PARABOLIC o-RIESZ FLOWS AND LIMIT CASES a — 0", a —d~
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ABSTRACT. In this paper we introduce the notion of parabolic a-Riesz flow, for a € (0,d),
extending the notion of s-fractional heat flows to negative values of the parameter s = —3.
Then, we determine the limit behaviour of these gradient flows as @« — 0" and a — d~.

To this end we provide a preliminary ['-convergence expansion for the Riesz interaction en-
ergy functionals. Then we apply abstract stability results for uniformly A-convex functionals

which guarantee that I'-convergence commutes with the gradient flow structure.
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INTRODUCTION

Fractional versions of local operators attracted much attention in the last decades. For s €
(0,1) the so-called s-fractional Laplacians and s-fractional perimeters represent natural and
interesting nonlocal counterparts of the classical Laplacian operator and Euclidean perimeter.
It is also well known [I7, 26] that for negative values of the parameter s, and specifically for
s = —% with a € (0,d) (d being the dimension of the ambient space) , the a-Riesz potentials
represent the natural continuation of the one-parameter family of s-fractional Laplacians (as
well as of s-fractional perimeters and curvatures [7]) for negative values of s.

Much analysis has been devoted to studying the limit cases of s-fractional perimeters and
Laplacians as s — 07 and s — 17 ; remarkably, as s — 1~ one recovers the local canonical
objects, while the limit s — 0% is somehow more degenerate. The analogous analysis for
Riesz type operators seems to be less investigated, with recent results only for what concerns
geometric flows [7]. This paper gives a further contribution in this direction, introducing the
notion of parabolic a-Riesz flows and studying the limit cases as o — 0% and o — d™.

We will now revisit the literature concerning the limit analysis of s-fractional operators as
s — 0T (referring the interested reader to [T}, 3|, 4l [5, [9, 10} 18, 24, 19] for the case s — 17).

In [20] the authors show that, as s — 0", the squared s-fractional Gagliardo seminorms
multiplied by s pointwise converge to (a multiple of) the squared L? norm. A I'-convergence
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expansion (as s — 01) with respect to the L? topology has been derived in [9]. The first
term of such an expansion is, according with [20], the squared L? norm divided by s, whereas
the next order term can be understood as a kind of O-fractional Gagliardo seminorm. The
first variation of the zero-order I'-limit is trivial, while the first variation of the first order
[-limit gives an interesting elliptic operator, referred to as 0-fractional Laplacian, which is
a slight variant of the logarithmic Laplacian introduced in [8]. Still in [9], the minimizing
movements approach was used as a bridge between the I'-convergence analysis and the stability
of the corresponding fractional parabolic flows: After scaling the time by s, the s-fractional
parabolic flows converge, as s — 07, to the degenerate parabolic flow of the squared L? norm
(with respect to the L? metric, itself); this is nothing but a trivial ODE corresponding to
the exponential decay of the initial datum. If, instead of scaling in time, we renormalize the
parabolic flow by subtracting the forcing leading term (corresponding to the first variation of
the squared L? norm, scaled by s), we end up with a much more interesting dynamics: the
heat flow governed by the O-fractional Laplacian, namely, the parabolic flow of the first order
I-limit of the s-fractional Gagliardo seminorms.

A first task of this paper is to provide a similar analysis as s — 0~. As already explained, for
negative values of s the analogue of fractional Laplacians is given by a-Riesz potentials [17, 26],
with @ = —2s. The first step in our analysis is to formalize such an analogy introducing, for
negative values of s, explicit counterparts of s-fractional Gagliardo seminorms, Laplacians,
and the corresponding parabolic flows, referred to as parabolic a-Riesz flows. Such a track
has already been pursued in the geometric framework [7]; there, suitable notions of a-Riesz
perimeters, curvatures and geometric flows have been introduced and analyzed as a@ — 0,
leading to the geometric flow of the O-fractional perimeter introduced in [13]. (In fact, such
a flow also coincides with the limit as s — 0" of the s-fractional mean curvature flows [7].)

As in [9,[7], our approach is purely variational, in the sense that our stability analysis relies
on the gradient flow structure of the parabolic a-Riesz flows. We consider an open bounded
set 2 C R? and, for every a € (0,d), we define the a-Riesz functionals 7 on L?(Q) as

(0.1) T (u) ::—/Q/deydm.

We stress that the first variation of J¢ gives back the opposite of the a-Riesz potentials
(—A)~2 [26,17]. In terms of a more genuine variational viewpoint, J can be understood as
a continuous version of the XY energy functional with long-range interactions and real-valued
spin variable. Oversimplifying, in classical XY scalar systems the spin variable u takes values
+1, and, for nearest neighbor interactions, the energy can be seen as a discrete perimeter of
the phase {u = 1}, as well as a discrete Dirichlet energy for functions defined on a lattice and
taking only two values. Clearly, long-range variants of the XY model are naturally related
with nonlocal perimeters; specifically, with fractional type perimeters, when the interaction
kernel is non-integrable, and with Riesz type perimeters, when the kernel is locally integrable
as in . Although such analogies are part of the motivations for our study, here we will not
push further considerations within such a statistical mechanics framework; in fact, we focus
our analysis on real-valued functions, adopting tools and terminology of fractional seminorms
and operators.

