DECOUPLING AND TAIL LAWS FOR SMALL-ORDER METRIC-VALUED
NONLOCAL ENERGIES: A STRUCTURAL VIEW OF THE
MAZ’YA-SHAPOSHNIKOVA FORMULA

ANDREA PINAMONTI

ABSTRACT. We develop a measure-theoretic framework for small-order limits of nonlocal
energies with metric-valued maps. For globally L maps, we consider interaction measures
whose marginals have uniformly bounded L°° densities a, and b,. If these densities converge
weakly-* to aoo and boo, the normalized energies converge to the LP energy weighted by aoo + boo
if and only if the interaction measures escape every bounded rectangle. For maps that are
only locally LP, we introduce target laws describing the distribution of the values sampled
at infinity. Convergence of their p-distance profiles yields the limiting interaction energy for
every 1 < p < oo and arbitrary Polish targets, with integrated p-Wasserstein convergence as a
sufficient criterion. The arguments include the endpoint p = 1 and require no linear structure
on the target space. Applications include directional and anisotropic Maz’ya—Shaposhnikova
formulas, a Bernoulli-law interpretation of fractional perimeters, and an Abelian principle for
heat-semigroup energies.

1. INTRODUCTION

For 0 < s < 1,1 < p < oo, and a measurable map u : R — R, consider the fractional

interaction
[u(z) —u(y)P
Beriar = [y fu o =g 0

The two endpoint regimes have different geometric content. In the Bourgain—Brezis—Mironescu
regime s T 1, the interaction kernel concentrates near the diagonal and detects the local regularity
of u. More precisely, for p > 1 and u € WP(R%),

ln(1 = 8) ulfyp oy = g [ [Vl? d, (BBM)
where fgp =1 fsa1 |w - efP dH " (w), e € ST ; see [6], as well as [3, 4, 5, 14, 21, 29, 35]. The
endpoint p = 1 and the corresponding characterization of functions of bounded variation were
established by Dévila [12]. Related metric-measure results were obtained in [25, 24, 33, 27, 36].

The small-order regime s | 0 has a different nature. The Maz’ya—Shaposhnikova formula [32]
states that, for every u € Uy s W5P(R?),

. 204_ _ _
R I - S

After multiplication by s, interactions at every fixed bounded scale vanish, while the surviving
mass is carried by pairs whose distance tends to infinity. At the level of the normalized integral,
the cost |u(z) — u(y)|P then decouples into one-point contributions.

Ludwig [31] established anisotropic versions of the Maz’ya—Shaposhnikova formula. The
corresponding asymptotics of fractional perimeters were studied by Dipierro-Figalli-Palatucci—
Valdinoci [16]. Fractional Orlicz-Sobolev asymptotics on Carnot groups were obtained in [10].
A geometric interpretation in terms of volume growth at infinity was developed by Han [22] and,
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in a metric-measure framework containing Carnot groups and spaces satisfying Bishop—Gromov-
type estimates, by Han, Xu, Zambanini and the author [23]. Almost sharp conditions for broad
classes of Euclidean kernels, including non-symmetric and non-homogeneous interactions, were
recently obtained in [13]. A recent geometric characterization appears in [20].

These results motivate a product-measure formulation in which the small-order limit is
determined by the escape of normalized interaction mass from bounded subsets of the product

space.
More precisely, let (II,) be a family of positive measures on X x X, with marginals aqu and
bapt, where aq, by € L°(X, 1), and write

Eulu) i= [ dv(u(a)u(y))” dlla(z,y).
XxX
Assume that ag = aeo and by, = be in L>(X, p).

Our first question is then:
Given a metric space (Y,dy), which asymptotic condition on I, characterizes the decoupling

Ea(u) — /X(CLoo + boo )dy (u(x),yo)? dp(z) for everyu € LP(X;Y)?

The second is:

What replaces the limit above when the map is only locally LP and retains nontrivial states at
infinity?

The latter issue is closely related to the mass-at-infinity formalism introduced by Davoli—
Fanizza—Picerni [15] in the Euclidean setting. On Riemannian manifolds, Caselli-Gennaioli
[9] found an analogous phenomenon in which the small-order limit is sensitive to stochastic
completeness and, in the non-conservative case, to a bounded harmonic function recording the
mass that survives at infinity. The results described below give a common measure-theoretic
answer to these two questions.

Decoupling. Let (X,dx) be a proper metric space, let u be a positive Radon measure finite
on bounded sets, and let (Y, dy, 1) be a pointed metric space containing at least two points.
Consider a net (Il,), of positive Borel measures on X x X whose marginals satisfy

(m1)#a = aap, (m2) 1o = bapt,

where
SuP(Haa”oo + HbaHOO) < 00, Qg = Qoo ba RN boo-
o

For u € LP(X;Y), set
T, )= [ dy(u(a)u@)P daley), M) i= [ dy (u(@), o) du(e).
XxX X
Theorem 2.8 proves the equivalence
II,(K x K) — 0 for every bounded Borel set K C X
if and only if
Ji,, (u) — / (oo + boo)dy (u, yo)P du  for every u € LP(X;Y).
b'e

We call the first property escape from bounded rectangles. Under the stated marginal assumptions,
it is equivalent to metric-valued decoupling. Necessity is detected by maps taking only two
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values; sufficiency follows from a compact-support decomposition and a uniform LP-stability
estimate. The proof uses only the metric structure of the target and includes p = 1.

Target laws and energy profiles at infinity. Let Q C X be bounded, let K (z,-) be a finite
positive kernel (see Section 3 for the definition) from € to X, and write

me(x) == Ko (z, X).
For mc(z) > 0, define the probability law on Y seen from x by
Aeg 1= A )
T < m. () )

Now suppose that Y is Polish, u|q € LP(Q;Y), and that, for some A € Pp(Y'), the associated
p-distance profiles converge in the sense that, for every a € Y,

(/Y dy (a,z)P d)\e,x(z))l/p — (/Y dy (a, z)P d)\oo(z)>l/p in LP(Q).

If, moreover, m. — m in L*°(Q2), then Theorem 3.3 gives

L[ dvtu@, uw)y Ko, dy) du@) — [ m@) [ dv(u(a), 2 dro(z) dule).

Thus the state at infinity is represented by a probability law rather than by a scalar moment.
The quadratic case in [15] is recovered from the first two moments; the profile formulation works
for every 1 < p < oo and avoids algebraic expansions of the interaction cost.

A first application is a directional Maz’ya-Shaposhnikova formula. Let Q € R? be bounded
and let v € L (R%Y). Suppose that there exists a Borel map

Uoo * Sdil — Yv dY(uOO())yO) € Lp(Sd71)7

loc

such that,
. dY(u(y)ra)p 1/ d—1
1 Sl dy = = o (0))P Y.
5}(()13/{ [ dy b Jis dy (a,usx(0))P dH ™ (0) Va €

Set
Qa = (RY x RY)\ (Q° x Q°)
and define the localized fractional interaction by

dy (u(x), u(y))?
):// (()dfsyp)) dy dzx.
Qo lz—yl
(u) < oo for some sg > 0, then Theorem 3.11 yields

2332 !/lédl Uso(0))P dHYL(0) da

If £

50,P

For Y = R and p = 2, this condition reduces to convergence of the first two moments at
infinity and the formula agrees with [15, Theorem 2.11]. The argument also applies to norms
induced by origin-symmetric convex bodies. This gives the metric-valued anisotropic formula of
Proposition 3.13 and recovers Ludwig’s theorem [31] when the state at infinity vanishes and the
map is compactly supported.

Singular energies and fractional perimeters. If E C R™ has finite fractional perimeter in {2 at
one positive order and

. dy
a(E) :=lims R
10 JEnBg |yl
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exists, set
E
9= 2B B (1 9160 + 0wy,

On—1

Proposition 4.5 then yields

hﬁ]ls Pers(E;Q) = 0p1[(1 = 95) | ENQ 4+ 9| E°N Q.

This recovers the formula of Dipierro-Figalli-Palatucci—Valdinoci [16] and identifies its mass-at-
infinity parameter as the parameter of a Bernoulli target law.

