THE VARIATIONAL APPROACH TO s-FRACTIONAL HEAT FLOWS
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ABSTRACT. This paper deals with the limit cases for s-fractional heat flows in a cylindrical
domain, with homogeneous Dirichlet boundary conditions, as s — 07 and s — 17 .

To this purpose, we describe the fractional heat flows as minimizing movements of the
corresponding Gagliardo seminorms, with respect to the L? metric. First, we provide an ab-
stract stability result for minimizing movements in Hilbert spaces, with respect to a sequence
of I'-converging uniformly A-convex energy functionals. Then, we provide the I'-convergence
analysis of the s-Gagliardo seminorms as s — 07 and s — 17, and apply the general stability
result to such specific cases.

As a consequence, we prove that s-fractional heat flows (suitably scaled in time) converge
to the standard heat flow as s — 17, and to a degenerate ODE type flow as s — 07 .
Moreover, looking at the next order term in the asymptotic expansion of the s-fractional
Gagliardo seminorm, we show that suitably forced s-fractional heat flows converge, as s —
0", to the parabolic flow of an energy functional that can be seen as a sort of renormalized
0-Gagliardo seminorm: the resulting parabolic equation involves the first variation of such
an energy, that can be understood as a zero (or logarithmic) Laplacian.
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INTRODUCTION

In this paper we consider the s-fractional heat equation (s € (0, 1))

(0.1) ut(t) + C(s)(—A)°u(t) =0, t>0
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posed in a bounded set © C R? with homogeneous Dirichlet conditions, and we study its
asymptotic behavior as s — 0% and s — 1~. We adopt a purely variational approach, com-
bining the theory of minimizing movements for gradient flows and I'-convergence properties

for the underlying energies.
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The fractional heat equation may be seen as the L2-gradient flow of the squared s-Gagliardo

seminorm
)|2d dx
Rd JRd ’x—y’dws ver

with the support of u contained in 2 when the equation is posed in a bounded domain with
homogeneous Dirichlet boundary conditions.

The asymptotic behavior of s-Gagliardo seminorms has been studied by several authors.
The case s — 1~ has been first considered in [6], where it is proven that the pointwise limit
of the squared s-Gagliardo seminorms multiplied by (1 — s) is given by (a multiple of) the
Dirichlet integral. Such a result is indeed proven for every exponent 1 < p < 400 ([]s
corresponds to p = 2). For p =1 only a control of the limit in terms of the total variation is
provided, allowing to characterize the BV space; this has been extended in several directions:
first, in [I3], showing that the pointwise limit is exactly (a multiple of) the total variation,
and then in [26], 21] for more general kernels. The asymptotic behavior of (relative) fractional
perimeters (roughly said, considering characteristic functions in the framework of [13]) is
provided in [3] in terms of I'-convergence.

For what concerns the limit as s — 01, the literature is much poorer. In [23] the authors
show that, as s — 0T, the squared s-fractional Gagliardo seminorms multiplied by s pointwise
converge to (a multiple of) the squared L?-norm (see also [16] for a similar result in the context
of s-fractional perimeters). The corresponding asymptotic analysis in terms of I'-convergence
has been developed in [15] in the context of fractional perimeters (that is, restricting to
characteristic functions). A functional with more interesting properties is obtained in the
limit as s — 0 by studying the next order term in the asymptotic expansion of the squared
s-fractional Gagliardo seminorms: in [15] it is shown, still restricting to fractional perimeters,
that the corresponding I'-limit provides a new nonlocal energy, referred to as 0-fractional
perimeter.

The first step in our analysis is to extend the results in [15] to the seminorms. In fact, we
remove the constraint on the admissible functions to be characteristic functions and we obtain
a I'-convergence expansion (as s — 01) with respect to the L? topology for functions whose
support is in a bounded set . The zero-order I'-convergence result is Theorem [I.2] while
the next order analysis is done in Theorem The T'-convergence analysis of the (scaled)
s-Gagliardo seminorms as s — 17 is done in Theorem giving back the I'-convergence
version of the result in [6].

The above asymptotic results, which are of independent interest, serve as a tool for the
stability of the corresponding parabolic flows. Stability of gradient flows with respect to
the I'-convergence of the corresponding energies is nowadays a classical problem, which has
been widely investigated in recent years in increasing generality (we refer, for instance, to
[28,127,4]). In the present paper we exploit the fact that the underlying energies are uniformly
(with respect to s) A-convex.

The gradient flows of A-convex energies, namely energies which are convex up to a quadratic
perturbation multiplied by A, admits a unique solution. Moreover, such a solution can be
approximated by the discrete-in-time implicit Fuler scheme; namely, the solution coincides
with the so called minimizing movements solution. This well-known fact is the content of
Theorem which provides also quantitative convergence estimates for the discrete-in-time
solutions to the unique solution of the parabolic flow, the convergence rates depending essen-
tially on A and on the initial data (see also [2] [12], 25]). The uniformity of the convergence
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rates is the key tool for proving Theorem which guarantees stability for gradient flows in
Hilbert spaces with respect to sequences of I'-converging uniformly A-convex functionals.

With Theorems [3.6] and [3.§ on hand, we are in a position to provide our stability results
for the s-fractional heat flows as s — 0" and s — 17 .

First, we apply Theorem in order to show that for every s € (0, 1) there exists a unique
solution to the Cauchy problem governed by the s-fractional parabolic flow and that such
a solution is the limit, as the time step vanishes, of the discrete-in-time evolution. Actually,
the parabolic flow in the abstract result Theorem is written - as usual - in terms of a
differential inclusion of —u; in the subdifferential of the underlying energy evaluated in wu,
which in general could be multivalued. This is not our case, since the s-Gagliardo seminorms
are differentiable in the fractional Sobolev spaces H5(€2), which are dense in L%*(); this
implies (see Proposition that along the parabolic flow, the subdifferential of the nonlocal
energy reduces to a point for a.e. ¢t > 0. Actually existence, uniqueness and regularity
for the fractional heat flows have been extensively studied; we refer the interested reader to
[9, 18] and the references therein. Moreover, in the framework of nonnegative solutions for
the fractional heat equation in R¢, the problem has been studied in the context of a general
Widder theory [30], in e.g. [5, 8 29], with even not regular (but nonnegative) initial datum.

Finally, since the energies we consider are uniformly A-convex, we can apply the abstract
stability result Theorem to obtain the asymptotic behavior of the s-fractional heat flows
as s — 07 and s — 17 . This is contained in our main results, Theorems the
limit evolutions are an ODE corresponding to an exponential growth for the 0-th order as
s — 0%, a O-fractional heat equation for the first order as s — 0T, and the classical local
heat equation as s — 17. The stability consists in a weak H'-in-time-convergence, which is
proven to be strong if the initial data are well prepared, namely if the approximating initial
data are a recovery sequence for the limit datum with respect to the I'-converging energies.
Furthermore, in this case for every time ¢ the approximating evolutions are recovery sequences
(with respect to the I'-converging energies) for the limit evolution, namely there is convergence
of the corresponding energies for every t.

A result similar in spirit to our asymptotic analysis for s — 17 is provided in [I], where
the authors consider limit of convolution type energies and of the corresponding parabolic
flows as the support of the convolution kernel concentrates to a point. In that paper the
authors focus on homogeneous Neumann boundary conditions, and are able to deal also with
anisotropic kernels; we believe that, up to minor differences in the setting, their approach
and the one developed in this paper are consistent and that our analysis as s — 1~ could be
derived by their analysis with minor modifications. As well, we believe that our results (also
for s — 07) could be generalized to natural variants of the fractional heat flows considered
here, dealing for instance with different boundary conditions as well as anisotropic variants
of the underlying Gagliardo seminorms.

The paper is structured as follows: in Sections [1| and [2| we study the I'-convergence of the
functionals as s — 07 and s — 17, respectively. Section |3| collects the abstract stability
result for gradient flows of uniformly A-convex I'-converging energies. In Section [4] we prove
the main results of convergence for s-fractional parabolic flows as s — 07 and s — 1.