Now we describe in detail our results, starting from the asymptotic behavior of J¢ as
a — 07. In Theorem we prove that the functionals —a % I'-converge as a@ — 0 to a
multiple of || - H%Q(Q) with respect to the weak L? topology. Some considerations about the

signs of the energy functionals are in order: the functionals — 7 penalize more and more, as
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a — 01, functions with large L? norm, which, instead, are favored by the functionals J¢ .
Indeed, also after the natural scaling, the functionals a7 would I'-converge to the relaxation
(with respect to the weak L? topology) of —|| - \\%2(9)7 which is constantly equal to —oo (see

Remark . On the other hand, renormalizing the (otherwise asymptotically ill-posed)
family of functionals J%, by setting J%(u) := J*(u) + d%dHuH%Q(Q) , it turns out that the

energies j @ penalize oscillations. In fact, in Theorem [2.3| we prove that the I'-limit of j “ (as
a — 01), with respect to the strong L? topology, is a nonlocal coercive Dirichlet type energy
functional 7° , which is nothing but the I'-limit derived in [9] for the renormalized s-fractional
Gagliardo seminorms (as s — 07). Similarly to what observed above, here there is only one
option in choosing the signs in order to deal with coercive functionals: reversing all the signs,
one would end up with a kind of relaxation of —7°, which would give back once again —oo
(Remark . Similar considerations can be done in the setting of nonlocal geometric flows,
but, trying to draw such a parallelism, a relevant difference emerges: in the geometrical
context u is a characteristic function, so that oscillations relaxing the energy to —oo are
automatically prevented. A relevant consequence is that, contrarily to the case discussed
above, in the geometric setting, the right sign is the negative one, since the functionals a 7%
computed on characteristic functions, together with their limit, provide a true perimeter,
whose first variation is a nonlocal curvature satisfying natural comparison principles [7]. These
different paths of geometrical and linear framework rejoin when looking at the next order,
where we fix the negative sign for the a-fractional Laplacians.

In this framework, we introduce the parabolic a-Riesz flows as the L? gradient flows of
the functionals J, scaled or renormalized according with the I'-convergence analysis. As
mentioned above, the first variation of the functional — 7% (for a € (0,d)) is already known in
the literature [26], [17] under the name of a-Riesz potential (—A)~2 . Therefore, the fractional
parabolic flows considered here are nothing but fractional heat flows governed by s-fractional
Laplacians for negative values of the fractional parameter s € (—%, 0).

As one may expect from the static asymptotic analysis, scaling the time by «, the a-
parabolic flows governed by the operator (—A)_% converge (Theorem as a — 07, to
a degenerate ODE describing the exponential decay of the initial datum, namely, to the
gradient flow of the (up to a prefactor) I'-limit || - H%Z(Q); this result agrees with the analysis of

s-fractional heat flows as s — 07 done in [9]. In analogy with the geometric case of fractional
curvature flows [7] and following the discussions on the signs done above, one could wonder
what happens reversing all the signs. In fact, the parabolic flows governed by —a(—A)fg
is actually well defined; however, as explained in Remark [4.3] our variational methods based
on I'-convergence do not provide its convergence (as o — 07) to the parabolic flow u; = 2u.
The latter describes the exponential growth of the initial datum, and is consistent with the
corresponding geometric flows, where balls tend to expand (instead of shrinking) faster and
faster as a — 0. R
Following the first order I'-convergence analysis, the gradient flow of the functional J¢
is a parabolic flow governed by —(—A)fg plus the forcing leading linear term (diverging as
a — 0T). This flow converges (Theorem, as a — 0%, to the gradient flow of 7° , namely,
to the parabolic flow governed by the O-fractional Laplacian. Again, this result agrees with
the analogous analysis done for s — 07 in [9]. In fact, the proofs of the stability results above
are obtained as an application of the abstract approach developed in [9]; loosely speaking, the
latter consists in showing that uniform A-convexity and A-positivity on an Hilbert setting is a
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sufficient condition to guarantee that I'-convergence of the underlying functionals commutes
with the gradient flow structure. We refer to Subsection [4.2] for a short recap on such an
abstract setting.

The same approach, namely, first analyzing the asymptotic behavior of the functionals
J“ as @« — d~ and then using the abstract result in [9] to derive the convergence of the
corresponding parabolic flows, allows to study also the limit as a« — d~ for the parabolic
a-Riesz flows. In such a case, the analysis is simpler. Indeed, the interaction kernel in
converges to 1 (strongly in LIIOC(Rd)), whence, for every u € L%(Q), we deduce that J%(u)

converges (as a — d~) to J%(u) : ( Jou )2. Actually, in Theorem we prove that
T (u) — J%u) for every a,, — d~ and for every u” — w in L?(Q2), which provides in
particular the I'-convergence of the functionals +7% to £7¢. As a consequence, in Theorem
we prove that the a-parabolic flows governed by the operator i(—A)_% converge (The-
orem , as a — d~, to a degenerate ODE describing now the exponential growth/decay

of the average of the initial datum, namely, to the gradient flow of the I'-limit :F( fQ u)z.
Moreover, for every u™ — u in L?(Q2) and for every a,, — d~, the renormalized functionals

~ an () — dun
jan(un) ::j ( ) j( )

o converge to the Riesz energy functional with logarithmic kernel

1
// log‘ ’dydx.