Heat-semigroup energies. Let g;(x,y) have marginal densities a;, b € LY (X, u), and set

= / / dy (u(@), u(y))Pa(x, y) dply) du(z).

If the corresponding couplings escape from bounded rectangles as ¢ — oo and ay, by converge
weakly-* t0o doo, boo, then

To(tsw) — | (oo + o)y (. 0)” di
An Abelian argument transfers this large-time limit to the small-order asymptotics of
o0
NP ()P = /0 t=PP=1 (¢, u) dt.
Under the short-time integrability assumption in Theorem 5.3, one obtains
1
lim s. 4,2 p:—/ boo)d P dp.
sli{)ls $,p (U) Bp X(aoo + oo) Y(u7y0) 12

This formula determines the constants in the non-symmetric hypoelliptic setting of Buseghin—
Garofalo—Tralli [8].

Moreover, on a complete connected Riemannian manifold of infinite volume, the marginals
need not be constant multiples of the volume measure. If h; is the minimal heat kernel and

Ors(x) = lim /M ho(z,y) dpy),

t—o00

Corollary 5.7 gives

181\%1 &/Vh 1/2 / On(x)dy (u(z), yo)? dp(x).

This extends the large-time result of Caselli-Gennaioli [9] from scalar-valued maps and p = 2 to
arbitrary metric targets and every 1 < p < co. Further applications include infinite weighted
graphs and the dimension-free Baouendi—Grushin formula of Li-Wang [26].

Carnot groups. Finally, let G be a Carnot group of homogeneous dimension @, equipped with
a homogeneous norm Ng, and let og be the corresponding polar measure on

Sg ={h € G: Ng(h) =1}.

/ /G Qyﬁ-)s)p dy da.

If Eyp(u) < oo for some 6 > 0, Theorem 6.2 gives

For u € LP(G;Y), define

2
hf(r)lsEsp( u) = 2o06(Sc) SG /d (x),y0)? dx.
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No differential structure of the target is used. In particular, the result applies to maps between
Carnot groups endowed with left-invariant homogeneous distances. The scalar Carnot-group
formula is recovered by taking Y = R. Similarly, the scalar heat-semigroup formula of Garofalo—
Tralli [19, Theorem 1.5] is recovered when two Haar marginals of unit mass survive at large
time.

The approach developed in the present paper can be generalized to the case s T 1, the results
will appear in [34].

Organization of the paper. Section 2 establishes the abstract two-marginal decoupling
theorem and characterizes metric-valued decoupling by escape from bounded rectangles. Sec-
tion 3 develops the theory of target laws and their energy profiles, and derives the Euclidean
directional and anisotropic formulas. Section 4 separates short- and long-range interactions
and interprets fractional-perimeter asymptotics through Bernoulli laws at infinity. Section 5
proves the Abelian semigroup principle and applies it to non-symmetric hypoelliptic semigroups,
Riemannian manifolds, weighted graphs, and Baouendi—Grushin structures. Section 6 concludes
with the metric-valued Maz’ya—Shaposhnikova formula on Carnot groups.

Acknowledgments: The author thanks Elisa Davoli for some comments on a preliminary
version of the paper.

2. METRIC-VALUED LP MAPS, TWO-MARGINAL COUPLINGS AND THE ABSTRACT DECOUPLING
THEOREM

Throughout this section (X,dx) denotes a proper metric space! and p a positive Radon
measure, finite on bounded sets and not necessarily globally finite. We also fix a pointed metric
space (Y,dy,yp) and 1 < p < c0.

Definition 2.1. A measurable map v : X — 'Y belongs to LP(X;Y), relative to the chosen base
point yo, if

My(w) = [ dy (u(@), )" du(z) < x.
For u,v € LP(X;Y) we set

%ww:(éwwwwwvwwf@

The dependence on the base point is harmless on a finite-measure source, but it matters on
an infinite-measure space. We therefore keep the pointed target throughout the paper.

Lemma 2.2. For every u € LP(X;Y) there exists a sequence uj € LP(X;Y') such that
(i) uj = yo outside a compact set K; C X;
(ii) dy (uj(x),yo) < j for every x € X;
(iii) dp(uj,u) — 0.

Proof. The finite Borel measure dy (u(z), yo)P 1 is Radon. Hence for every j € N one can choose
a compact K; C X such that

/ dy (u(z), yo)? dp < 277,
X\K;

LA metric space (X, dx) is called proper if every closed bounded subset is compact.
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Define

u(r), =€ Kj and dy (u(x),y0) < j,
uj(x) = .
Yo, otherwise.

Then (i) and (ii) are immediate. Moreover,

g = [ () )l du@

< [ dv(u(@). ) du(a) + dy (u(). yo)” dp(a).
X\K; {dy (u(z),y0)>J}

The first term tends to zero by construction and the second tends to zero by dominated
convergence. Hence (iii) follows. O

Definition 2.3. Let a,b € L (X, ). A positive Borel measure I on X x X is called an
(a,b)-marginal coupling of p if

(m)gll=ap,  (m2)pll = by,

where m1(x,y) = = and ma(z,y) = y. Equivalently, for every nonnegative Borel function ¢,

Ayxﬂ@dﬂww%jéawmh Axxﬂwdnmw%:Aﬁ@ML

For such a coupling and u € LP(X;Y’), define the increment energy

Tnw) = [ dy(u(e),u(y))? di(z.y)
XxX
The triangle inequality and the marginal identities give
In(u) < 277 (|laflco + [1b]lco) Mp(u) < +o0. (1)

Definition 2.4. Let (I1,)s be a family of positive Borel measures on X x X indexed by a
directed set>. We say that (Il), escapes from bounded rectangles if, for every bounded Borel
set K C X,

(K x K) — 0, (2)

where the limit is understood along the directed set.

Remark 2.5. Since X is proper, it is equivalent to test (2) on compact sets. Indeed, if K C X is
bounded and Borel, then K is compact and

0<Il (K x K) <II(K x K).

Thus, if I1,(C x C) — 0 for every compact C' C X, then II,(K x K) — 0. The converse is
immediate because every compact subset of a metric space is bounded and Borel.

Lemma 2.6. Let I be an (a,b)-marginal coupling of pn. Then for every u,v € LP(X;Y),
[ (w)"? = T (0) V7] < (lall 2 + 1612 dy (u, v).

27 partially ordered set (I, =) is called a directed set if, for every i,j € I, there exists k € I such that

1<k and j=k.
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Proof. The reverse triangle inequality in LP(X x X, II) gives
[ Jrn(w) P = Jn(v)'7)

1/p
< ([ Jav(u@),uy) - dy (o), o) diT)
XxX
By the metric triangle inequality,

|dy (u(x), u(y)) — dy (v(),v(Y))| < dy (u(z),v(x)) + dy (u(y), v(y))

Minkowski’s inequality and the marginal identities imply

1/p
([ Jav(ute).uw) - dy (o). o) P dH)
XxX

</ dy (u )P dH)l/p (/ dy (u(y),v(y))P dH>1/p

< IIGIIié”dp(u, v) + IIbHiépdp(u,v)'
This concludes the proof. O

Proposition 2.7. Let II be an (a,b)-marginal coupling and suppose that u: X — 'Y satisfies
u =y outside a bounded Borel set K and dy (u(x),yo) < L for every x € X. Then

() = [ (a+b)dy (. 90)” du+ Run(us ), (3)
where
Ru(w ) = [ [dv(u(e),u() = dy (u(@), 30)” ~ dy (u(y) 30)"] 41 (4)
and
|Rp1(u; K)| < 2PH IPII(K x K). (5)

Proof. Since u = yg on K¢ we get
dy (u(z), u(y))” — dy (u(z), yo)” — dy (u(y),yo)" = 0 for (z,y) ¢ K x K.