ACKNOLEDGMENTS: The authors are members of the Gruppo Nazionale per 1’Analisi
Matematica, la Probabilita e le loro Applicazioni (GNAMPA) of the Istituto Nazionale di
Alta Matematica (INdAM).
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1. '-CONVERGENCE OF THE SQUARED s-(GAGLIARDO SEMINORMS AS s — 0"

In this section we analyze the asymptotic behaviour of the scaled and renormalized s-
Gagliardo seminorms as s — 0.
Let d € N, d > 1, and let s € (0,1). The Gagliardo s-seminorm of a measurable function

u: R — R is defined by
W 440
dyd
[/Rd /]R‘i |z —y\d“s o

whenever the double integral above is finite. Let Q be an open bounded subset of R¢ with
Lipschitz continuous boundary. We denote by H{(£2) the completion of C°(Q2) with respect
to the Gagliardo s-seminorm defined above. For every measurable function u : @ — R we
denote by @ its extension to 0 on the whole R?, i.e., defined by @ = u in Q and @ = 0 in
R\ Q.

In [23] Theorem 2] it has been proven that there exists a constant C'(d) depending only on
the dimension d, such that for d > 2s

u( s(1—s) .
/ \:U|23 (d)m[u]g for every u € Hy(9).
It follows that H5(Q2) C L*(Q) for every d > 1 and every s € (0,1): for 2s < d this comes from
the above estimate, being 2 bounded; for d < 2s it is enough to pass to suitable s’ < s with
25’ < d, recalling that [u]s, < C(d,s)[u]s, for 0 < s1 < s2 < 1 (see e.g. [I7, Proposition 2.1]).

Along with [19, Theorem 1.4.2.2] (see also [24, Theorem 3.29]), the inclusion H5(Q2) C L?(€2)
gives that

H(Q) = {ue L*Q) : [a]s < +oo} .

For every s € (0,1), we define the functional F* : L2(Q)) — [0, +o0] as

(1.1) Fé(u) == [u]?

e
1.1. 0-th order I'-convergence for the functionals F** as s — 0". We define the func-
tional FO: L?(Q2) — [0, 4+00) as

dwd

(1.2) FO(u) == ==l Ze,

where wy is the measure of the unit ball of Rd. The following result is a trivial consequence
of [23, formula (9)].

Theorem 1.1. Let 6 € (0,1). For every s € (0, %) and for every u € H§(2) we have
dwg [ |u(z)]? 228
— dr <

2 Jo P TS0

The following theorem follows easily from the above estimate.

(1.3)

F*(u).

Theorem 1.2. Let {s,}nen C (0,1) be such that s, — 0% as n — +oc.
(i) (Compactness) Let {u"}pen C L*(2) be such that

sup s, F*" (u") < C,
neN

for some constant C € R. Then, up to a subsequence, u™ — u in L*(Q) for some
u € L?(9).
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(ii) (T-liminf inequality) For everyu € L?(Y) and for every {u"}pen C L?(Q) withu™ — u
in L?(2), it holds
FO(u) < liminf s, F*" (u™).

n—+400
(iii) (T-limsup inequality) For every u € L?(Q) there exists a sequence {u™},en C L?(Q)
with u™ — u in L?(QY) such that

FOu) = ngrfoo SpF5m (u').

Proof. Since (2 is bounded, there exists 0 < R < +o0o such that  C Bgr. Therefore, in view
of (1.3)) and of the energy bound, for n large enough, we have that

1 neoa 2 |u™(z)|?
(1.4) R%n/ﬂyu ()| dxg/Q - da < Cla).

It follows that [|u"||72(q) is uniformly bounded and hence, up to a subsequence, u™ — w in
L3(Q) for some u € L?(2), proving (i).

Let us pass to the proof of (ii). Let § € (0,1) be fixed. Using again (1.3), for n large
enough, we have

(1 — 5)2 dwd ”U/n(x)P (1 _ 5)2 dwd / )
nFS" > = > 7 Ta n ,
5 (u ) -  922sp 2 Q ‘:U|25" dz > 22sn R25n 9 o |u (JC)‘ dz

which, passing to the limit as n — 400 and using the weak lower semicontinuity of the L2
norm, yields

d
liminf s, F*" (u) > (1 — 5)““/ lu(z)|? dz;
+ 2 Q

n—-+0o0
by the arbitrariness of §, the claim (ii) follows.

Now we show that also (iii) holds true. If u € C2°(Q2), the claim is proven in [23] Theorem
3], with u™ = u. Since C(1Q) is dense in L?(Q), the general case follows by a standard
diagonal argument. O

1.2. The first order I'-limit of the functionals F* as s — 0". In order to compute the
I'-limit of the renormalized functionals F'® — 1F 0 as s — 07 we need to rewrite the functional
F# in a different manner. Let s € [0,1). We deﬁne the functional G5 : L?(2) — [0, +o0] as

2
(1.5) : // [6@) ~Uy) g 4,
B =yl

where By := {(z,y) € R?x R? : |z —y| < 1}, and the functional J§ : L?(92) — (—o0, +00) as

u(z)u(y)
1.6 Ji(u) := —// dydzx.
(1.6) i (u) pen g, |7 — g
We notice that the functionals J§ are well-defined in L?(Q) since, by Holder inequality,
(1.7) |73 ()] < Jlulfroy < 1QUlulZe
) )

It is easy to check that for every s € (0,1)

(1.8) B () = F*(u) — %FO(U) _ Gi(u)+ Ji(u)  for every u € L2(Q).
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In analogy with (L.8), we define the functionals FO: [2(Q) — (—00, +q] as
(1.9) FOu) i= G(u) + (),
and we introduce the space
HY(Q) := {u e L*() : Gu) < +oo}.
Remark 1.3. It is natural to endow the space HO(Q) with a 0-Gagliardo type norm
3

[u]o == (2G}(w))

We are now in a position to state our I'-convergence result for the functionals F$ defined
in (L5).
Theorem 1.4. Let {sy}tnen C (0,1) be such that s, — 07 as n — +oo. The following
I'-convergence result holds true.
(i) (Compactness) Let {u"}nen C L*(Q) be such that
(1.10) For (") + 21Q[[u” 720y < M,
for some constant M independent of n.. Then, up to a subsequence, u™ — u strongly
in L*(Q) for some u € HJ(Q) .
(ii) (T-liminf inequality) For everyu € L?(Y) and for every {u"}pen C L?() withu™ — u
in L?(Q), it holds
FO(u) < liminf F*» (u™) .

(iii) (T'-limsup inequality) For every u GT;:StS) there exists {u™}nen C L2(Q) with u™ — u
in L?(Q) such that ) A
FO(u) = ngrf—loo For(u™).
Remark 1.5. Notice that for all s € [0,1) and for all u, v € L?(Q) we have
- 98(0) = J30)| <(lellsqay + ol xan)le = vlsca
<|Q(lullL2(@) + vl 2@ v = vl 20

In particular, for all s € [0, 1) the functionals J; are continuous with respect to the strong
L? convergence.

1.3. Compactness and I'-liminf inequality. In order to prove (i) of Theorem we
recall the following result proven in [20] .

Theorem 1.6 (Local compactness [20]). Let k : R? — [0, +o0] be a radially symmetric kernel
such that

k(z)dz = 400 and / min{1, |z|?}k(z) dz < +oo
R4 R4

WE(Q) = {u€L2 // a(y) |2k (x y)dydx<+oo}

be the Banach space endowed with the norm

1
fulhrioy = oy + ([ [ @) = 2 Pha = ) dyaz) .

Then, the embedding W*(Q) — L?(Q) is compact.

and let
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With Theorem [1.6] on hand, we are in a position to prove compactness.
Proof of Theorem[1.j|(i). By - and ([L.7), we have that
M > Fon (™) + 219 |u"72(q) > —[Qllu"[72 +2|Q|||U"||L2 = |Q[[u" 1720 »
i.e., that [[u"| 12(q) is uniformly bounded. Therefore, by (1.8) we deduce

0 . Hu(ﬂ o
iz G = <M+K@mlu—W% dyda < M + Q] [[u" 32,

<2M,

whence, by applying Theorem with k(z) := Xillt(f) , we deduce that, up to a subsequence,

u™ — u in L?(Q) for some u € L*(Q). Finally, by (1.12) and by the lower semicontinuity of
the functional GY with respect to the strong L? convergence, we get that u € HJ(Q). O

Now we prove the I[-liminf inequality.
Proof of Theorem [I.j|(ii). By Fatou lemma we have
0 st s n
< n .
Gi(u) < liminf Gy»(u™);
moreover, by (1.11]) we easily get
() = lim J(u").

n—-+o0o

In view of ([1.8)) and (1.9, we get the claim. O

1.4. I'-limsup inequality. Here we construct the recovery sequence for the functionals Fs.
We start by showing that, for smooth functions, the pointwise limit of the functional F** as
s — 01 coincides with the functionals F© .