In particular, as « — d~ , the functionals +J I’-converge to the functional +7? with respect
to the weak L? convergence (see Theorem [3.4). Finally, Theorem establishes that the
gradient flows of +J converge, as a — d~, to the parabolic flow governed by the operator
j:(—A)fg, namely, by the first variation of +.7¢.

Summarizing, we have introduced the parabolic a-Riesz flows, i.e., the flows governed by
the a-Riesz potential (—A)~2 , for o € (0,d), and we have analyzed their convergence as
a — 0" and a — d~ . Along the way, we have focused on the interesting class of integral
functionals

(0.2 - [

representing, for p € (0,d), natural extensions of Gagliardo-type energies. In particular,
through rigorous renormalization procedures, we have given a meaning to the critical case
p = d. It may be of some interest to extend our methods to p > d, adopting suitable
renormalization procedures; in this direction, a popular method is the so-called core radius
approach, already used in [12] in the geometric framework. The general case p € R, accounting
also for negative values of p, could deserve further investigations. Ultimately, our analysis in-
vites to a methodical comparison between the one-parameter family of generalized Riesz
functionals/potentials and the (generalized) Gagliardo seminorms/fractional Laplacians.

ACKNOLEDGMENTS: LDL and MM are members of the Gruppo Nazionale per 1’Analisi
Matematica, la Probabilita e le loro Applicazioni (GNAMPA) of the Istituto Nazionale di Alta
Matematica (INdAAM). The authors have been partially funded by the ERC-STG Grant n.
759229 HiCoS “Higher Co-dimension Singularities: Minimal Surfaces and the Thin Obstacle
Problem”.
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1. DESCRIPTION OF THE PROBLEM

Let d € N and let Q € R? be a bounded and open set with Lipschitz continuous boundary.
For every a € (0,d), we define the functional J¢ : L?(Q) — (—oc, +00) as

(1.1) T (u) ::—/Q/Q‘z(f):‘gy_)adydx.

We first show that the functionals J% are well defined and actually finite in L?(€2). Let
k@ : R% — [0, +00) be the function defined by

1

(1.2) K = e

Then, k* € Li (R?). Moreover, for every R > 0 we set

loc
(1.3) k% == XBr(0)k™;
it is immediate to check that
dwd

(1.4) 1k% /L1 Ry = TROC-
Now, for any u € L?() and for every R > diam({), we have
(1.5) T () = — {0 % k) oty = — (1, % k) 2
where, here and throughout the paper, o € LQ(Rd) is defined by @« = v in Q and @ = 0 in
R4\ Q.

Therefore, by (1.5) and (1.4]), using Holder and convolution’s Young inequalities, we obtain
that for every u € L*(Q)

dwd

(1.6) T @)] < kSl @y lal 72y < =Rl f2(q)

a
which shows that J¢ takes values in (—o0, +00) .
We highlight that for any « € (0,d) the Fourier transform .#[k®] of k% is given by

r(s)
r(52)

where I is the Euler Gamma function, defined by I'(3) := 0+OO tB=le=tdt, for B > 0. Indeed,
let ¢ : R? — R belong to the Schwarz class. Then, setting 8 := d — a, by the very definition
of Euler Gamma function and by Fubini Theorem, we have that

x)k*(x avfL e 5-1 z o(x)e—tel?
(1.8) [ el —F(g)/0 a3t [ o pla)etir

Moreover, since

vl

(L.7) FE)(§) = 2% KT(E),

€12
Fle e = [ e r = at T
Rd .2
by Parseval identity we obtain
% g
el g = T /ﬁ‘ € T
/Rd‘P(x)e T G Jo [p] () . ¢,
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which, plugged into ([1.8)), yields

« _ Wg 1 oo %—1 —%
Loewaar =g [ an s [ ser s a
Tt o 1(5)

“ e r(Le) Rdﬂw](f)kd‘“(g)dg,

where we have used first the change of variable ¢t = s|¢|? and then u = i to get

400 —+o00
B—d l€|2 B—d 1
/ t2 e dt =€ / sz leTasds
0

—aod—f ee =B_1 —u
=¢]72 uz e “du
0

M

=l¢l=2°1(3).
Therefore, holds true and hence the kernels k% are positive definite, i.e.,
(1.9) (v, 0% k%) 2 gay > 0 for any v € L?(R%),
which, by , yields
(1.10) J%(u) <0 for any u € L*(9).

Moreover, by (L.5), using the symmetry of k%, for any u,v € L%(Q2) we have that

[T(w) = T ()] =|{u = v, (u+v) * k) ey

dwd o
— R (llull ) + ol o) llu = vll L2

(1.11)

whence we deduce the continuity of J¢ with respect to the strong convergence in L?(€2).
Now, for every a € (0,d) and for every u € L?(£2) we set

(1.12) 7o) = 7o () + 1

Let Dy := {(x,y) € RTx R? : |z —y| < 1}; for every a € [0,d) we define the functionals
G LA(Q) — [0, 4+oc] and JP : L*(Q) — R as

|t(x (y)]? // u(z)u(y)
dydz, T u) = — 7d dzx.
//D rx—yrd o () axano, o —yl=a Y

We highlight that for every a € (0,d) and for every u € L?(Q) it holds

”UHL2 Q) -

(1.13) T () = G (u) + T (u),
Notice that, by Hélder inequality, for every « € [0,d) and for every u € L*(Q)
(110 @I <[] uul dyds < Julfs g < 190l

and hence jl is finite on L?(Q) also for o = 0. In full analogy with (1.13] - we can define the
functional J also for a = 0 by setting

(1.15) T () = Gi(w) + I (u),
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for every u € L*(Q). In view of (1.14), the functional JO L?(2) — (—o0,+o0] is well
defined. Notice that J° in (I.15) coincides with the functional FO defined in [9, formula
(1.9)].