Hence

Jn(u) = /}(XX(dY(u(x)7y0)p +dy (u(y),yo)’) dll

+ [dy (u(z), w(y))? — dy (u(z), y0)” — dy (u(y), yo)*] dII.
KxK

The first integral equals [ (a + b)dy (u,y0)P du by the marginal identities. On K x K, the
triangle inequality gives

dy (ulz), u(y)P < 2.
Thus the absolute value of the bracket in (4) is bounded by 2P*1LP, which gives (5). O

Theorem 2.8. Assume that Y contains at least two points. Let aq,ba, o0, boo € LT (X, 1),
indexed by a directed set, and suppose that

sup([laalloc + [Iballoc) <00, G = oo, ba b in L¥(X, p). (6)
[0

Here weak-* convergence means convergence of the integrals against every function in L'(X, u).
Let (I1y)q be a family of (aq, bs)-marginal couplings. Then the following statements are equiva-
lent:

(i) I, escapes from bounded rectangles.
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(ii) For every uw € LP(X;Y),
Jin, (1) — /X (a0 + beo)dy (1, 0)? d. (7)
(iii) Fiz y1 € Y \ {yo}. For every bounded Borel set K C X, the map
u (.T) Y1, T€E K7
K(x) =
Yo, = ¢ K,
verifies (7).
Proof. We first prove (i)=(ii). Let u; be the truncations from Lemma 2.2. For fixed j € N, u;
equals yo outside a compact set K; and dy (u;(x),yo) < j on X. By Proposition 2.7,
I (ug) = /X(aa + ba)dy (uj, y0)” diw+ Raj, Ryl < Cpjlla(K; x Kj) = 0.

Here G, j := 2P*14P and the convergence follows from Remark 2.5. Since dy (uj,yo)? € L'(X, p),
weak-* convergence gives

T, (1) — /X (oo + boo)dy (1, 0)P di.
By Lemma 2.6 and (6), there is a constant C' > 0 independent of o and j such that
|1t ()P = T, (ug) VP] < Odp(u,uj).
Set
Joo(0) = [ (ame + o)y (0,0)" .
The reverse triangle inequality in LP(X, (aoo + boo)t; YY) gives
[ oo ()77 = Too () VP] < [|ac + bool| P dp(u, uy).
Now
| i1 ()P = Joo (u) /7|
< [ ()P = T, (uy) VP
+ oo () P = Joo () V7]
+ [Tt ()P = Joo () 7).
Taking first the limit in « and then letting j — oo proves
Ji, (u)YP — Joo(u)'/P.
Thus (7) holds.
The implication (ii)=-(iii) is immediate because pu(K) < oo for bounded K, hence ux €
LP(X;Y).
It remains to prove (iii)=-(i). Set
¢ :=dy(yo,y1) > 0.
By the definition of ug,
Jin, (ug) = P (K x K€) + 11, (K® x K)]
=PI (K x X) + o (X x K) — 2I1 (K x K)]

:cp[/K(aa—i—ba) dy — 2T, (K x K)].
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On the other hand,
My (ur) = Pu(K).
Therefore, assumption (4ii) and weak-* convergence, tested against 1y € L*(X, ), give

cp[/K(aa ba) dp— 20T (K x K)] — cp/K(aoo + b dp.

It follows that
27T, (K x K) — cp/ (aa + ba) dpp — Jr (uge) —s 0.
K
Since ¢ > 0, we conclude that
II,(K x K) — 0,
and hence (I1,), escapes from bounded rectangles. g

Remark 2.9. If a, and b, are constant functions, the theorem reduces to the constant-density
case.

3. TARGET TAIL LAWS, ENERGY PROFILES AND LOCALIZED INTERACTIONS

The preceding theorem concerns globally LP maps. We now treat the regime in which the
map may carry a nontrivial state at infinity and need only be LP on a bounded region of X.
Throughout this section (Y, dy) is assumed to be Polish®. For 1 < p < oo, let P,(Y’) denote the
Borel probability measures A on Y with finite p-moment relative to yq:

/ dy (y,y0)” dA(y) < oo.
Y

Let W), be the p-Wasserstein distance
W,o(A\,n)P := inf / dy (z,w)? dv(z,w).
A= b A ()t dy(zw)
Here T'(\,n) denotes the set of probability measures on Y x Y whose first marginal is A and
whose second marginal is 7.
Let 2 C X be a bounded Borel set with p(€2) > 0. Let (K:)z>0 be a family of finite positive
Borel kernels from Q to X; that is, for every € > 0 and every Borel set A C X, the map
x— K. (x,A)
is Borel measurable, while K. (x, ) is a finite positive Borel measure on X for every x € Q. Write
me(z) := Ko (z, X) < o0.

Let u: X — Y be Borel measurable. On the set where m.(x) > 0 define the normalized target
law seen from x by

Ks(xf))’

Aep 1=
' b < ms(ﬂj)

and set A\c ; := dy, whenever m.(z) = 0. Thus, if m.(x) > 0, then for every Borel ¢ : Y — [0, 00],
1
96 dreae) = — [ b)) Kela, dy).

me(z)
Since Y is Polish, « +— A ; is a Borel probability kernel (viewed as a map into P(Y") with its weak
Borel structure); see, e.g., [2, Proposition 7.26]. In particular, the function @ — Wj,(Az z, AP is
measurable for every fixed A € Pp(Y), see e.g. [1, Proposition 7.1.3].

3A metric space is called Polish if it is complete and separable.
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Definition 3.1. Let u: X — Y be Borel measurable with u|g € LP(;Y) and \. 5 € Pp(Y) for
almost every x € Q. A measure Aog € Pp(Y') is called an LP target tail law for the family K. if

/ Wy Aoo)? dpt() — 0 as e — 0 (8)
Q
If, in addition,
K. (x,B
esssup L —0 ase—0" V bounded Borel B C X,
1(65)2 0 ma(x)
me(x)>

we say that A is a target law at infinity.

For a € Y set

1/p 1/p
P.o(a) = ( /Y dy (a, 2)P d)\m(z)) . Pula) = ( /Y dy (a, )P d)\oo(z)> .
We say that the target laws converge to Ao in p-energy profile on € if
P. .(a) — Px(a) in LP(2) for every a € Y. (10)
This condition records the family of costs tested by the energy and need not determine the
limiting probability measure uniquely. Since all the functions in (9) are 1-Lipschitz in a, it is
equivalent to require (10) only on a fixed countable dense subset of Y.

Lemma 3.2. Fora €Y and \,n € P,(Y) the following inequality holds

|(/Y dy (a, z)? d)\(z)) v _ (/Y dy (0, 2)? dn(z)) 1/p

Proof. Let v € T'(A\,n). The reverse triangle inequality in LP(Y x Y, ~) and the triangle inequality
give

( /Y dy (a, 2)? d)\(z))l/p - ( /Y dy (a, =) dn(z))l/p

S Wp()‘v 77)

< (/ dy (a, 2) — dy (@, w)[? dv(z,w))l/p

fg(/dywnwpdv@aw)ué

The conclusion follows taking the infimum over ~. O

Theorem 3.3. Let u : X — Y be Borel measurable with ulg € LP(Q;Y). Assume that
Aeg € Pp(Y) a.e. x € Q, that (10) holds for some Ao € Pp(Y'), and that

sup [|mel| oo () < 00, me — m in L>(Q).
£
Then
lim /Q /X dy (u(x), u(y))? Ko(z, dy) du(z)

e—0t
:Amm/@wm¢vwa@W@.
Y

Proof. For a.e. = € Q, the maps a — P ;(a) and a — P (a) are 1-Lipschitz. Indeed, this
follows from the reverse triangle inequality in LP applied to the functions z +— dy(a,z) and
z+> dy (b, z). Let (u;); be a sequence of finite-valued Borel maps such that

/Qdy(uj(a:),u(x))p du(x) — 0, (11)

Such a sequence exists because Y is separable and u|g € LP(2;Y).
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If u; takes the values aj1,...,a; n;, then (10), applied to this finite family, gives
Pe(uj(-)) — Poo(u;())  in LP(Q).
The Lipschitz estimate therefore yields
1Pz, (u(-)) = Poo(u(-))l e (0)

< 2|[dy (u, w;)l o) + 1P, (ui () = Poo(u; ()l Lo (0
First letting € — 0 and then j — oo proves

A; =P, (u(-)) — Ao := Pxo(u(+)) in LP(Q). (12)
Moreover,

Aoo () < dy (u(@),90) + Poo(y0),

80 Ao € LP(Q) and sup, || Al r(q) < oo for small ¢.
We claim that

AP — AP in LM(Q).