Lemma 1.7. For every u € C°(Q2) we have that
lim F°(u) = FO(u).

s—0t
Proof. In view of the definition of F** in (1.8) it is enough to show
(1.13) lim G3(u) = GY(u),
s—07F
(1.14) lim J5(u) = J9(u).
s—0t

We start by proving (1.13]). To this end, we note that, since @ € C®(R%), for every z, y € R?
we have

la(y) — a(@)* < |Va|felz -yl
Let U C R? be an open set such that dist(Q2, R?\ U) > 1 and let ¢ € (0,1); we have

1 1 1
GS(u) — GY(u </dx/ a(z) — a(y)|? — d
Giw ~ i< [ o [ i)~ 50| e |
I ALCRL L e 1
+ = u(x) — uly — dy dzx.
2 &@J() ”!w—mﬂ% |z — y|d
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By Dominated Convergence Theorem the second addend in the righthand side tends to zero
(for fixed €) as s — 0, while the first addend is bounded from above by |U|[|[ V|7 [5 Wﬁ dz,

which tends to zero as € — 0T. This clearly yields (1.13)).
Finally, (1.14]) is a trivial consequence of the Dominated Convergence Theorem, once no-

ticed that .
u(y
Jsu:—/uaz/ ————dydx.
i) Q (=) OB () [T — y|dt2s

Lemma 1.8 (Density of smooth functions). For every u € HJ(Q) there exists {uy}ren C
C° () such that up — u (strongly) in L? and

lim J(u) =K and  lim GYw) = GY(u).
—~400

k——+o0

0

k

Proof. This result is proven in [24, Theorem 3.29], for domains with a continuous boundary.
For the reader’s convenience we recall the sketch of the proof: Up to a partition of the unity
argument, one may assume ) to be the subgraph of a continuous function: thus it is enough
to approximate first with us(x) := u(2’, x, + §), for small §, whose support is well contained
in , and then to take ugs * ¢, for a family of mollifiers {¢. }. and small . O

The limsup inequality in Theorem follows directly from the density proved above.

Proof of Theorem( ii). Letu € HO(Q). By Lemmathere exists a sequence of functions
{uF}ren € CP(R?) such that u* — u in L? and

lim sup FO(u*) = FO(u).

k——+o0

In view of Lemma [[.7 we have

lim Fon(uF) = FO(ub) for every k € N.

n—-+o0o

Therefore, by a standard diagonal argument, there exists a sequence {u"},eny C C(RY) with
u" = k™ for every n € N satisfying the desired properties. ]

2. '-CONVERGENCE OF THE SQUARED s-(GAGLIARDO SEMINORMS AS s — 17

Here we study the I'-convergence of the functionals (1 — s)F* as s — 17, where F* is
defined in (1.1)). The candidate I-limit is the functional F'' : L?(Q) — R U {+oc} defined by

Wq 2 . 1

— Vu(x)|*dx if u € Hy(R2),
T b AC e

+ o0 elsewhere in L?(Q).

Theorem 2.1. Let {sp}tneny C (0,1) be such that s, — 17 as n — +oo. The following
I'-convergence result holds true.

(i) (Compactness) Let {u"}nen C L*(Q) be such that
(2.1) Slelg(l = sn) P (u") + |[u" | T2y < M,

for some constant M independent of n. Then, up to a subsequence, u™ — u strongly
in L*(Q) for some u € H} ().
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(ii) (T-liminf inequality) For everyu € L?(SY) and for every {u"}pen C L?(Q) withu™ — u
in L?(Q), it holds

Fl(u) < liminf(1 — s,) F*" (u").

n—+o00
(iii) (T-limsup inequality) For every u € L*(Q) there exists {u™}pen C L2(Q) with u™ — u
in L*(Q) such that
(2.2) Flu) = lim (1 — s,)F*"(u").

n—-+o0o

2.1. Proof of Compactness. This subsection is devoted to the proof of Theorem (1) To
accomplish this task, we adopt the strategy in [3] adapting it to our case. To this purpose, for
every function v € L?(Q) and for every h € R? we denote by 7,v the shift of v by h, defined
by mhv(-) :==v(- + h). We recall the following two classical results.

Theorem 2.2 (Fréchet-Kolmogorov). Let {v"},en C L2(RY) be such tha sup,ey V™| 2 (ray <
M | for some constant M independent of n. If

lim sup ||70v" — 0" =0
i g = ey =0,

then {v"}nen is pre-compact in L2 _(R?).
Theorem 2.3. Let v € L>(R?). Then v € H'(R?) if and only if there exists C > 0 such that
[T — vl 2@ay < Clh|  for every h € RY

For every A C R? and for every ¢t > 0 we define the set
(2.3) A= {z e RY: dist(z, A) < t}.

The following result which allows to estimate the L? distance of a function from its shift has
been proven in [3, Proposition 5] in L!; for the sake of completeness, we state and prove it
also in our case.

Proposition 2.4. There exists a constant C(d) > 0 such that the following holds true: for
every v € L*(R?), for every h € R? and for every open bounded set Q' C R? we have

h[?
24) o olfay < CW i [ I vy, Ay for every p € (0, Al

)

Ik
P

with thl defined as in (2.3)).

Proof. The proof closely resembles the one of [3, Proposition 5]. Let ¢ € Cl(Bj) be a
fixed function with ¢ > 0 and [ B p(r)dr = 1. For every p > 0 we define the functions

U,,V,: R? - R as
e =g [ oasne(L)ar, Vo= [ e ot e (L) o
P”JB, p P JB, p
clearly, for every p > 0 and for every = € R?
v(z) = Up(x) + Vp(z),
and hence
(2.5) mhv(x) — v(@)® < 3|U,(x + h) — Up(@)* + 3|V, (@) * + 3|V, (z + h) .
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By Jensen inequality, for every & € R% we have
2 - Wd 2 2
(2.6) VoI < desoHLoo(Bl)/B [0(§) = myo(§)|” dy.
P

Moreover, by the change of variable z = x 4 y, we have that

1 Z—x
U,(x) = / v(z cp( ) dz,
P( ) pd B, () ( ) 0
whence we deduce that

DU, (z) = le/ v(z)Dgo(z - ‘”"‘) dz

_ pd1+1 /B (v(z +y) - v(w))%(i) dy;

P

therefore, by the fundamental Theorem of Calculus and by Jensen inequality, we obtain

1
Uyl 1) = Uy < P [ DU+ t1) P
(2.7) 2 A
SdeHDgoH%m(Bl)/o/B\Tyv(:v+th)—v(x—i—th)\Qdydt.
P

Now, by (2.5, (2.6), and (2.7, taking p < |h|, we have

h 2 1
|mo(z) — v(z)|? §3wdp’dl2 ||Dg0|go/ / ITyv(x + th) — v(z + th)* dy dt
o JB,

|2
(2.8) + 3WdWHSDH§o ryv(z) — v(2)[* dy

P
R e _ 2
+3ded+2||90||oo ; |ryv(x + h) —v(z+h)|*dy.

P

Finally, by integrating ([2.8]) on ", by Fubini theorem, we obtain (2.4]) with C'(d) := 3wd(2H<pH%oo(Bl)+
HD@H%oo(Bl))- O
We recall the following version of Hardy’s inequality, that is proven in [3| Proposition 6].

Lemma 2.5. Let g : R — [0,400) be a Borel measurable function. Then for all I > 0 we

have . ) X o)
g
/0 pd+l+1/0 g(t)dtdp < d+l/0 Wdt for every r > 0.

The following result will be used in the proof of Theorem (1) It is the L? analog of [3]
Proposition 4].
Proposition 2.6. There exists a constant C(d) > 0 such that for every v € L?(R%), for every
bounded open set Q' C RY, for every s € (0,1), and for every h € R%, it holds

Iryv = U”%Q(Qih‘)

i

I — o122y < IRZCA)(1 — 5) /B
||
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Proof. For every fixed v € L*(R%), we define the function g, : [0, |h|]] = R as
2 d—1
00)i= [l ol ) 41 0).
OBy [

By integrating in polar coordinates formula (2.4]) we have

B> [
(29) ||Th'U — U”%Q(Q/) S C(d)w ) gy(t) dt .
By multiplying both sides of (2.9) by p'~2® and integrating in the interval [0, |h|], using
Lemma 2.5 and the very definition of g, , we obtain

o q P
w0 = vl <200 = [ s Mot aea:

|R|
<c@ - sl [ 50 a

_ 2
||7'yv UHLz(QThI)

|y|d+2s Y

@) s [

Bin

which concludes the proof. ]
We are now in a position to prove Theorem [2.1{1).