Remark 1.1. In view of its very definition (1.12)) and of (1.11]), the functionals J with
a € (0,d) are continuous with respect to the strong convergence in L?*(2). Moreover, for

every a € [0,d) and for all u, v € L*(Q2) we have

(1.16) |71 () = I ()] <(llull L) + vl @) v = vl
' <|Q(lullz2(@) + vl L2@)lu = vl 2 -

which shows, in particular, that the functionals J9 are lower semicontinuous with respect to
the strong convergence in L?(2).

The following result will be used throughout the paper.

Lemma 1.2. Let k € L?(RY) with supp k C Bg(0) for some R > 0. Let moreover {v"}pen C
L2(R%) be such that supp v C Br(0) and v™ — v for some v € L?>(R?). Then, v" xk — vk
(strongly) in L?(R?).

Proof. We set, g" := v™ — v, so that g" — 0 in L?(Bg(0)). For every z € R? | [¢" x k](z) — 0
as n — +00. Moreover, let h € R?; by Young’s convolution inequality, we have

(1.17) g™ K1+ ) = [+ K1)

since the right-hand side of ([1.17]) tends to 0 as h — 0, uniformly with respect to n, by the
Fréchet-Kolmogorov criterion we get the claim. O

LQ(Rd) S HgnHLQ(Rd)Hk( + h) - k(')”Ll(Rd) 7

2. T-CONVERGENCE FOR THE FUNCTIONALS J% AND J% AS o — 01

We start by studying the asymptotic behavior of the functionals —a 7% .

Theorem 2.1. Let {ap}nen C (0,d) be such that o, — 07 as n — +00.
(i) (T-liminf inequality) For everyu € L*(Q) and for every {u"™}nen C L3(Q) withu™ — u
in L?(2), it holds

a0y < liminf 07" (u").

(i) (T-limsup inequality) For every u € L?(£2)

. Qn _ 2
Jim =T (u) = dwallullzzq) -

Proof. For every n € N we set ko = k% with k% defined in (1.2) and, for every R >
diam(§2) we set k3" := k*" X, 0) = anky" .

Proof of (i). Since k%" dz = dwady we have that @ * k%" — dwqii (strongly) in L2(2), and
hence

(2].) nll}g-loo<ﬂ’ (ﬂn — ﬂ) * 'I%%n>L2(Rd) = nll)liloo<’& * Eaanﬂn - ﬂ>L2(Rd) = 0,
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Moreover, by (1.5)), we have

23) —a, T (u") =(@" =, (@" — @) * k") p2gay + (@, (0" — @) * K 2(pa)
. + <ﬁn,ﬂ*k?%n>L2(Rd) s

and hence, by (1.10), (2.1]), and (2.2), we obtain

lﬁglﬂg —ap T (u™) > Egli{}f@" =, (" — @) * k") [2(ra)

> dusgllull 20 -
Proof of (ii). The claim follows directly by (2.2)) and by the first equality in (1.5]). O

Remark 2.2. Let {an}nen C (0,d) with o, — 07 as n — 4o0o. By (2.1)-(2.3), for any
u € L*(Q) and for any sequence {u"},eny C L(Q) with u" — u (strongly) in L2(2), we have
that

which shows, in particular, that the T-limit of the functionals 7% (as o — 01) with respect
to the strong convergence in L?(12) is the functional —dwy|| - HQLQ(Q) . This fact implies that the

I-limit of aJ® (as o — 07) with respect to the weak convergence in L?(£2) equals to —oc .
In Theorem below we show that the functional j @ I'-converges to the functional j 0.
To this end, following [9, Remark 1.3], we introduce the space
HY(Q) :={u € L*(Q) : GY(u) < +o0}.

Such a functional space could be endowed with a 0-Gagliardo type norm defined as

1
lull o () = llull 2y + (267 (w)) 2 .

Theorem 2.3. Let {an}tneny C (0,d) be such that o, — 07 as n — +oo. The following
T'-convergence result holds true.

(i) (Compactness) Let {u"}nen C L*(Q) be such that
(2.5) T (™) + (19 +m) ™12 () < M,
for some constants m, M > 0 independent of n. Then, up to a subsequence, u'* — u
strongly in L*(Q) for some u € HJ().
(ii) (D-liminf inequality) For every u € HY(QY) and for every {u"}nen C L2*() with
u™ — u in L*(Q), it holds
0 <1 . ’\an n
J7(u) < lim inf 7% (u").
(iii) (T-limsup inequality) For every u € HY(Q) there exists {u"}pen C L?(Q) with u™ — u
in L?(QY) such that

J%u) = lim Jo(u").

n—-+o0o

In order to prove (i) of Theorem we adopt a strategy similar to that used in the proof
of [16, Theorem 1.1] . To this end we prove the following result.
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Lemma 2.4. Let {an}nen C (0,d) be such that o, — 07 as n — 4oo. Let moreover
{u"}nen C L3(Q) with

(2.6) w2 () + 91" (u") < C,

for some constant C > 0 (independent of n). Then, up to a subsequence, u™ — u in L*({2)
for some u € HJ(Q) .