For p = 1 this is exactly (12). If p > 1, then using |a? — b?| < pla — b|(aP~! + b”~1) and the
Hoélder inequality we get

|A2 — A2 |11 < pllAe — Acollze (| Aclh0" + | Assl5nt) — 0.

We claim that

[ dv(uta),u@)P Koo, dy) = me(@)Ac(a) (13)
Indeed, if mg(z) = 0 then K.(z,-) = 0 and the equality trivially follows. If m.(z) > 0 then
Ke(z, dy)
d NVPK (x, d / d P 2o
v o) u)P K, dy) = meta) [ ay (o) w2
—msx/dy 2)P dXe (%)
= m.(x)
Consequently,
‘/ me AP d,u—/ mAE_ du
Q Q
< [lmelloo[|AZ = ALt + [[me = mllol| AL | 21 — 0.
Together with (13), this concludes the proof. O

Corollary 3.4. Under the remaining assumptions of Theorem 3.3, the integrated Wasserstein
condition (8) implies the conclusion of that theorem.

Proof. The condition (8) implies (10). Indeed, for every a € Y, Lemma 3.2 gives
[Pez(a) = Poo(a)| < Wp(Aez, Aso)

and the conclusion follows taking the LP(€2) norm. O
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3.1. The real-valued quadratic case. If Y = R and p = 2 one can weaken the convergence
of the whole target law to convergence of only three real-valued functions.

Theorem 3.5. Let u : X — R be measurable with ulg € L*(Q). For finite positive kernels
K (z, dy) define:
me(e) = [ Ke(a, dy),
X
bela) 1= [ u(w)Ke(a, dy),

cela) 1= [ u(w)K. (. dy).
whenever these quantities are finite. Assume
me —m in L>(Q), b. — b in L*(Q), c. —c in L(Q).
Then
/ / lu(z) — u(y) 2K (z, dy) du(z) — / (mu? — 2bu + ¢) dp.
QJx Q
In particular, if m,b, c are constants My, My, Mo, the limit can be written as
Mo/ u? dy — 2M1/ w dp 4+ Map(Q).
Q Q
Proof. For almost every x € X an explicit computation gives
[, u(@) = w@PE (. dy) = me(@yu(@)? = 2(e)ulz) + (o).
The first term converges in L' by the L™ convergence of m. and u? € L'(Q). The mixed term
converges in L' by Cauchy-Schwarz, and the last term converges by assumption. O
Remark 3.6. Let Q C R? be bounded, s > 0 and let
Ky(a, dy) = s loc(y)|z — y[~"> dy.

Following [15], for a measurable function u : R — R we denote by
a(u) := lim s/ uy) dy,
Bl

whenever the limit exists and is finite. This is the mass at infinity introduced in [15]. With this
notation, we call

Hd_l (Sd_ 1)
Their scalar hypotheses are the existence and finiteness of the relevant masses at infinity. In the

notation of [15, Theorem 1.3], the assumptions on a(u™), a(u~) and a(u?) determine the three
coefficients in Theorem 3.5. The resulting limiting functional has the form

a(l)/Qu2—2a(u)/ﬂu+a(u2)]§2|,

which is exactly the constant-coefficient functional appearing in Theorem 3.5. When u(r, ) —
Uso(6) at infinity, [15, Theorem 2.11] rewrites their limit as

;/Q/Sd () — oo (0)]2 dHO1(0) da.

My = a(1) M, = a(u), My = au?).
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Writing 041 := H?1(S9"1), this has exactly the tail-law form with

Hd_1L d—1 Od—1

The corresponding tail law is the push-forward of normalized spherical measure under o,
together with total mass o4_1/2. Its quadratic energy profile depends only on the first two
moments, while convergence in Ws retains the entire probability law.

Theorem 3.3 does not apply directly to the full kernel s1qge(y)|z — y|~4~2° dy, whose mass
can blow up as x approaches 9€). The next subsection introduces a fixed cutoff, for which the
mass is uniformly controlled, and treats the remaining bounded-range interaction separately.

3.2. Angular tail laws and radial limits. We now apply the energy-profile theorem to the
Euclidean fractional kernel. This yields a metric-valued directional Maz’ya—Shaposhnikova
formula [32] for arbitrary 1 < p < oo without requiring pointwise or uniform convergence along
rays.

Throughout this subsection d > 1, o4_1 := H*1(S*1), and @ C R? is bounded. Let
(Y,dy,yo) be Polish. We write u € L (R%Y) if dy (u(-),y0) € LY (R?). Let uoo : ST - YV

be Borel with dy (uso(+),%0) € LP(S¥"!). For a € Y define the Abelian p-energy profile

dY (u(y)7 a)p

AY (a) = s/ —_— 14
,P( ) B ’y|d+sp ( )

Our tail assumption, denoted by EP,, is

u 1 _
At (@) — - dy (a, uso(0))P dHEL(H)  for every a € Y. (15)
Define
H Y qar

Aoo = (Uoo) (Jﬁ) . (16)

Then Ao € Pp(Y) because

/ dy (2, %0)P dAoo(2) =
Y

Condition EP,, depends on us, only through the p-distance profile of the push-forward law
(16). In particular, it does not by itself assert convergence along individual rays, and different
spherical representatives with the same profile give the same limiting functional. Under the
radial criterion below, ux is also the LP-limit of the radial slices.

1

0d—1

\/Sd—l dY(uOO(e)a yO)p de_l(e) < 0.

Proposition 3.7. Let u € L{’OC(Rd; Y) and suppose that
/d dy (u(r0), uss (0))? dHI1(0) — 0 (r — o), (17)
Sd—1

where the convergence may be understood after changing the radial representative on a null set
of radii. Then (15) holds.

Proof. For a € Y set

and
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The reverse triangle inequality in LP(S%~1) gives

1/p
Holr) ~ Hocal < ( [ d(ur0) u®)) aH16))

and hence H,(r)? — HE, ,. Moreover, Hy(-)P € L ([1,00)) by the local L? assumption. The
elementary fact

o0 L
h(r) —L = s/ h(r)r= 7P dr — =
1 p
for locally integrable, eventually bounded h now gives

0 1

At () = / Ho(r)Pr— = dr — CHL,.
1

which is (15). O

Remark 3.8. If dy (u(-),yo) € LP(R?), then EP, holds with us = yo, or equivalently with the
tail law dy,. Indeed, the reverse triangle inequality in the weighted L? space gives

1/p
Aty (@7 = (Z52) 7 dy (a0, 0)

1/p
dy (u(y), yo)P
< (s /BC W dy) < s'7ldy (u(-), yo) |l o (ay
1

which tends to zero. In particular, the condition is automatic for globally defined fractional
Sobolev maps u € W*P(R? Y, understood through the metric Gagliardo energy.

Put Mq :=sup,cq |z| and fix R > max{1,2Mq}. For 0 < s < 1 and = € Q define
K r(w, dy) := s 1{y>ryl7 — y|7d*sp dy, (18)

and

dy
mgg() = Ks,R(x,Rd) = s/ R 4|:c — y|d+5p*.
y

The following estimate is implicit in [15, Lemma 2.1] and [13].

Lemma 3.9. For 6 € S 1 set

ws pz(0) == s/

o0 pd—1
—— dr
R |rf — z|dtsp

Then, uniformly for x € Q and 6 € ST,

R=P
W, r2(0) = ’ + O(s) (s 0). (19)
Consequently
0d—1 . 100
ms R — in L>(9), (20)
and the normalized angular densities
Ws. R x(e)
s,Rz(0) = —
9s,R,z(0) e (@)
satisfy
1
sup  |gs,rz(0) — — 0. (21)

z€QN, HeSd—1 0d—1
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Proof. Since R > 2Mg, for r > R we have |z|/r < 1/2. For 0 < s < 1 the functions
a + |0 — a|~97*P have gradients uniformly bounded on |a| < 1/2, uniformly also in # € S,
Hence, by the mean value theorem applied to the function a — |a — 6|~%~*P along the segment
joining 0 to x/r, we get

10— a/r[~=F 1] < c'f’.