Proof of Theorem ( i). By Proposition and by the upper bound (2.1)) we obtain that
for every open bounded set ' C R% and for every h € R?

(2.10) [Tna"™ — @"|| 2y < C(d, M)|A[*™,

where we recall that %" is the extension of u” to 0 in R?\ Q2. Therefore, the sequence {@" },en
satisfies the assumption of Theorem and hence there exists a function v € L?(R%) with
v =0 in RY \ ©, such that, up to a subsequence, 4" — v in L%OC(RC[). Now, sending n — +o00

in (2.10]), we obtain that for every open bounded set ' C R¢
|Thv — vl L2y < C(d, M)|h| for every h € R?,

and hence by Theorem (choosing €' = R? in the above inequality) we obtain that Dv €
L?(R9). Since v = 0 in R%\ Q, by the regularity of 92, we have that v is the extension to 0
in R?\ Q of a function u € H} (), thus concluding the proof. O

2.2. Proof of the I'-liminf inequality. Here we prove the I'-liminf inequality in Theo-
rem The proof of this result closely resembles the one of [0, Theorem 2].

Proof of Theorem ( ii). We can assume without loss of generality that (2.1)) holds true so
that the function u is actually in HJ ().
Claim 1. Let n € CX(By1) be a standard mollifier, i.e., n > 0 and fB1 n(z)de = 1. For

every € > 0, we set n(-) 1= 8%17(5) . Then, for every s € (0,1)

—[0:)% < F*(v) for every v € L*(Q) and for every e >0,

where Ve 1=V * 1, .
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Indeed, setting Q. := {z € R? : dist(x,Q) < £}, we have that @ = 0 in R?\ Q. ; therefore,
by applying Jensen inequality to the probability measure 7. dz, we get

|U r—z —’U(y Z)’Q
UE /Rd /]Rd /]Rd |:E _ |d+25 775(2) dzdydx

8(a — 2) — iy — 2)|2
/// oz (y — oyares () dzdyda
—2FS

Claim 2. For every € > 0 and for every R > 0, it holds
Wd ~n |2 2(1 ﬂ?]?
(2.11) — lim inf / \Va?|?(dist(x, 0BR))> ") dz < lim inf(1 — sn)T”,
Br

n—-+o0o n—-+o0o

—

where u? = u" * n. , with n. as in Claim 1.
Indeed, by Taylor expansion, using that sup,,cy Hu”HQL2 @ = M we have that

_ . _ r—y |2
(o) a2 2|Vl () | =l

- ||Un||%1(g)||77€”202(Rd)|$ —yP’ - ||Un||%1(g)||77€”202(Rd)|$ —yl*

z\vag(@ yl2 = Cle, M)(|z — y> + |z — g%,

z—y
|z —

Therefore, for every = € R?, setting § := dist(z, 0Bg) , we get

jag (x) — al(y)? / jag (z) — al(y)[?
1-—s, / dy > (1 —s, d
( ) By |r—y|dt2en ( ) By(z) |7 —yldT2sm

2(1 - Sn)
(2.12) /Bs(@

- sn)C(s,M)/

Bs(z)

=150 Va2 (@) 2 = (1= 5,)C(e, M. d)

where in the last equality we integrated over spherical boundaries from 0 to §, using that

Jsamr VA2 (2) - 0]* O = we| Va2 (z)|?. By integrating (2.12)) over Bp, we get (2.11]).
By Claim 1 and Claim 2, for every € > 0 and for every R > 0 we have that

. rT—1y |2 ey
() | e = g0y
|z —y|* + o — y[*

|a:. _ y|d+28n

liminf(1 — 5,) F* (u") > =2 lim inf / Vi () *(dist(z, 0Bg))* ) da,
B

n—-+00 n—-+o0o

whence, using that for every € > 0 the sequence {u },¢cn is equi-Lipschitz, we get that, up to
a (not relabeled) subsequence,

(2.13) liminf(1 — s,)F* (u") > =% lim inf / Vil (z)? da.
Br

n—-+o0o n—-+o0o

Notice that @7 — @, := @ * 1. in L?>(R?) as n — 4o0. By (2.13) and by (2.1, we have that
in fact 4% — 4. in H'(Bg).
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In conclusion, by (2.13), we deduce that for every ¢ > 0

liminf(1 — s,)F*" (u") > uJd/ Ve (x)|? de
4 Br

n—-+o0o

whence the claim follows sending first ¢ — 0 (using that @, — @ in H'(RY) as ¢ — 0) and
then R — +o00. O

2.3. Proof of the I'-limsup inequality. The proof of the I'-limsup inequality relies on the
pointwise convergence of (1 — s)F* to F'! (as s — 1) for smooth functions with compact
support and on the density of smooth functions in H&(Q) . As for the pointwise convergence
we recall the following result, proved in [22] in a more general setting.

Theorem 2.7. For every v € CX(RY) it holds

v(y)l® 2
li dz dy \Y% dz.
R A LS

With Theorem on hand we can prove Theorem (iii) using standard density arguments
in I'-convergence.

Proof of Theorem [2.1)(iii). 1t is enough to prove the claim only for u € H}(Q). For every
u € H}(Q) there exists {uf}ren C C(Q) such that u¥ — u (as k — +oo) in HY(Q). In view
of Theorem [2.7| we have that for every k € N

. . 1_5n @ (z) — a*(y)?
_ Sn ky _
nhr}rl (1—sp,)F (u)fnhrf /Rd/Rd \x— ‘d+23n dz dy
—u:ld/ |Vik (z )\de—wd/wu (z)*da.

Therefore by a standard diagonal argument there exists {k, },en such that

lim u® =wu, limsup(l — s,)F (uf) < led/ |Vu(z)|? de = F(u),
Q

n—+00 n——4o0o

ie., @2). O

3. MINIMIZING MOVEMENTS FOR A-CONVEX FUNCTIONALS DEFINED ON A HILBERT SPACE

In this section we develop the general theory that will allow us to study the stability of
the s-fractional heat flow as s — 0" and s — 1~ . Throughout this section % is a generic
Hilbert space, (-, ), is the inner product of 7 and |- |, is the norm induced by such a
scalar product. In the abstract setting of this section, we denote by ¥ the time derivative of
any function v from a time interval with values in .77.

Definition 3.1 (A-convexity, A-positivity, A-coercivity). Let A > 0. We say that a function
F : A — (—00,+00] is Ad-convex if the function f(-) + 3| - |, is convex. Moreover, we say
that F is A-positive if F(z) + 3|z|%, > 0 for every z € J#, and we say that J is A-coercive
if the sublevels of the function F(-) + 3| - |%, are bounded.

Remark 3.2. We notice that if F is A-positive, then F is A-coercive for every A> .
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Proposition 3.3. Let F : 5 — (—o0,+o0] be a proper, strongly lower semicontinuous
function which is A-convex and A-positive for some A > 0. Then for every 0 < 7 < % and
for every y € J the problem

(3.1) min{f(m) + %L@ —yl%: x € jf}

admits a unique solution.

Proof. We preliminarily notice that, since F is A-convex and strongly lower semicontinuous,
then the function F(-) 4+ % . |i¢ is strictly convex and strongly lower semicontinuous and, in
turn, weakly lower semicontinuous. Clearly, this implies that also F(-) + 5=| - —y|%, is weakly
lower semicontinuous. Moreover, by Remark we have that F is %—Coercive.

Since F is proper,

1
Oginf{}"(x)—l—2]a:—y@f: a:e%”} <M,
T
for some M > 0. Let {x}}reny C S be a sequence such that
. 1 . 1
(3.2) kglfoof(“) + E|xk —yl% = 1nf{]—"($) + §|x A= jf} :
By triangle inequality, for k£ sufficiently large, we have
1 1 1
2M 2F (xx) + o law — Y% > Flaw) + E’xk@f - Z‘yﬁ%ﬂ

whence, in view of the %—coercivity of the function F , we deduce that, up to a subsequence,

Tp A Too for some xo, € . Therefore, by (3.2) and by the weak lower semicontinuity of
the function F(-) + 5| - —y|%, , we obtain

2T
: 1 2 : 1 2
inf .F(:B)+§|x—y|%;: xeH :kgrfoo]:(:vk)+§|xk—y]%

1 2
> F(roo) + §|~Too —yl%,

i.e., that o is a minimizer of the problem in (3.1)).
Finally, the uniqueness of the solution is a consequence of the strict convexity of the func-
tional F(-) + o=| - —yl?. O

Pz

For every function F : .# — (—o0,+00] we denote by D(F) the set of all z € J such
that F(x) € R.