Proof. By (2.6)), there exists u € L?(€2) such that, up to a (not-relabeled) subsequence, u"™ — u
in L?(Q).
For every a € [0,d) and for every 0 < § < 1, we define j§ : R? — (0, +00) as

where we have set A, p(¢) := Bg(€) \ B,(€) for every 0 < r < R and for every ¢ € RY.

Furthermore, for every a € [0,d) and for every 0 < 6 < 1 we set w§ := T

”.7(5 ”Ll(Rd)

Notice that

1 1

1—gon wi  wi
and  sup |9 || p2ray < SUp — % = 4.

neN J (RY) neN 5d—an 5d

(2.7) 175" | 1 (ray = dewa

n

We observe that for every 0 < § < 1
(28) 5 — 3 in CH(A51(0)) for all k € N and 53" | ps(ga) — desallog 8] = 139111 g
and, by Lemma 1.2
(2.9) |w§ * (u™ — )|l p2(mey — 0 as n — +00.
In turn, by triangular and convolution’s Young inequalities, using and , we get
(2.10)  |Jwg™ *u™ — w) UHL2(Rd)
< Nwg™ = wd |l pr ey 0" || 2 ey + 1w§ * (u" = w)[| p2gay = O as n — +00.

Now, following [16, Lemma 2.2], using Jensen’s inequality, we get

Ju™ — wsn *Un||%2(1Rd) :/

dz ( / (" (4 2) — " (z))u (2) dz> 2

R4 R4
(2.11) g/ de | (x4 2) — (@) Puin () dz
R4 R4
> C
<ian 91" (") < :
135 ™ | 21 (et ! | log 4

where in the last inequality we have used (2.6) and (2.8). Moreover, since w? dz X5y as
6 — 0, we have that

(2.12) ||wg*u—u||L2(Rd) —0 as 6 — 0.
Therefore, by triangular inequality, we obtain that, for every 0 < § < 1,

[u" = ull paray < 0" = w§™ * u[| pagay + w5+ u™ = wg + ull 2 pay + W *u — ul| p2(gay ,
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whence the strong convergence of u™ to u follows by and by (2.10), (2.11]), and (2.12)), sending
first n — 400 and then § — 0. Finally, by Fatou Lemma and by ([2.6)),

. 0 < . . Qn <
(2.13) Gr(u) < %glﬂg g1 (un) < C,
whence we deduce that v € HJ(Q), thus concluding the proof of the lemma. O

Proof of Theorem[2.3. We start by proving compactness. By (2.5), (1.13]) and (1.14)), we have
M > G (u®) + ml|u 72

which, in view of Lemma yields (i). Moreover, in view of ((1.13)), the proof of (ii) follows
by (2.13) and by ((1.16)). Finally, the proof of (iii) follows by using standard density arguments
in I'-convergence (see for instance the proof of [9, Theorem 1.4 (iii)]). O

Remark 2.5. Analogously to what already observed in Remark [2.2] one can easily prove
that the functionals —J% T- converge to —oo (as o — 07) with respect to the strong L?
convergence. For example, assume that 0 € {2 and consider v, := —*1—xp, (). Then, one

logZ n n

can easily check that v, — 0 strongly in L?(2). Moreover, for n large enough, G§(v,) >

1-n"* 1 . ol
C— et since

. o 1l—-—nT* 1
lim lim —————=— = lim log2 n = 400,
n—+o00 a—0 o log2 n n—-+00

by a standard diagonal argument there exists a sequence {vq }a = {Vn(a)} With [[vallz2@) — 0

and such that G®*(v,) — 400 (as @ — 07). As a consequence, for every u € L?(€2), u—i—va — U
(strongly) in LQ(Q) and G(u 4+ vq) — +00. Recalling (1.13]) and recalling Remark we
conclude that —7%(u + v4) — —oo for every u € L2(€2) .

3. '-CONVERGENCE FOR THE FUNCTIONALS J“ AS o — d~
2
We define the functional J% : L?(Q) — (—o00,0] as J%(u (fQ ) .
Theorem 3.1. Let {ca, }nen C (0,d) be such that o, — d~ asn — 400 . For everyu € L%(Q)
and for every {u™}nen C L2(Q) with u™ — u in L*(Q) it holds
(3.1) lim J% (u") = J%u).

n—-4o00

In particular, as « — d— , the functionals £ 7% T'-converge to the functional +J% with respect
to the weak L? convergence in L*(£)).

Proof. We first notice that for any compact set K C R?

(3.2) nggloo Ik = 1) = 0,
where k%" is defined in ([1.2]). By (1.5), we thus have that
(3.3) T (u") = —(@", 4" x (K — 1)) popay — (@", 0" * 1) p2(ga) -

Now, taking R > diam(f2), by Young’s convolution inequality and by (3.2 ., we have
(3.4) limsup(a”, @" * (K" — 1)>L2(Rd) < hmsup Hu”HL2 Q)Hka — 21 Bro) =0,

n—-+o0o
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and, since u" — u in L?(Q),

(35) lim <’LL U * 1>L2(Rd) - <'l]/,’lj, * 1>L2(Rd) == _jd(u) .

n—-+o0o

By , and , we obtain .