Therefore,

‘w&p%x(@) — 5/ =P gy
R

o
< CMQS/ 2P dr
R

< CRS.

and (19) follows since

oo —Sp
s / PP dr = al .
R p
Integrating in 6 and using the coarea formula proves (20). Dividing (19) by the mass, which is

bounded away from zero for small s, gives (21). O

Lemma 3.10. Letu € LY (R%Y) satisfy (15). Let s, R,z be the normalized target law associated

loc

with (18). Then A\s ro € Pp(Y) and, for everya €Y,
sup

2€Q (/Y dy (a,2)" d)‘Sva(Z)) - (/Y dy (a, z)? d)\oo(z)> "

Proof. For a € Y set

— 0. (22)

Nsrao(a) == s/ dy (a, u(y))”

dy.
I

Since R > 1, local LP integrability gives

d p
) / y(a,dvi(y)) dy— 0.
1<lyl<r  |y|dteP

Consequently, (15) implies

Noro(a) — Lia) = ; L, dv(aus(e)y ani=1(o) (23)

We next show that translating the centre by a bounded vector does not alter this limit. Fix
A>R. On R < |y| < A, both |y| and |z — y| are bounded away from zero, uniformly for z € .
Hence local L? integrability gives

sups [ dy(a,u())? o - gl [yl
zeQ JR<[y|<A

dy — 0. (24)
For |y| > A > 2Mgq, the mean value theorem yields, uniformly for 0 < s < 1,

M,
[l =yl — [y~ < ¢ Ry~

|l
By (23), there exists s, € (0,1) such that supy_—,, Ns,r0(a) < oo. It follows that
CM,
lim sup sup | Ny g z(a) — N5 ro(a)| < 2 sup Ns ro(a). (25)
sl0  zeQ A 0<8<8q

Letting A — oo and using (23), we obtain

sup [N rz(a) — L(a)] — 0. (26)
e
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In particular, the case a = yo shows that As g, € Pp(Y) for small s. Finally,

Ns.ra (a)

dy(a,z)P dhs gpa(2) = .
/ Y( ) R, ( ) ms’ (x)
Combining (26) with (20), and observing that

1

Od—1

/ dy (a, )7 dheo(2) = / dy (a, 100 (0)) dHI1(0),
Y sd—1
proves (22). O

For 0 < s < 1 define the localized fractional interaction

// \x—y\d+y)) dydr, Qo= (R!xRY)\ (2 x Q).

sp

Theorem 3.11. Let 1 < p < o0, let u € LlOC(Rd;Y), and let us : ST = Y be Borel with
dy (tuoo(+),y0) € LP(ST1). Assume EP,, namely (15). Suppose that for some sy € (0,1),
EL (u) < oo.

50,P

Then

15?82 / /S o 1o (8))7 dHTV(6) du. (27)

Proof. Fix R > max{1,2Mq}. By symmetry,
Seq S dy (u(z), u(y))? .
Gehw =3 [ S dyde (= A)
dy (u(z), u(y))”
+ // dy d =: B;
S o Jocnny |x—y|d+5p Yy ax ( )

P
s// dY(u(x)’:Jr(sy)) dy dz. (=:Cs)
QJoen{lyl>R} |z —y|TtsP

Now, splitting at |z — y| = 1 and using s < sg on the short-range part,

Ay < 2ED (u) + 277 |Q\/dy ), 50)P da —s 0.
Similarly, with Dg := Q¢ N Bp,
B, < sE2 (0 + 21510 | () ) dy
Lorlg yDRy/ dy (u(z), yo)? dz —s 0.
Q

For the last term use the kernel (18). By Lemma 3.9, msr — 04q—1/p in L*(Q2), and, in
particular,

sup ||ms gl g () < 00
0<s<sx
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for some s, > 0. Lemma 3.10 gives the p-energy-profile convergence (10), in fact uniformly in x.
Therefore Theorem 3.3 gives?

P
limC, = lims/ / dy (u(@), u(y)) dy dx
{lyl>R} |

) ) x — y|dtsp

:Udl//dy W dhoo(z) da
- /Q /S | dy(u(@), usc(6))” dHI1(6) da

Combining the three contributions proves (27). O

Remark 3.12 (Comparison with [15]). For Y = R and p = 2, Theorem 3.11 gives
lim >

_ 2 ayd—1
i e =5 [ [ u(e) — un O ani(6) dr,

which is the directional formula of [15, Theorem 2.11]. More precisely, writing

o= [ v

¢ |y
we have
Oq—
so(a) = d2 La? — 2a0s(u) + as(u?).
Consequently EP» is equivalent to
1 d—1 2 1 2 d—1
as(u) — 3 Joun Uoo AH 7, as(u”) — i/gd—l us, dH

These are precisely the first two moments entering the quadratic mass-at-infinity formula. The
hypotheses of [15, Theorem 2.11], through [15, Lemma 2.9], imply these identities, but also
require bounded exterior data and uniform radial convergence. Thus the present hypotheses give
their pointwise directional formula and also cover tails specified only through energy profiles.
For arbitrary p and Polish targets, the energy-profile condition replaces the quadratic moment
expansion by the family of costs a +— dy (a, -)P.

3.2.1. Anisotropic consequences. The preceding directional theorem is stable under replacing
the Euclidean norm by a norm induced by a symmetric convex body. This yields the following
anisotropic form and, as a scalar specialization, Ludwig’s limit [31, Theorem 2] when the state
at infinity vanishes.

Proposition 3.13. Let K C R" be an origin-symmetric convex body with nonempty interior,
and let || - |k be its Minkowski norm. Set

Sk i={weR": |w|x =1},
and let o be the polar measure on Sk, characterized by
o
f(z) dz = / f(rw) dog(w) ™t dr (28)
Rn 0 Sk
for every nonnegative Borel function f. In particular,

ok (Sk) = n|K]|.

4Since R > 2Mq, we have {ly| > R} C ¢ and, up to the null sphere dBg, Q° = (Q°N Bgr) U {|y| > R}.
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Let (Y,dy,yo) be a Polish pointed metric space, let Q@ C R™ be bounded and Borel, and let

ue I (R%Y), where 1 < p < oco. Assume that there exists a Borel map

loc

Sk =Y, dy (oo (W), yo)? dok(w) < o0,
Sk

such that the anisotropic energy-profile condition

d p 1
of WO L )P doke)  for cveryae Y
{llyllx>1}

1yl 5 P Jsk

holds.
Define
//Q o yy\"iz’) dy de, Qg = (R” x R™)\ (Q° x Q°).
o _
If
58%5( ) < o0

for some sg € (0,1), then

li P .