Definition 3.4 (Fréchet subdifferential). For F : # — (—o0,+o0] and x € D(F), the
Fréchet subdifferential of F at z is defined as

— 1y Niming T W) — F(@) — v,y —2)
9F (x) ._{ € : liminf ol 20}.

Remark 3.5. Whenever F is a A-convex function it holds that
A
(3.3) 0F(z) = {v e H: Fly) —F(z)—(v,y —x)p > —3 ly — x|% for every y € :%”} .

Indeed, for a convex function ¢, v € d¢(z) if and only if ¢(y) — ¢(z) — (v,y — ) > 0 for
every y € s, namely the Frchet subdifferential coincides with the usual subdifferential of
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convex analysis. Then, being F A-convex and since 8<¢ + 3 ’27%) = 0¢ + A -, it holds that
v € OF(z) if and only if

A A
f(y)—i-g\ygf—}"(a:) — 5]3:@”— (v+ Az, y —x)p >0 forevery y €

which coincides with the condition in (3.3) since |y — z|%, = |y|%, — |z|% — 2(z,y — z) .

Let F : # — (—o0,+00] be a proper, strongly lower semicontinuous function which is
A-positive and A-convex, for some A > 0, and let zy € D(F). For every 0 < 7 < %, we
denote by {«] }ren the discrete-in-time evolution for F with initial datum zg, defined by

1
(3.4) xh = o, Tpyq € argmin{]—"(x) + 2—]30 — xﬂif} for every k € NU {0} .
T

Since zg € D(F), then z € D(F) for every k € N. Furthermore, we define the piecewise-
affine interpolation 27 : [0, +00) — JZ of {z] }ren as

(3.5) 2T(8) =l + A T Tk ey e [ (k4 D7),
T

Theorem 3.6. Let F : 5 — (—o0,+00] be a proper, strongly lower semicontinuous function
which is A-convex and \-positive, for some X > 0. Let moreover o € D(F). Then, there
ezists a unique solution x € H'([0,4+00); H) to the following Cauchy problem

{:L‘(t) € —0F(x(t)) for a.e. te|0,+00),

(36) x(0) = zp.

Moreover, for every T > 0, 7 — x in HY([0,T);5¢), where 27 is defined in (3.5) for
0<t< % . Furthermore,

(3.7) 12172 0,7y,) < 42T (F (20)| + Alzol%) for every T > 0,

1
(3.8) lz(t) — 27 (t)% < 87 128/\t+4(].7-"(x0)\ + Awol%) for everyt >0, 7 < Ton-

Proof. Uniqueness. Let T > 0 and let x1,22 € H([0,T]; #) satisfy the Cauchy problem
(3.6) up to time T'. We first observe that

(3.9) (y1 —y2,01 —v2) o < A|y1 —12l%  for every y1,y2 € A, —v; € OF (y;) for i = 1,2,
Indeed, by (3.3), we have
A
Fly) = Fn) + vy =) > =S ly—mlZe, vet,

which, for y = yo implies

A
(3.10) F(y2) = F(yr) + (v, 92 — y1)or > —3 ly2 — y1%
analogously

A
(3.11) Fyr) — Fy2) + (v2,y1 — y2) . > _§’y2_y1’2%”'

Therefore, (3.9) follows by summing (3.10)) and (3.11]).
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Finally, by formula (3.9) we have

d . .
a|x1(t)—x2(t)@f = 2(i1 () —do(t), 21 () —22(t)) s < 2N |21 (t)—22(t) %  for ace. t € [0,T],
which, by Gronwall’s Lemma, implies
21 (t) — 22(t)|% < |wo — 0| e® =0 for ace. t €[0,T],

ie., x1(t) = xo(t) for a.e. t € [0,T]. We notice that the solution is in CO’%([O,T]; ) by the
Sobolev embedding of H!([0,T]; ##) into o ([0,T]; 7), so that z1(t) = z2(t) when passing
to the continuous representatives.

Ezistence. We first prove that for every T' > 0 the functions 7 defined in (3.5 converge
(as 7 — 0) weakly in H'([0,T]; #) to some function x € H'([0,T]; ##) and then we show
that the limit x satisfies (3.6)) up to time 7.

By (3.4)) we have that

1
(3.12) F(rper) + ?‘:UEH —xf% < F(al), forevery k€N,
which together with the A-positivity of F implies that
K 4 ) K
Z = |21 — xﬂ;f < 22 (F@p) — F(2741))
k=0 k=0

=2(F(xg) — F(rx 1))
:2<7($0) + §\$K+1\ij - §|xK+1|2j£” - ]:(mK+1))

A
<2 (f(xo) + 2\36}'(“\2%;) for every K € N.

(3.13)

Setf’:iandlet0<7§ﬁ.Wesetf(:: [?‘;by (3.13]), we have

7 K
. 1 2 A
(3.14) /O @7 (8% dt < ~ |2h4 — 2k [5, <2 (f(:co) + QIx’}gH!if) :
k=0
Moreover, by triangle and Jensen inequalities and using again (3.13)), we get
1 T T
Q ‘Tf(+1|=29f - |l’0’2%0 < |$K+1 - x0|29f
K+1 1 ) K 1 )
<7T(K+1) Z - 2k — 2} 4|, :T(K—Fl)Z;}xZH—wZ P
k=1 k=0
. A
<2(T +27) (Flao) + Sla} I )
which, recalling that 0 < 27 < é =T, implies that
T 2 2 2
By (3.14) and (3.15)), we have that, for every 7 small enough,
(3.16) 16712y < AF(0) + Alol3).
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Iterating the estimates in (3.15)) and (3.16)), using also that F(z}) is not increasing with
respect to k, we deduce that for every j € N

.A 1
27 (D) < 4 (517 (@o)| + ol ).
12712 0y < 4 (IF (20)] + Aol -
In particular, for every T' > 0, we have that

(3.17) 16 By < 45T (F o) + Mol
Therefore, for every T' > 0, ||27|| g1(j0,7);,5¢) is uniformly bounded and hence, up to a subse-
quence, z7 — x in H([0,T]; ##) for some x € H'([0,T]; 5#); this, in particular, implies the
convergence in C’O’%([O,T]; 7€) and hence that z(0) = xo. Passing to the limit in (3.17) we
readily get (3.7]).

Now we aim at proving that x solves (3.6) up to time 7', for every T' > 0, that is
(3.18) &(t) € —0F(z(t)) for almost every t € (0,7).
To this end, we define the piecewise-constant interpolation 7 : [0, 4+00) — 2 of {x] }ren as

F() =y, te b (E+ 1)),

and we notice that, by minimality, for 7 small enough,
(3.19) Z7(t) € —OF(T7(t)) for almost every t € [0, 4+00).

We claim that
(3.20) % in L2((0,T); ), forevery T > 0.
Indeed, by triangle inequality, we have that

- 2 2 5 9
(3.21) 127 = 222 (0,1)2) < 2127 = 2l 20,1y + 21187 = 27122 ((0.7),)
< 2l|27 = @ll72(0.1y0) + 27187 22 (0.1y0) 5

where in the last inequality we have used that
xT(t) —T7(t) = w(t —(k+1)71)=2"@t)(t— (k+ 1)), foreveryte (kr,(k+1)7).
Therefore, by and we get

127 — 2|20, ry) < 2027 = @l T2,y ) + 2724 T F (o) + Aol)

which, sending 7 — 0 and recalling that ™ — z in Hl(‘O, T); #), implies (i3.20]).
With (3.20) on hand, we are in a position to prove (3.18). Let ¢y € (0,T") be a Lebesgue
point of the function & : [0,7) — 4. By (3.19), we have that

(3:22)  Fly) 2 FE 1)~ & @y~ F ) - Yy - T forevery y€ 2.