For every a € (0,d) we define the functional 72 : L2(2) — R as

T (u) = Tu)

Fotuy = T =T,

moreover, and for every u € L?(Q2) we define

(3.6) // k(| — y|) dy dz,

where we have set k%(z) := log |71‘ . Notice that

(3.7) ke LP

loc

(Rd) for any p € [1,400);

therefore, for every R > diam(2), by Young’s convolution inequality, we get

(3.8) T4 )| < HideLl(BR(o))Hu”%z(ﬂ) for every u € L*(12),

which shows, in particular, that the functional J4 defined by takes values in R.

Remark 3.2. Let k € LL _(R?) and let _#;, be the functional defined on L?(92) by

= / / u(x)u(y)k(z —y) dy dx for every u € L*(Q).
QJa
Let R > diam(2). Then, by Holder and Young’s convolution inequalities,
| A6 ()] < lulfe ) 1*ll 2 (5000 -

Remark 3.3. Let {k"},en C Li (R?) with sup,,cy [|&" 21 (Br(0)) < C, for some C' > 0 and
R > diam(Q2). Then, by Remark |3.2] - 2| the functionals _#j» are A- p051t1ve for any A > 2C.
Therefore, for any sequence {uy, }nen C L%(Q) with

sup Zgn (u") + M”72y < +00,
neN

we have that, up to a subsequence, u™ — u in L?(€2), for some u € L%(Q).
In particular, this applies to any sequence of functionals {J %"}, with a, — d~ .

Theorem 3.4. Let {ay}tnen C (0,d) be such that a,, — d~ as n — +00.
For every u € L2(Q) and for every {u™}n,en C L3(Q) with u™ — u in L*(Q) it holds

(3.9) lim J (u") = T u).

n—-+o0o

In particular, as o« — d~ , the functionals =7 I'-converge to the functional 7% with respect
to the weak L? convergence in L*(£)) .
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Proof. For any n € N we set k% := kd&jo;l , with k%* defined in (T.2]). For any v € L?(Q), it
holds

(3.10) T () = (0,0 k) gy, T(0) = (8,0 % k%) 2 gy
and hence

(3.11) Tom(v) = —(0,5 % (k% — k%)) 2 ey + T (v)
Moreover, by Taylor expansion, for any z € R?\ {0}, we have

(3.12) F(2) = F(2) + O((d — ) log? é,) ,

with lim;_q % € R. Therefore, for any compact set K C R¢, it holds

(3.13) lim k% — ;:dHLp(K) =0 for any p € [1, +00).

n——+0o

Let R > diam(2) .
We start by proving (a). By Young’s convolution inequality and by (3.13]), we have

(3.14) lim sup(a", @™ * (k% — ];d)>L2(Rd) < lim sup Hu"H%Q(Q)Hffo‘" — IchHLl(BR(O)) =0,
n—-+0o n—r—+oo

and, by Lemma [T.2]
(3.15) lim J%u") = T u).

n—-+4o0o

By (3.11])), (3.14]), and (3.15)), we thus obtain
lim  Fo (") = Fw),

n—-+00

ie., (3.9).
]

Remark 3.5. By Remark and by (3.11), (3.13) and (3.8)), it immediately follows that

any sequence {J %"}, with a,, — d~ is uniformly A-positive and hence weakly equi-coercive
in L2(Q) (in the sense of Remark .

4. CONVERGENCE OF THE «-RIESZ FLOWS
4.1. The a-Riesz potential for o € (0,d) and for a =0 and « = d. For every a € (0,d)
and for every v € L?(R?) the a-Riesz potential is formally defined by

(_AY%U(J?) = 2/ |xv(5|)dady, for a.e. x € RY.
Rd |T —

Notice that such a definition coincides, up to multiplicative constants depending on « and d,
with [26, formula (4), p. 117]. By [26, Theorem 1, p. 119] the above definition is well posed,
and there exists a constant C'(d, ) such that

1(~2)" 5 0l ey < C(ds ) ol pagas for all v € LA(RY),
where g = %. Since ¢ > 2, by Holder inequality, we deduce that

(4.1) H(—AV%UHB(Q) < C(d, a, )[[v] L2 (may;
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we also notice that, if v € L?(Q) with v = 0 on R?\ Q, then is an easy consequence of
convolution’s Young inequality. With a little abuse of notation, for every a € (0,d) and for
every u € L*() we set (—A)"2u:= (—A)"24.

One can easily check that the a-Riesz potential is nothing but the first variation of the
a-Riesz functionals —J, i.e., for every u, ¢ € L?(Q) we have

(4.2) Jim ot 1) = T ()
) t—0 t

= —((—A)"2u, ) 12(q)-

In analogy with [9, Subsection 4.1], for every 1 € C(R%) we define the O-fractional laplacian
of ¢ as

(-a)y) = [ PO DZEZE g,y [ Mg, et
By RN\B

B KR

Furthermore, for every u € HS(Q) we define O-fractional laplacian of u by duality as
(4.3) (=8)%u, ) = (u, (=8)°@) 2y, forall p € CX(Q).
Clearly, the O-fractional laplacian is the first variation of the functional J 0. as shown in [9]
Proposition 3.2].
Finally, for every v € L?(Q) we set

(=A)™ %v(z) = 2/§2v(y) log dy, z e R?,

1
oyl
and we notice that (—A)~ R L*(Q) — C(RY).