;%12 / o dy (u(x), too(w))" dog(w) dx

Proof. Set
Mq g :=sup ||z| x
zeN

and fix R > max{1,2Mq i }. For x € Q consider the far kernel

KEp(z, dy) = s Ly esrylle — vl 7 dy.
Using the polar formula (28), its angular density is

K 0o ,r‘nfl
Wy g (W) = s/ e AT

R |rw—z|k
Since
lrw —zllk =rllw—2/r|k
and
lz]lx _ 1

<,

llw—=a/rllx = 1] < 5

(29)

the function ¢t — ¢7" %P is uniformly Lipschitz on the relevant compact interval, uniformly for

0 < s <1. Hence

s ol — 1] < ol
and therefore, uniformly for z € Q and w € Sk,
K * 1 R
W) =5 [T dr s 0 = T 0(s)
Y R p
Consequently, if
K . 1wK n
ms,R(x) T KS,R(x7R )’
then g %
il — TEEK) L )
’ p p
and the corresponding normalized angular densities converge uniformly to
1 1

ox(Sk)  nlK|

(32)
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AL = (uoo)# (inl) :

The assumed p-integrability of us, gives M € Pp(Y). Let )‘fR,x denote the normalized target
law of KS{(R(@“, -). We claim that, for every a € Y,

Define

1/p 1/p
sup ( / dy (a, 2)? d)\me(z)) - ( / dy (a, 2)? dAfo(z)> 0. (34)
zeQ | \JY n Y
Indeed, set
d p
Ns{{R,x(a) = 3/ ‘Y(a7U(3422p d
{lylle>R) (|2 = yllx
Condition (29) and local LP integrability on the fixed annulus 1 < |ly||x < R give
1
Ns[,(R,o(a) — = dy (@, Ueo(w))? dog (w).
D JSk

On every fixed annulus R < ||y||x < A, the difference between the kernels centred at z and at
the origin contributes o(1), uniformly in z € Q. For |ly|x > A > 2Mq g, the triangle inequality
for || - ||k and the mean value theorem give

MQ K

The same cutoff argument as in the proof of Lemma 3.10 therefore yields

n—sp n—sp

Tl 1l

[l =yl " = Iyl

K K
sup NI, (a) = Nl o(a)| — 0.
e

After division by mﬁfR(x) and use of (33), this proves (34); the case a = yo also shows that
>‘st € Pp(Y) for small s. By symmetry of || - ||K,

p
s QK // Ery)) dy dz
QxQ IIw—yH" P
p
[ drlet) tzizp crof [ DP
on{lyllx<Rry ||z —yllx {Ilyll %>R} \x—yH

The first two terms tend to zero. Indeed, on ||z — y||x < 1 this follows from (30), while on
lx — y|]lx > 1 both variables range in a bounded set and local LP integrability provides an
s-independent integrable bound. For the far term, Theorem 3.3, (33), and (34) give

p
lim s / / (w(z), Z(;ysz,) dy dx
510 {Ulylle >R} Hw Yl

”‘K|//d 2P K (2) da
:p/Q o dy (u(), Uso (w))" dog(w) dz.
This proves (31). O

Corollary 3.14. Let (Y,dy,yo) = (R,|-],0). Under the assumptions of Proposition 3.13 the
following formula holds:

Sw 2 //QQ | — yHn—I—sp / /SK — Uoo (W) [P dog (w) du. (35)
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Remark 3.15. If uso = 0, then (35) reduces to

p K
// n+3z‘> dy dx = L‘ | / |u(x)|P dex,
sw 2 /Jqq ||:c —yllx p Jao

since o (Sk) = n|K|. When wu is compactly supported in €2, the formula is Ludwig’s anisotropic
Maz’ya—Shaposhnikova theorem [31, Theorem 2]. The localized statement also allows nontrivial
exterior data and retains the p-distance profile of the anisotropic distribution at infinity.

4. ABSTRACT SMALL-ORDER NONLOCAL ENERGIES

We formulate the short-range/far-range decomposition for singular nonlocal energies. Let
€ | 0 be a parameter and let A; be a positive Borel measure on X x X. Define

Eulw)i= [ dy(u(a).u(y))? dAcoy).
XxX
We assume that
Ao = AR 4 ABT (36)
with both terms positive, and let ¢. > 0 be a normalization factor chosen so that the rescaled
energies c.&. admit a nontrivial limit as € | 0.

Proposition 4.1. Let u € LP(X;Y). Assume:

(A1)
o [ dv(ule)u(m)P dAZ(wy) — 0 (37)
XxX
(A2) c-A®* has marginals acp and bop, where ac, be, oo, boo € L¥(X, ) and
Sup(Haa”oo+ Hbeuoo) < 00, aai\aooa baiboo in LOO<X7,U/)§
3
(A3) c-A2" escapes from bounded rectangles.
Then
c€(u) — /X(aoo + boo)dy (u, )P dp. (38)
Proof. By (36),
= . [ ar(u@ ) as= + [ ay(uie)u)” die-d).
The first term tends to zero by (37). The second tends to the right-hand side of (38) by
Theorem 2.8. This proves (38). O

Besides u € LP(X;Y), the only regularity assumption is (37); belonging to a specified Sobolev
space is not required. Fractional Sobolev regularity at one positive order is sufficient for a large
class of kernels.

4.1. A general fractional sufficient condition. Let k£ : X x X — [0, o0] be a Borel function
independent of s; no symmetry is required. For 0 < s < 1 define the functional

. dy (u(z), u(y)?
Wrcs = [ Ty @) duty) du) (39)

Proposition 4.2. Assume that for some 0 < 0 < 1,
[ulg pik,<1 < o0 (40)

Then

lim s[u]? =0.

510 s,p;k,<1
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Proof. For 0 < s < 6 and 0 < dx(z,y) < 1,

dx(z,y) ™ < dx(z,y) .
Therefore

0 < sul? 4 o1 < slulfppcr — 0.

7p;

g

Remark 4.3. Proposition 4.2 is stated under the local assumption (40), since only the interaction
near the diagonal is relevant for (37). In many standard situations one may impose the stronger
global assumption

. dy (u(z),u(y))P
u€ LP(X;Y), /X><X dx (v,y)%

This hypothesis implies (40), and hence the conclusion of Proposition 4.2. For the usual
Gagliardo-type kernels on spaces with suitable volume growth, the contribution of dx (z,y) > 1
is controlled by the LP-norm of u. In that setting the global formulation is equivalent, up to the
LP requirement, to the local assumption above.

k(z,y) du(y) du(z) < oo.

Remark 4.4. A common metric-measure choice, for = # vy, is

1 1 1
kx(x,y) = 2 (,U(B(:E,dx(%y))) " M(B(%dX(x’y)))) 7

and one may set kx(x,z) = 0. This formula is used whenever the ball measures are positive
and finite. On a @Q-Ahlfors regular space this kernel is comparable to dx(z,4)~%, so (39) is
comparable with the usual Gagliardo kernel dx (z,y)~ 9.

4.2. Application: fractional perimeters as Bernoulli tail laws. For characteristic func-
tions, the target law is a Bernoulli law. The following proposition identifies its parameter with
the mass at infinity.

Proposition 4.5. Let Q@ C R™ be bounded and open and let E C R™ be measurable. For
0<s <1 write )
Ls(A,B :://7d dx
(4,B):= | o=y W

Perg(E;Q) :=Ls(ENQE°NQ) + Ly (ENQE°NQY)+ Ly(ENQS,ENQ).

Assume that

and

Perg, (E; Q) < 00
for some sg € (0,1) and that the limit

dy
al(F) = lims/ 41
() sl0 - JEnpg |y["ts (41)
exists. Set
E
On_1:=H"1(S™Y), Ig = (;( ) € [0, 1].
n—1
Then
lims Perg(E;Q) = 0p—1 [(1 = 9p)|[ENQ| +Ig|ENQ. (42)

sJ0
Equivalently, if
AL == (1= 9p)do + VEdr, (43)
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then
lim s Pery(E; Q) = o1 / / () — 2| dNE (2) da. (44)
510 0 J{0,1}

In particular, the mass at infinity appearing in the fractional-perimeter formula of Dipierro—

Figalli-Palatucci—Valdinoci [16, Theorem 2.5] is precisely the parameter of a Bernoulli target
law at infinity.

Proof. Observe first that

1
// Lo Wf I 4y dz = 2 Pery(F: ). (45)
Qo lr—yl
Fix R > 1 so large that R > 2sup,cq |z|. For € Q consider the kernel

K r(w, dy) := s 1yyspryle —y|7"° dy.

As in Lemma 3.9,
Ksz(ac,R") — Op—1 (46)

uniformly in z € €. Since R is fixed,

s/ y| "% dy — 0,
En{i<|y|<R}

and hence (41) implies

s/ ly| " dy — o(E).
En{ul>R)

Moreover, uniformly for x € €Q,
8/ o=y = |y 7" dy — 0.
{ly|>Rr}

Indeed, for |y| > R the mean value theorem and |x| < R/2 give
[l =y ™" = [yl ™" < Claf lyl ™",

and the last expression is integrable with an additional factor s. Consequently,

sup
€

s/ 2 —y| 7" dy — o(E)| — 0. (47)
EN{jyl>R)

The normalized push-forward of K g(z,-) under 1g is a Bernoulli probability measure. By
(46) and (47), its parameter converges uniformly to g = «(FE)/o,—1; hence the corresponding
target laws converge to (43).