Let y € A and h > 0; by integrating (3.22)) in the interval (¢g, %o + h) and dividing by h, we
obtain

1 to+h 1 to+h 1 to+h )\ ~ 9
Fwzg [ F@ma- g [ w - Oed - [ -0k d,
to to
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which, sending 7 — 0, and using the strong lower semicontinuity of F, the weak L2-
convergence of 7 to &, and ([3.20)), yields

1 t0+h to+h ) 1 to+h A )
Fly) >+ / )dt— / () pdt - / Ay~ a(t)% dt.
h to to h to 2

Now, since = € CO’E([O, T); ) and since t( is a Lebesgue point for &, sending h — 0 in the
formula above, and using again that F is strongly lower semicontinuous, by the arbitrariness

of y. we get (B.I8).

Finally, we prove that ( . ) holds true. Let ™ : [0,+00) — (0, 7] be the function defined
by n7(t) = (k + 1)1 — ¢t for every t € [kr, (k+ 1)T By-,

T (t) € —OF (" (t +n"(t))) for every t > 0,
which, using and . ), yields

o)~ 2T = 2Aalt) — a7 (1),3(0) — (D)
= 2(alt) — a7+ (0). () — 8T (0)
P20 (1 (0) 270, 4(0) 5 ()
< ANa(t) 270+ 07 () B + 27 (E 4 7 (0) — 2T (OLléle) — 870
< 8Aa(t) — a7 ()3 + 8N (14 07 (6) — 2" (D)%
2L 7 (8) — 2T (L () + 15 (D)r)
< 8\a(t) a7 (0% + 78X +8)([87 (1) + () ).
< 8Aa(t) — a7 (1) + 47 (O + (1)),

where in the last inequality we have used that 7 < 125 (recall also |27 (t+ 7" (t)) — 27 (t)| » =

" (t)|27(t)| . < T|27(t)| ) . By integrating the equation above and using (3.7) and (3.17)),
we get

o) =7 O < [ $Aals) a7 () ds 47 [ (5760 +1a(6) ) s
< /Ot 8A|z(s) — 27 ()% ds + T4 F(x0)| + Axo|%y) -
Setting a(s) := 87483 H4(| F(z0)| + A|wo|%,) and B(s) := 8 for every s > 0, we have
|z (t) — a7 (6)5 < /Ot B(s)|z(s) — 27(s) |5 ds + a(t).
Noticing that « is non-decreasing, by Gronwall Lemma we get
2 (t) — 27 ()% Sa(t)eh FOL = 8ra¥NH (| F(zg)| + Mzol2)e®,

thus providing (3.8]). O

For every vectorial space ¥ we denote by ¥™* the algebraic dual space of ¥ and by ¥ the
topological dual space of 7.
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Proposition 3.7. Let F : A — (—o00, +00| be a proper lower semicontinuous function which
is A-convezx, for some X > 0 and let x € D(F). Let S be a dense subspace of A . If there

exists T € (A)* such that

(3.23) Jim 2+ t0) = F (@)
t—0 t

then, either OF (x) = 0 or OF (x) = {v}, where v is the (unique) element in H satisfying

T(p) = (v, ) for every ¢ € H . In particular, T € (,%2)’ and v s its unique continuous
extension to .

=T(p) for every p € A,

Proof. Since 4 is dense in %, in order to get the claim it is enough to prove that for every
v € OF(x)

(3.24) (v,Q)w =T(p)  for every p € A .
To this purpose, we notice that every v € dF(x) satisfies

A R
Flz+to) — F(x) —t(v,Q) p > —t2§|<p|g/f for every ¢ € , t € R,

which, dividing by ¢, yields
lim Flx+tp) — F(x)
t—0 t

therefore, in view of (3.23)), we get (3.24)). O

The following Theorem provides a convergence result for gradient-flows associated to a
I'-converging sequence of functions satisfying the assumptions of Theorem

— (0, @) for every p € A

Theorem 3.8. Let {F"}pen with F" 1 H — (—o00,+00| for every n € N be a sequence of
proper, strongly lower semicontinuous functions which are A-convex and X-positive, for some
A > 0 independent of n. Let {x(}tnen C J be such that xff € D(F") for every n € N,
S = sup,eny F(2f) < +oo and xff — x§° for some xy° € . Assume that one of the
following statements is satisfied:

(a) The functions F™ are equicoercive and I'-converge to some proper function F°° with
respect to the weak J-convergence (as n — +o00). Moreover, the T'-limsup inequality
is satisfied with respect to the strong F€-convergence, i.e., for every y € J€ there
exists a sequence {y" }nen with y™ A y such that F"(y") — F*(y) as n — +0o0.

(b) The functions F™ I'-converge to some proper function F°° with respect to the strong
€ -convergence (asn — +00) and every sequence {y" }nen C F with sup,,cy F"(y™)+
%|y”|<27f < 400, admits a strongly convergent subsequence.

Then, x5° € D(F*>) and, for every T > 0, the solutions x™ to the Cauchy problem

(3.25) {i?(f) € —0F"(z(t))  forae t€(0,T),

z(0) = xp

weakly converge, as n — +oc , in HY([0,T); ) to the unique solution x> to the problem

(3.26)

{:b(t) € —0F®(x(t)  forae te(0,T),
z(0) = z§°.



20 V. CRISMALE, L. DE LUCA, A. KUBIN, A. NINNO, AND M. PONSIGLIONE

Furthermore, if

(3.27) lim F"(zg) = F>(zg°),

n—-+oo

then, we have that

(3.28) " — ™ (strongly) in H'([0,T]; )  for every T >0,
(3.29) x"(t) A () and F"(z"(t)) = F>(x™(t)) for every t > 0.

Proof. We preliminarily notice that, if either (a) or (b) is satisfied, then the function F°
is strongly lower semicontinuous, A-convex and A-positive and z§° € D(F*°). Moreover, by
Theorem 3.6 . for every n € N there exists a unique solution =™ to (3.25)).

Let 0 <7< 2/\ and let {277 }ren denote the discrete-in-time evolution in ) for zg :

z° and F := F>°. Analogously, for every n € N, let {z}"" }yen denote the dlscrete in-time
evolution in (3.4) for zg := z{ and F := F". By Proposition {27 }een and {2} }ren
are uniquely determined. Furthermore, for every k € N we set

1
I/?’T(') = fﬂ()+?\ —:Ck 1]Jf for every n € N,
T

o0, T 00 1
L, () = IR0+ o) —u 5
We first show that, if either (a) or (b) is satisfied, then for every k € N
(3.30) FHap") = FP(x") and  |zp" —ap "’

By finite induction, it is enough to show (3.30)) for £ = 1. We distinguish the two cases in
which either (a) or (b) holds true.
Assume first that (a) holds true. By the assumptions on zjj , we have that

I (2)7) < FP(ag) < S,

as n — +o0o.

whence, using that for % > X the functions Z;""(+) are equicoercive, we deduce that, up to
a subsequence, z|"" A y1 for some y; € S . Moreover, since |z — z5°|» — 0 as n — +oo
and since the functions F" I'-converge to the function F°° with respect to the weak -
convergence, we have that

. 1 2 . , 7
(331) () < liminf Fl7) + o liminf o] — o2 < lminf 777 (2]7)

T n—+00

Furthermore, since the I'-limsup inequality is satisfied with respect to the strong #-convergence,
there exists {Z]"" }nen C # such that

(3.32) " % 277 and  F(z]T) — F(277),

where 2777 is the unique solution to the problem (3.4)) with 7 = 7> and k = 1. Therefore,
by (3.31) and (3.32), we get
1
I (1) < hminf./—- (217) + 77 %glinﬂxl zy |5

<liminfZ}""(z}"") < limsup Z"" (z}""
ﬁ_hioo (1)—;L_>+1£1(1)

< lim TPT(@T) = IO (),

n—-+o0o
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whence, by the minimality of z7°7, we deduce that all the inequalities above are in fact
equalities and, in particular, that y; is a minimizer of Z;*"; in view of the uniqueness of the
minimizer of 77”7, we deduce that y; = 27" . By Urysohn Lemma, this implies that the
whole sequence {z]"" },en weakly converges to z7°" . Moreover, using that

1 1
00 [ ,,00,T T 1,007 00|12 — Timn § n (7T T i S nT _on|2
F (331 )+ 27’351 Lo ’% lﬁfj}lfg]: (331 )+ o ngligy% 370‘,%,”7
since
1
s . . s s 2 . . s 2
Fox™7) < gmggf”(w’?) and g’ﬁm — 25 | < ;23&%@?7 — 2615 s
we deduce that
00 [ 00, T\ . n,T 0o, T 00 . nT _ m
Fl(x") = ngf}rﬂooj (z1") and  |z] T | ngrfoo |z} zg |

which implies (3.30) (for £ = 1 and then for all k& € N).
Assume now that (b) holds true. As above (recall A < 5-) we have that

Fr@yT) + ey —agll <7 (7)< 9,

whence, by the strong compactness property of the functions 7" (-)+ % |- @f we deduce that, up

to a subsequence, 7" 2 y1 for some y; € A . Moreover, since |z{ —z5°|» — 0 asn — 400,
we have that the functionals Z7"" T-converge with respect to the strong-7# convergence to
the functional Z;*" . By the fundamental theorem of I'-convergence and by the uniqueness of
the minimizer of the problem (3.4) with 7 = 7> and k = 1, we get that y; = 27", that the
whole sequence {z]"" },en strongly converges to z7°7 , and that (3.30) is satisfied for k = 1.
This concludes the proof of (3.30]) for both the cases (a) and (b).