It is easy to see that (— A)fg is the first variation of the functional —7¢ defined in ,
i.e., that for any u, ¢ € L?(Q)

Gt tg) — T )

li

_d
Py ; = —((-4) 2U7<P>L2(Q)-

4.2. Abstract stability results for parabolic flows. It is well known that, under suitable
uniform convexity assumptions, I'-convergence commutes with gradient flows. This fact, first
exploited in [6], has been generalized in many respects, such as for instance in metric spaces
[11, 2 25]. For the specific framework of uniform A-convex functionals we refer for instance to
[21, 22 23], [@9]. Here, we recall the stability result as appeared in [9, Theorem 3.8], that best
suits our purposes. We start by recalling the notion of A-positive and A-convex functions.
Let . be a Hilbert space and let A > 0. We say that a function F : 5 — (—o0,+0o0] is
A-convex if the function F(-) 4+ %] - |2, is convex. Moreover, we say that F is A-positive if

F(z) + 3|2|% > 0 for every z € 5.

Theorem 4.1. Let J be a Hilbert space. Let {F"}pen with F* @ H# — (—o0,400] for
every n € N be a sequence of proper, strongly lower semicontinuous functions which are \-
convex and A-positive, for some X > 0 independent of n. Let {xf}nen C H be such that
sup,en F(xg) < 400 and xf — x° for some xi° € H . Assume that one of the following
statements is satisfied:

(a) The functions F™ I'-converge to some proper function F°° with respect to the weak -
convergence. Moreover, the I'-limsup inequality is satisfied with respect to the strong

A -convergence, i.e., for every y € J there exists a sequence {y" }nen with y" £y
such that F™(y") — .7:00( ) as n — +00.
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(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 J with sup,,cy F"(y™)+
%|y"|2}f < 400, admits a strongly convergent subsequence.

LetT > 0. Then, F®(xf°) < +oo and the unique solutions z™ € H'([0,T]; ) of the Cauchy
problem

(4.4) {i@)é-—afﬂ@xﬂ) for a.e. t € (0,T),
z(0) = xp

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

{g'c(t) € —0F®(x(t)  forae te(0,T),

(4.5) x(0) = 2§°.

Furthermore, if

(4.6) lim F"(zg) = F>(zg°),

n——+oo

then, we have that

(4.7) A (strongly) in Hl([O, T); ),

(4.8) " (t) A z(t) and F"(z"(t)) = F(z™(t)) for every t € [0,T7].

4.3. Convergence of the a-parabolic flows as a — 0. Here we state and prove the
convergence results for the parabolic flows corresponding to the (either scaled or renormalized)
a-Riesz functionals as o — 07 . These results follow by applying our I'-convergence analysis
together with the stability result Theorem

Theorem 4.2. Let {an}nen C (0,d) be such that a, — 07 as n — +oo. Let ul® € L%()
and {uf}nen C L%3(Q) be such that uf — u® in L*(Q). Let T > 0; then, for every n € N
there exists a unique solution u™ € HY([0,T]; L*(Q)) of

{ut(t) = —an(—A)" T u(t) for a.e. t € (0,T)

(4.9) "
u(0) = ug .
Moreover, u"™ — u™ in HY([0,T]; L?(Q)) as n — +o0o, where u™ is the unique solution of
u(t) = —2dwqu(t for a.e. t € (0,T),
) () = 2ty 0.7)
U(O) )

and
Ju ()=l = 0 and  —and® (" (£)) = duau()|2eqy  for every ¢ € [0,T].

Proof. Recall that, by (L.6]), the functionals —a,J%" are finite on L?(Q2) and, by (1.10)
and Remark they are also positive and convex. Furthermore, by (|1.11)), the functionals

—a, T are continuous with respect to the strong convergence in L?(Q2) . Moreover, for every
u, € L*(Q),

dwallu + o320y — dwallull}
(4.11) lim L@ L) = 2<dwdu, (p)Lz(Q) .
t—0 t




PARABOLIC RIESZ FLOWS 15

Finally, by Remark limy, 400 —an T (uf) = dwdHuSOH%Q(Q). Hence, the conclusion
follows by applying Theoremwith H =L*Q), F' = —a, T and F>°(-) = dwg|- H%Q(Q) ,
once noticed that, in view of Theorem assumption (a) is satisfied. U

Remark 4.3. For every n € N let u™ be the unique solution to the Cauchy problem and
let u be the solution to (4.10) with —2dw, replaced by 2dw,. Existence and uniqueness of
the solutions for the problems above are consequence of the classical gradient flow theory for
A-convex functionals (see, for instance, [2, 21] or [9, Theorem 3.2]). It is a natural question if
u™ converge to u. In the geometric context of characteristic functions this is the case for the
corresponding curvature flows. In the present setting, unfortunately, Theorem [.1] does not
apply. In fact, on the one hand, compactness can be achieved only in the weak L? topology,
so that assumption (b) does not hold true. On the other hand, in view of Remark the
I-limit of the functionals a7 (as a — 01) is —dwg|| - |3, only with respect to the strong L?
topology, so that neither assumption (a) is satisfied. More in general, it would be interesting
to detect natural assumptions weaker than (a) and (b) that guarantee convergence for similar
parabolic flows, when the I'-convergence property holds true with respect to a topology that
is stronger than that for which equicoercivity can be provided.