It remains only to remove the far cutoff. On |z —y| < 1, for 0 < s < sp,

lz—y| 7" < e =y,

and therefore the bounded-range contribution, multiplied by s, tends to zero by the assumption
Pers,(E; ) < co. On the remaining bounded region |x — y| > 1, the same conclusion follows
directly from boundedness of the integration region.

Applying Theorem 3.3 with the target Y = {0, 1}, and using (45), gives (44). Finally,

/ () — 2| dAE(2) = (1 — 0p)1p(2) + 9plpe(2),
(0.1}

which yields (42). O
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5. ESCAPING TRANSITION KERNELS AND SEMIGROUP BESOV ENERGIES

We now specialize the abstract coupling theorem to transition kernels. Let ¢, : X x X — [0, 00)
be a Borel kernel for every ¢ > 0, and define the measure

dlly(z,y) = q(z,y) du(z) du(y). (48)
For t > 1, define the marginal densities
w@) = [ aley) duw).  w0)= [ @) di)

and assume that a¢, b € LY (X, p). Then II; is an (a¢, b;)-marginal coupling. For v € LP(X;Y)
set

Bty = [ [ dv(u(@)um)Pale,) daty) dute).
Corollary 5.1. Assume that as, b, Goo, boe € L (X, 1) and

sup([lacloe + [blloc) <00, a0 a0, b b in L(X, p)
t>

and, for every bounded K C X,

/ / @(z,y) du(y) du(z) — 0.
KJK
Then for every uw € LP(X;Y),

T (t 1) — /X(aoo bo)dy (u, o) dp (> o).

Proof. Apply Theorem 2.8 to the measures (48). O

The following semigroup-type Besov functional converts the large-time behaviour of Jy (¢, u)
into a small-order asymptotic problem.

Definition 5.2. For s >0 and 8 > 0 define

NP ()P o= /0 £5=1 (¢, ) d (49)

whenever the right-hand side is finite.

Theorem 5.3. Assume the hypotheses of Corollary 5.1. Let u € LP(X;Y) and suppose that

1
lims/ t=PsP=L g (¢, u) dt = 0. (50)
s0 0
Then )
1’ q.8 Y- 7\/’ 0o bOO d p d . 1
Slﬁ)l&/’{g’p (u) B X(a + boo)dy (u, yo)? dp (51)

Since only the limit as s | 0 is considered, it is enough to assume that the integral defining
Ji/s?z;ﬁ(u) is finite for all sufficiently small s > 0.

Proof. Split the integral at ¢ = 1. The contribution from (0, 1) tends to zero by (50). On (1, 00)
define

dns(t) = Bsptiﬁspill(l,oo) (t) dt.
Then n; is a probability measure because

(o ¢]
ﬁsp/ t=B=1 gy = 1.
1
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For every T > 1,
ns((1,T)) =1—T7P» — 0,

S0 ns escapes to +o00. By Corollary 5.1,
To(tu) — L= [ (ane + buc)dy (s 0)” di
The marginal bound and (1) give

0 < Jp(t,u) < 277 (|lat oo + [1belloo) My (w),

so Jp(t,u) is bounded for ¢t > 1. Splitting at a fixed 7" > 1, using uniform convergence to L on
(T, 00) and ns((1,7)) — 0, yields

/100 () dis(t) —s L.

Finally,

oo 1 o
s / £ (4 ) dt = —— / (8, ) dns(t)
1 Bp J1
L

— .
Bp
Adding the short-time contribution proves (51). O

Proposition 5.4. If

1
/ t=PsP=L 1 (t u) dt < oo
0

for some so > 0, then (50) holds. Moreover,

/1 t=PsP=1 (¢, u) dt

is finite for every s > 0.

Proof. For 0 < s < sgand 0 < t < 1, t~#P~1 < ¢t=Bsor—1 Hence
1 1
0< s/ t= PPl g (¢ u) dt < s/ t=PoP=L 1 (¢, u) dt — 0.
0 0
For ¢t > 1, the uniform L*> bound on the marginal densities gives J,(t,u) < CMp(u), and

/ tPrl gt = — < .
1 Bsp

O

5.1. Applications of the Abel principle. We apply Theorem 5.3 to the non-symmetric
hypoelliptic semigroups of Buseghin-Garofalo—Tralli [8], Riemannian heat semigroups, weighted
graphs, and symmetric conservative ultracontractive semigroups, including the Baouendi—Grushin
heat flow.
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5.1.1. Buseghin—Garofalo—Tralli and the two marginal masses. Theorem 5.3 recovers the result
of Buseghin, Garofalo, and Tralli [8], including the change of constant caused by the drift.
Let Q = Q* > 0 and B € RV*VN where B* denotes transpose, and let

o f(X) = tr(QVZ (X)) + (BX, Vf(X)).

This is the Hérmander-type operator considered in [8]. We assume the hypoellipticity condition
used in [8], namely

1 t *
K(t):= Z/ e*BQesP” ds >0 for every ¢t > 0,
0
together with the assumption
tr B > 0. (52)

Let p(X, Z,t) be the heat kernel of the corresponding semigroup P”‘Z{ Two identities recorded
n [8, (2.1)-(2.2)] are
/ p(X, Z,t) dZ = 1, / p(X, Z,t) dX = et B, (53)
RN RN

Thus
ay = 1, bt = 67ttrB.

The kernel has the Gaussian form

p(X,Z,t) = N exp <—

mt(X, Z)2
V(t) ’

4t

where V() is the volume function introduced in that paper. In particular,
CN

Vi(t)

The large-time volume estimate proved in [8, Proposition 2.3] implies

0<pX,Z1)<

V(t) — oo.
Therefore, if K C RY is bounded,

// (XZt)dZdX<CN’K‘2HO

Thus the transition couplings escape from bounded rectangles.
For a pointed metric target (Y, dy, o) and u € LP(RY;Y) define

T (t,u) = /RN /RN dy (uw(X),uw(Z2))Pp(X, Z,t) dZ dX.

By Corollary 5.1,
2M,(u), trB =0,

T (tu) —
Mpy(u), trB>0.

Indeed, if tr B = 0 then aso = bsg = 1, while if tr B > 0 then as = 1 and by, = 0.
Define the metric-valued semigroup Besov functional

o . o —sp/2—1 79/
N ()P o= /0 EPI27L g (1 ) it

This is (49) with 8 = 1/2.
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Corollary 5.5. Let 1 < p < 00, assume the preceding hypoellipticity condition, and assume
(52). Let u € LP(RY;Y) and suppose that

4
sop(1) < 00 (54)
for some so € (0,1). Then
4
—M,(u), trB =0,
lim s 4.5 ()" = 4 5 (55)

ForY =R, yo =0, this recovers [8, Theorem 1.1].

Proof. By (54), the integral over (0,1) at order s is finite. Hence Proposition 5.4 gives the
short-time condition (50). The far-time integral is finite for every s > 0 because, by (53),

T (tu) < 2071 (14 e T B) My (u) < 2P My (u).
Apply Theorem 5.3 with 5= 1/2. If tr B = 0, then ac + bso = 2, and
oo +boo 2 4
Bp p/2
If tr B > 0, then as + boo = 1, and the constant is 2/p. This proves (55). O

Remark 5.6. For = 1/2, the Abelian factor is 2/p. If tr B = 0, both limiting marginal densities
equal one; if tr B > 0, the second tends to zero. This gives 4/p and 2/p, respectively.

5.2. Riemannian heat semigroup.
Corollary 5.7. Let (M,g) be a complete, connected Riemannian manifold with
(M) = 00,

and let hy(x,y) be its minimal heat kernel. Set

mi(@) = [ hila.y) du(y)

and
Oy () := tlgglo m(z).