Now we show that for every T > 0, 2™ — 2° in H'([0,T]; ), where 2°° is the unique
solution to (3.26]) . To this end, we first notice that, for n large enough, |F™(z2)| < S+2A|xo|?,
so that |F™(z2)| + Axg|? < S + 4\|zo|?; therefore, by (3.7)

15" 1220 zy0e) < 4TS + 4X[zol%)

so that, up to a subsequence, ™ — z in H'([0,T]; ), for some z € H'([0,T]; ) . Now we
show that z = z°°.
For every 0 < 7 < % , let 2°°7 and ™7 (n € N) denote the piecewise affine interpolations

defined in (3.5)), of {#}"" }ren and {z}"" }ren, respectively. By (3.30), we have that

1
. n,T _ ,.00,T L, — =
(3.33) nll)l}_loo |7 (t) — 27 (t)|p =0 for every t > 0,0 <7 < o -

Let t > 0. For every 0 < 7 < % , by triangle inequality and by (3.8)) we have that
(3.3 2" (t) — 2™ () e <[a™(t) — 2™ 7 ()| + [T (1) = 27 (8) e + 277 (t) — () e
' <167128MF4(S 4+ dX|wo[%y ) + ™7 (t) — 27 (8) L

therefore, sending first n — +oo and then 7 — 0 in (3.34) and using (3.33]), we get that

x"(t) g (t) as n — 400. By the uniqueness of the limit we deduce that Z = x> and that
the whole sequence {z"},en weakly converges in H'([0,T]; ) to x°°.
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Finally, we prove that (3.28]) and (3.29) hold true. By (3.34), the first part of (3.29) is
satisfied. Moreover, by [27, formula (1.10)] (notice that, as observed in [27], the formula
applies also for A-convex energies), we have that, for every ¢ > 0,

F(zg(t)) — F (2" (t)) = 1/ 12™(s)|%, ds for every n € N,
(3.35)
FR() - P = 5 [ 6 ds,

which, using , the I-liminf 1nequa11ty (that holds true in both the cases (a) and (b))
and the weak H 1 convergence of " to z°°, implies

FR0) ~ Imind F0) < PR 0) - P 0) = 5 [ 165 ds
Sl,iﬁlfgf /]aj \%ds<1111r3it1£) /]az )% ds

< lim sup F"( xo())—llmlnffn( "( foo(mo())—hmlnf]:( "(t)).

n—-+oo

Therefore, all the inequalities above are actually equalities; in particular,

t
(3.36) / #(5) ds = lm o /0 167 (s) % ds,
which, together (3.27)) and (3.35)), yields

FR@(0) = lim F(a (1)

thus obtaining also the second part of (3.29)). Finally, by (3.36]), we obtain also (3.28)), thus
concluding the proof of the theorem. O

4. CONVERGENCE OF THE $-FRACTIONAL HEAT FLOWS

This section is devoted to the proof of the stability of the s-fractional heat flows as s — 0
and s — 17. In the first part, we define the s-fractional laplacian for s € (0,1) and for s = 0.
The second part contains the convergence theorems, which are the main results of the paper.
In this section we denote by v; the partial time derivative of a function v .

4.1. The s-fractional laplacian for s € (0,1) and for s = 0. For every s € (0,1) and for
every ¢ € CZ° (RY) the s-fractional laplacian of 1 is defined by

(o= [ PEZEEERRES g, e

‘Z|d+25

In [I7, Lemma 3.2] it is proven that the above integral is finite, that (—A)%) € L>®(R%), and
that
Y(x) —p(x +2)

|Z’d+2$

(4.1) (—A)*e(z) = 2 lim
r—0t R4\ B,.(0)

dz.

For every u € H;(€2) we define the s-fractional laplacian of u by duality as
(4.2) (=A)°u, @) = (u,(=A)*¢),  forall p € CZ().

Here and below (-,-) denotes the standard scalar product in L?. Clearly, the s-fractional
laplacian is nothing but the first variation of the squared Gagliardo s-norm, as shown below.
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Proposition 4.1. Let s € (0,1). For every u € H§(Q2) and for every ¢ € C°(Q2) we have

(43) R ()

Proof. We have
P (u+tp) — F(u) (a(z) — a(y))(p(x) — &(y))
lim /Rd /Rd dy dz

=0 t |z — y|d+2s

= /u(x) lim @) —;i(;chz) dzdx

Q r—0% JRd\ B,.(0) |z|0+2s
: ey) —ply — 2)
—i—/ u(y) lim dz dy
Q ( )7"—>0+ R4\ B,.(0) 2|42
= (u,(-A)’¢) = ((—A)"u, ¢),
where we have used the change of variable z =y — z, (4.1)) and (4.2). O

For every ¢ € C°(R?) we define the 0-fractional laplacian of 9 as
RAE,

B 2] 2]
We notice that (—A)%) is well-defined for every 1 € C°*(R9) since
[ bt Dby, [ et
Bl Bl

2]

‘Z|d dZ S C[l/)]o’l .

and

+
[ g < .
RN\ B, E

Remark 4.2. In [I1] the notion of logarithmic laplacian La has been introduced as follows

Lat(z) = cq1(—2)%%(x) + caotp(z)

where ¢41 and cg 2 are specific constant depending only on the dimension d. Such a logarith-

mic laplacian would correspond to renormalizing the Gagliardo s-seminorm of v by removing
12,

all but a finite amount of the blowing up quantity —;

For every u € H3(2) we define O-fractional laplacian of u by duality as
(4.4) (=) u, ) = (u, (=A)%@),  forall p € CZ(Q).

Clearly, the O-fractional laplacian is the first variation of the functional FO, as shown in the
following result (we recall that the functions GY and J{ have been introduced in (L.5) and

(1.6]), respectively).

Proposition 4.3. For every u € HJ() and for every ¢ € C(2) we have

- GY(uttp) — GY(u) 2¢(z) —p(z +2) — @z — 2)
I e (2 /31 2] dz)
. JVu+tp) — TP (u) oz + 2)
a9 A=A < (o S,
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so that
- FO(u + tp) — FO(u) 0
(4.7) lim : — (~1)%, ).
Proof. Fix u € HJ(Q) and ¢ € CX(Q). Then, using the change of variable z = y — z, we
have o
iy G20+ tw // )(tp(d z) — ¢(y)) dy dz
t—0 By |x — |

:/Qu(m)/B gﬁ(x) _|:|)‘§x +2) dzdx + /Qu(y) /B () —|j§y —2) dzdy
NNy BT RSN

2]

i.e., (4.5). Moreover, using again the change of variable z = y — x, we obtain

WECESREE (O Ry /TR
t—0 t R24\ B, ‘J; — y[
¢(y)
= [ u(x)| — 2/ dy ) dx,
/Q ( )( R\ By (x ’93 —yl? )

:<u, -2 / Ltlz) dz> ,
R4\ B |2
namely, (4.6). Finally, . ) follows from (4.5)) and ( ., using ([l

4.2. The main results. Here we first state and then prove the convergence results for the
parabolic flows corresponding to the (either scaled or renormalized) s-Gagliardo seminorms as
s — 0 and s — 1. These follow by collecting the preparatory results of the previous sections,
and Lemma for the first order convergence as s — 0.

We start with the convergences as s — 0.