Theorem 4.4. Let {an}nen C (0,d) be such that o, — 07 as n — +oo. Let u® € L*(2)
and let {ul}neny C L%(Q) be such that suppenJ ™ (uf) < +oo and uf — ud® in L*(Q) . Let
T > 0; then, for every n € N there exists a unique solution u™ € H*([0,T); L*(2)) of

= |- (-8)"Fu %U or a.e
(4.12) u(t) = (—A)" Fu@) +2 ~u®)]  forae te(0,1),

u(0) = ug .

Moreover, ul® € HJ(Q) and u™ — u™ in HY([0,T]; L*(Q)) as n — +oo, where u™ is the
unique solution of

(4.13) {ut@) = —(=A)u(t)  forae te(0,T)

u(0) = ug°.
Furthermore, if
lim 7% (uf) = T°(u)

n—-+4o00

then, u™ — u™ (strongly) in H'([0,T); L*(Q)) and

[u™(t) — u™(®) |2y — 0 and T (u"(t)) = T2 (@)  for everyt € [0,T).

Proof. By (1.13) and (1.14]), the functionals Jon are A-convex and A-positive for every A >
22| . Moreover, by Remark they are lower semicontinuous with respect to the strong

convergence in L2(Q2). Now, by (@.2) and (&.11), using the very definition of J°» in (T.12),
we have that, for every u, ¢ € L?(Q)

T (utte) = T (u Cen dw
lim ( ) (w) = < —(=A)" 2 u+2—du,cp>L2(Q).

t—0 t ap,

Hence, the stability claim follows by applying Theorem with 7 = L*(Q), F" = Jon and
F>° = 79, once noticed that, in view of Theorem assumption (b) is satisfied. ]
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4.4. Convergence of the a-parabolic flows as @ — d~. Here we state and prove the
convergence results for the parabolic flows corresponding to the (either scaled or renormalized)
a-Riesz functionals as a« — d~ . Such results follow by Theorem [4.1

Theorem 4.5. Let {an}nen C (0,d) be such that a, — d~ asn — +oo. Let u® € L%(1)
and {u}neny C L*(Q) be such that and uly — uS® in L*(Q) . Let T > 0; then, for everyn € N
there exists a unique solution u™ € H1([0,T]; L*(Q)) of

{ut(t) =+(-A)"Fu(t)  forae te(0,7T)

4.14
(4.14) u(0) = ug .

Moreover, u"™ — u™ in HY([0,T]; L?(Q)) as n — +o0o, where u™ is the unique solution of

u(t) = :|:2/Qu(t) dy for a.e. t € (0,T),

u(0) = ug”,

(4.15)

and
u™(t) = u> ()12 = 0 and J*(u"(t)) — T4 u(t)) for every t € [0,T].

Proof. By ([1.6]) the functionals &7 are finite on L?(f2) and, by Remark they are also A-

positive and A-convex for every A > 2wy (diam(Q))d. Furthermore, by (1.11]), the functionals
J are continuous with respect to the strong convergence in L?(Q2). Moreover, for every
u,¢ € L*(Q),

d _ 7d
(4.16) lim (0 1) = TT) —(2 /Q wdy, ) 120 -

t—0 t

Finally, by Theorem [3.1} we have that lim, . J%(ug) = J*°(ui®) . Hence, the conclusion
follow by applying Theorem with F* = £ 7% and F* = +7¢, once noticed that, in view
of Theorem [3.1|(a), assumption (a) is satisfied. O

Theorem 4.6. Let {an}nen C (0,d) be such that a, — d~ asn — +oo. Let u® € L*()
and let {uf }nen C L2(Q) be such that uf — u$® in L*(Y). Let T > 0; then, for every n € N
there exists a unique solution u™ € H([0,T]; L3(£2)) to

1 _en
(4.17) w(t) = S o, [(_A) 2 u(t) — 2/Qu(t) dy] for a.e. t € (0,T),
u(0) = ug .
Moreover, u™ — u® in Hl([O,T];LQ(Q)) as n — 400, where u™® € Hl([O,T];L2(Q)) is the
unique solution to

(4.18) {“t(t) = +(=A)"2u(t)  forae te(0,T)

u(0) = ug®,
and
[u"(t) — u (1)l g2y = 0 and T (u"(t)) — T4 w™(t))  for every t € [0,T].

Proof. By (3.7)), (3.13), and (3.11)), using Rernark we have that the functionals +£7¢ and
+J% are A-convex and A\-positive for every A > 4deHL1(Bdiam(Q)(O))' Moreover, by (1.11)),

the functionals J are continuous with respect to the strong convergence in L?(12), and, by
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arguing as in (1.11)) one can show that also the functional J4is continuous with respect to the
strong convergence in L%(2). Now, by (4.2) and (4.16)), we have that, for every u, p € L*(Q)
T (u A te) — T (u) 1 _an /

1 - <— “A 2 [ w(t)dy, > .

50 t d— ap (=8) = ust Qu() y(PL2(Q)

Finally, by Theorem limy, 400 J " (ug) = J 4(ug). Hence, the conclusion follows by
applying Theorem with F* = £7% and F>* = +J%, once noticed that, in view of
Theorem assumption (a) is satisfied. O
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