18)
TR Jrcitl<2r

then (v,|p|?¢) = 0 for all Yy € C(SV-!) and therefore v = 0 in {z : p(z) # 0} x S¥=1. In particular, if

u € BV(R") and is continuous on an open set w, then ¥ = 0 on w x S¥=1; indeed let ¢ be a Lipschitz

function with compact support in w, then pu € BV(R™) and is uniformly continuous, so it satisfies

Hitapu — ullLirv) < Clh|, and ||mapu = pul|i=(rr) < 0(1), (V.19)

and therefore

lirapu = puliLaan) < o VIA]), (V.20)

which does imply (V.18).

If u is the characteristic function of an open set w with finite perimeter, and a subsequence corresponds
to a H-measure p characterized by a scalar nonnegative measure v, then the support of v is included in
8w x SN-1. Of course, one can ask the same question for general sets of finite perimeter, or even for sets
with infinite perimeter but such that u belongs to Z(co, RY). Another natural question is to decide under
what hypothesis the measure v will only see points of the form (z,+n(z)) with z € w and n(z) some kind
of a normal to 8w at z. Obviously if the boundary is piecewise smooth, this will be the case because u will
satisfy equations of the type
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Za, (z)-—f = 0, written as 2 O(aéi::)u) (div(a))u =0, (v.21)
ji=1

with some functions a; smooth enough for applying the localization principle and deduce

N
(X astews)v =0, (v-22)
i=1

i.e. a; continuous and div(a) € L=(RN); if the functions a; are C?, then one can use the transport theorem
to obtain more information. For example, if w is the square (0,1) x (0,1), and one looks for information
near the open edge (0,1) x {0} then the localization principle implies that the restriction x of ¥ to that edge
is such that there exist nonnegative functions a, § € L!(R") such that for every continuous function & one
has

(8 (Eaen) = [ [at2) (2,00, 0,1)) + A=) ((2.0).(0.-1) ] s, (V.23)

while the transport theorem implies that a and 3 are constant; a more careful analysis of a one dimensional
problem shows that u, looks like % - sign(.‘t)e‘l*l near the edge and one can deduce that a = g = % The
localization principle or transport theorem for H-measures give no information about v near the vertices,
and one must look again at the precise behaviour of u, for determining what v looks like near a vertex, and
one finds that v does not charge any of the vertices.

In general, I do not know if one can avoid the choice of a subsequence in the definition of v. As the
integral of v with respect to £ is obtained by taking ¢ = 1 in formula (V.17), extracting a subsequence might
be necessary, but I do not know if that happens for u € Z(c0, R¥) or u € BV(RV) N L=®(RY), as these
spaces are not simply characterized through their FOURIER transform.

One advantage of the preceding procedure of attaching microlocal measures to functions in BV(RV)n
L®(R™) is that it can be done for the larger space Z(oco, RV), and another advantage is that one can do a
similar analysis for sequences. If a sequence v, is bounded in Z(oco, RV), then the sequence u, defined by

—e2Au, +u, = v, in RV, (V.24)
for which one has the bounds
Vellgrad(u,)llarny < Cllvellz(oo,r¥) £ C, (V.25)
and
Vegrad(u,) — 0 in L2(R") weak, (V.26)

so that one can extract a subsequence such that /zgrad(u,) defines a H-measure p, which must be of the
form (€ ® £)v by the localization principle. If the functions v, are initial data for an evolution problem
where the characteristic length £ is used, the H-measure associated to the initial data or the solution of the
evolution problem could then become interesting objects for understanding the evolution of the oscillations
that one could put in the initial data.

Although I have only used the language of H-measures, the preceding analysis has made use of a
characteristic length, and therefore one could also use the language of semi-classical/ WIGNER measures.
Certainly, the approach seems in defect for problems where many different scales occur, or problems where
one does not really know what are the characteristic scales involved. More research should be done, of course,
in order to decide if these ideas will help developing a new approach to problems usually attacked with the
technical methods of geometric measure theory, for example for existence and regularity of solutions of some
variational problems.
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