Theorem 4.4. Let {sy}nen C (0,1) be such that s, — 07 asn — +oo. Let uf € L*(Q) and
let {uf}nen C L2(Q) be such that uly € H(Q), S := suppen sn 5 (uf) < 400 and uf} — uf
in L2(Q)) . Then, for every n € N there exists a unique solution u™ € H'([0,4+00); L2(Q)) to

{ut(t) = —sp(—A)*u(t) for a.e. t € 0, +00)

(4.8) u(0) = uf.

and such a solution satisfies (—A)*ru™(t) € L*(Q) for a.e.t > 0. Moreover, for every T > 0,
u™ = u® in H([0,T); L?()) asn — +oo , where u® € H([0,T]; L2(Q)) is the unique solution
to
u(t) = —dwgu(t) for a.e. t € (0,T),
(4.9) {u(O) =u).
Furthermore, if
s F ) = FO(ud)

then, u™ — u® (strongly) in H([0,T]; L*(Q)) for every T >0, and
lu"(t) — uo(t)HLQ(Q) =0 and s, F(u"(t)) — F°(u’(t)) for everyt > 0.
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Theorem 4.5. Let {8, }nen C (0,1) be such that s, — 07 asn — +o00. Let ul € L?(Q) and
let {uf}nen C L*(Q) be such that ul} € Hy* (), S 1= sup,en F*" (uf) < +o0 and uly — uf) in
L*(Q). Then, for every n € N there exists a unique solution u™ € H*([0,400); H™(Q)) to

u(t) = = [(~A)"u(t) - Wil forae. t € (0,7),

(4.10) Sn

u(0) = ug

and such a solution satisfies (—A)*mu™(t) € L*(Q) for a.e.t > 0. Moreover, u € H3(Q) and,
for every T >0, u™ — u® in H([0,T]; L*(Q)) as n — +oo, where u® € H'([0,T]; H3(Q)) is
the unique solution to

=—(-A)u or a.e.
(4.11) {“t(t)— (=A)u(@)  f t e (0,T)

u(0) = ug,
and such a solution satisfies (—A)%u®(t) € L?(Q) for a.e.t > 0. Furthermore, if
Sn(,n\ _ 10/,.0
im_ () = Ff).
then, u™ — u® (strongly) in H'([0,T); L*(Q)) for every T >0, and
[u(t) — u’(t)|l 2y = 0 and F(u"(t)) — FO(u’(t))  for everyt>0.

The result below shows the convergence toward the classical heat equation as s — 17 of
the rescaled in time s-fractional heat equations.

Theorem 4.6. Let {s,, }nen C (0,1) be such that s, — 1~ asn — +oo. Let ul® € L*(Q) and
let {ul}nen C L2(Q) be such that u € Hi"(Q), S = sup,en(1—sp)F*" (ul) < +00 and uff —
ul® in L*(Q). Then, for every n € N there exists a unique solution u™ € H'([0,+00); L?())
to

(4.12) {ut(t) —(1 = sn)(=A)"u(t) for a.e. t € [0, 400)

and such a solution satisfies ( A)snu(t) € L3(Q) for a.e.t > 0. Moreover, u$® € HL(?),
and, for every T > 0, u™ — u® in H([0,T]; L*(Q)) asn — +oo , where u™ € Hl([O T); HL(2))
is the unique solution to

u(t) = %Au(t) for a.e. t € [0, +00)
u(0) = ug®.

(4.13)

Furthermore, if
lim (1 —s,)F5 (ud) = FY(ud),

n—-+00
then, u™ — u™ (strongly) in H([0,T]; L*(Q)) for every T >0, and
[u™(t) = u* ()2 = 0 and (1 —s,)F*(u"(t)) = FH(u™(t)) for every t > 0.
We first prove Theorem [£.4]

Proof of Theorem[].4 By the very definition of F* in , we have that for every n € N
D(sp,F*m) = H{" () # 0 and that the functionals s, F*" are strongly lower semicontinuous
A-positive and A-convex for every A > 0. Moreover, by combining Proposition [4.1] with
Proposition for F = s, F5, A = L[2(Q), and # = C(Q), we have that for every
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u € Hy*(Q), either (s, F*)(u) = 0 or O(s, F*")(u) = {(—A)*"u} with s, (—A)*u € L*(Q).
Therefore, by Theorem there exists a unique solution to the Cauchy problem , with
sp(—A)mu € L3(Q) for a.e.t > 0, for every n € N. Furthermore, for every u € L?(f)) we
have that

FO(u+tp) — F°
(4.14) }iH(l) (u+t SOt) (w) = dwq(u, ) L2(q) for every o € L*(Q),
—

whence we deduce that F%(u) = {dwqu}. As a consequence, there exists a unique solution
to the problem . Finally, the stability claims follow by applying Theorem [3.8] with
F" = s,F* and F>® = FY once noticed that, in view of Theorem assumption (a) is
satisfied. 0

In order to prove Theorem we provide below a lemma showing uniform A-convexity of
the underlying functionals.

Lemma 4.7. For every A > 2|Q|, the functionals Fs are A-positive and \-convex for every
s€0,1).
Proof. As for the A-positivity it is enough to notice that, by the very definition of Fsin (11.8)
and (1.9) and by (1.7)), recalling that Gj > 0 for every s € [0,1), we have that

. A A

F3(u) + 5Hu||§2(m > G5(u) + <2 - |Q!> lull2(q) > 0.

Now we show that the functionals F'* are A-convex for every s € [0,1). We preliminarily
notice that the functionals G5 are convex for every s € [0,1). Therefore, it is enough to
show that the functionals J; are A-convex. To this end, for every u,v € HJ(2) we define the
function

A
FiR=R,  f(t):= Jf(u+tv)+§uu+tvuiz(m

and we claim that 3—; f(t) > 0 for every t € R. Indeed, since

T+ o) = JH(u) — 2 / /R . W d dy + 275 (v)
and
Ju+ ooy =l + 2 | ule)ofe)do+ ol
by we have
L H0) = 210) 4 Alolay = (200 + Mol = 0,
which implies the A-convexity of the functional J;{ and then the A-convexity of Fs g

Proof of Theorem[].3, Let A > 2|Q| be fixed. Then, by the very definition of F** in (T.8) for
every n € N we have that D(F*) = Hy"(Q2) # () and, by Remark |1.5| and Lemma that
the functionals F'*» are strongly lower semicontinuous, A-positive and A-convex. Moreover,

by (4.3) and by (4.14)), for every v € H;"(2) and for every ¢ € C°(§2) we have

an _ Asn
Bt tg) = P
t—0 t

s dw
= ((=A)"u— —u,9) ()
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which, by applying Proposition with F = Fs» | s = L2(Q) and 57 = C°(2), implies
that for every u € H*"(Q) either OFsn (u) =0 or OFsn (u) = {(—A)S"u—%u} with (—A)%ru—
ds%u € L?(Q). Analogously, by Lemma and by Proposition we have that for every
u € HY(Q) either DF(u) = 0 or FO(u) = {(—A)u} with (—A)%u € L3(Q).

Therefore, by Theorem the solutions to the problems (4.10) (n € N) and are
uniquely determined, and the righthand sides in (4.10) and (4.11)) belong to L? for a.e.t.
Finally, the stability claim follows by applying Theorem with F* = Fsn and F> = FO
once noticed that, in view of Theorem assumption (b) is satisfied. t

It lasts to prove Theorem [£.6] Also in this case, this follows from the general results already
discussed.

Proof of Theorem[].6 By the very definition of F* in , we have that for all n € N
D((1 — sp)F*) = Hy"(©2) # 0 and that the functional (1 — s,)F®" is strongly lower semi-
continuous, A-positive and A-convex for every A > 0. Now, by combining Proposition
with Proposition for F = (1 — s,)F*, o = L2(Q) and # = C2(Q), we have that for
every u € Hy" (), either (1 — s,)0F*"(u) =0 or (1 — 5,)0F*"(u) = {(1 — s,)(—A)*"u} with
(1 —8,)(=A)*mu € L?(Q). Furthermore, for every u € H}(Q2) and for all ¢ € C°(Q) we have
that

lim Fl(u+ hyp) — F(u) _ wd

h—0 h 2
therefore, by applying Proposition 3.7 with F = F!, # = L2(Q) and . = C(Q2) we have
that either OF!(u) = 0 or OF'(u) = {(—Au)} with (—=Au) € L?(Q2). Now, by Theorem
the solutions to the problem (n € N) and are uniquely determined, and the
righthand sides in (#.12]) and (4.13)) belong to L? for a.e.t. Finally, the stability claim follows
by applying Theorem with 7" = (1 — s,)F*" and F> = F!, once noticed that, in view
of Theorem assumption (b) is satisfied. O

W
(Y, Vo) 12(0) =2 5 {(~A)u, @) 2y
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