The latter limit exists for every x € M and defines a bounded harmonic function with values in
[0, 1].
Let (Y,dy,yo) be a pointed metric space, let 1 < p < oo, and let w € LP(M;Y). Define

Bty i= [ [ dy () ulw)hu(a,y) dply) du(a)

and
A = [
Assume that

N2 (1) < o0

50,P
for some sg > 0. Then

i s 5207 = [ s (ula), ) dia). (56)
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Proof. For t > 0 define
dlly(z,y) == hu(z,y) du(z) dp(y).
The symmetry and sub-Markov property of the heat kernel imply that both marginals of II;

are mep and 0 < my < 1. Moreover, m¢(z) — Opr(z) for every x € M; see [9, Theorem 1.1(ii)].
Dominated convergence therefore gives

my = Oy in LM, ).

Let P, = e7*» be the minimal heat semigroup on L?(M, i1). For every bounded Borel set
K C M, completeness and Hopf-Rinow imply u(K) < oo, and

(K x K) = (1, P 1K) 120 p)-

By the spectral theorem, P, converges strongly as ¢ — oo to the orthogonal projection onto
ker A. Every function in this kernel has zero Dirichlet energy and is therefore constant on the
connected manifold. Since p(M) = oo, the only such L? function is zero. Hence

(K x K) — 0.

Corollary 5.1 now gives
Tyt —2 [ Ous(a)dy (u(e),wo)” due) (57)

The assumption at order sy and Proposition 5.4 give the short-time condition (50). Applying
Theorem 5.3 with 5 = 1/2 and limiting marginal densities as = b = 57 proves (56). O

Remark 5.8. The result in [9] is formulated for scalar-valued functions and p = 2. Corollary 5.7
holds for 1 < p < oo and metric-valued maps.

5.2.1. Weighted graphs. For weighted graphs, large-time escape follows from the spectral theorem
without imposing volume doubling, a Poincaré inequality, or pointwise heat-kernel bounds. We
refer to [28] for the analytic and probabilistic background on graph Laplacians and heat
semigroups.

Let G = (V, b, m) be a connected, locally finite weighted graph, endowed with the combinatorial
distance, and let L be the nonnegative self-adjoint Friedrichs realization associated with the
closed canonical Dirichlet form. Write P, = e~** and denote by p;(z,y) its heat kernel with
respect to m. Thus

Pif(x) = pe(x,y) fy)m(y).

yeVv
We say that G is stochastically complete if

Z pe(z,y)m(y) =1 (x eV, t>0).
yev

Corollary 5.9. Assume that G is connected, locally finite and stochastically complete, and
that m(V') = +o0. Let (Y,dy,yo) be a pointed metric space, 1 < p < oo, and 3 > 0. For
u € P(V,m;Y) set

TS () =Y dy(u(x), u(y))Ppi(z, y)m(z)m(y)
z,yeVv

and

NGB ()P = / P56 (1 ) dt.
0
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If /.5B(u) < oo for some sq > 0, then

S0,pP
hm S JVG’ﬂ d pm T 58
al0 ;e Y yo ( ) ( )

Proof. Symmetry of the graph Dirichlet form and stochastic completeness imply that both
marginals of

I (z, y) == pe(@, y)m(z)m(y)
are equal to m. It remains to verify escape from bounded rectangles. Since G is locally finite,
bounded sets for the combinatorial distance are finite. For such a set K C V,
Ht(K X K) = <1K, Pt]-K)Z?(V,m)'

By the spectral theorem, P, converges strongly in ¢?(V,m), as t — oo, to the orthogonal
projection onto ker L. If f € ker L, then its Dirichlet energy vanishes, hence f is constant on V'
by connectedness. Since m (V') = +00, no nonzero constant belongs to ¢*(V,m), and therefore
ker L = {0}. It follows that II;(K x K) — 0. Corollary 5.1 gives

TG (tu) — 2 dy (u(z), yo)'m(z),
zeV
and Theorem 5.3, together with Proposition 5.4, yields (58). O

Remark 5.10. For a finite connected weighted graph, the heat semigroup converges instead to
the projection onto constants. If M = m(V) the same Abelian argument gives

hmsJVGﬁ( Z dy (u(z), u(y))m(z)m(y).
zyeV

Thus the infinite-graph limit measures the ¢ mass of u, whereas the finite-graph limit measures
its stationary pairwise dispersion. Moreover, on graphs with anomalous diffusion and walk
dimension d,,, the spatially natural choice is 6 = 1/dy; formula (58) then becomes

lim s A4S duw (4 2y Z dy (u(z), yo)’m(z).
sJ0
eV
This specialization applies whenever a walk dimension d,, is specified by two-sided sub-Gaussian
heat-kernel estimates; see, e.g., [30].

5.2.2. Symmetric conservative ultracontractive semigroups and the Baouendi—Grushin example.
The following result applies to the Baouendi—Grushin heat semigroup.

Corollary 5.11. Assume that the kernels g;, t > 0, are symmetric,
qt(z,y) = q(y, v),

and conservative,

/ qt(z,y) du(y) =1 for a.e. x € X.
Let *

Pof(e) = [ ale,9)f(v) du(y),

and suppose that there exist C,~v > 0 such that

IPeflleexy < CEfllnxy  (E=1).
Then the two marginals of

dlly(z,y) = gz, y) du(z) du(y)
are both equal to w, and Il; escapes from bounded rectangles.
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Consequently, for every pointed metric space (Y,dy,y0), 1 <p < oo, and u € LP(X;Y) such
that
N2 () < 00

50,P

for some sg > 0, one has

. 4
lims NG ()P = 5 Mp(w).

Proof. Conservativeness gives the first marginal of II;, while symmetry gives the second one.
Thus a; = b; = 1. If K C X is bounded, then

(K x K) = /K Pilx(z) du(z) < Ct 7 u(K)? — 0,

Hence Corollary 5.1 applies and gives
Jp(t,u) — 2Mp(u) (t = 00).

The short-time assumption in Theorem 5.3 follows from Proposition 5.4. Taking § = 1/2 in (51)
yields
oo +bo 2 4

Bp p/2 p
0

We apply Corollary 5.11 to the heat kernel of the generally non-hypoelliptic Baouendi—Grushin
operator. This recovers the asymptotic formula in [26]; see [26, Section 2| for background.

Corollary 5.12. Let « > 0, let k,m > 1, n = k + m, and consider
G" =RF x R™
with the Baouendi—Grushin operator
Ay = AL+ \x]zaAy.

Let (Hy)i>0 be its heat semigroup and let hi(g,g') be the corresponding heat kernel with respect to
Lebesgue measure. Let (Y, dy,yo) be a pointed metric space and 1 < p < co. Foru € LP(GL;Y)
define

Ty (t,u) = / dy (u(g),u(g"))Phi(g,9') dg’ dg

Gn Jan
and -
o o —sp/2—1 o
A ()P o= /0 £PI2mL gt ) dt.
If
Jﬁ{gg"p(u) < 00
for some sog > 0, then
4
lims A% (u)P = — dy (u(g),yo)? dg.
510 s,p( ) p Jon Y( (g) yU) g

For'Y = R, this is the dimension-free Maz’ya—Shaposhnikova formula of Li and Wang [26,
Theorem 2.3].

Proof. The Grushin heat semigroup is conservative and its heat kernel is symmetric; see [26,
Section 2|. If

Q=n+am
denotes the homogeneous dimension, the ultracontractive estimate [26, Lemma 2.1] gives

[ He flloo(an) < Ct_Q/2||f||L1(Gg)-
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Consequently, for every bounded K C GZ,

/ / hi(g,g) dg' dg :/ Hilg(g) dg < Ct=92| K> — 0.
KJK K

Thus the heat-kernel couplings have both marginals equal to Lebesgue measure and escape from
bounded rectangles. The conclusion follows from Corollary 5.11. U

6. APPLICATION TO CARNOT GROUPS

We apply the abstract decoupling theorem to metric-valued maps on Carnot groups.

Let G be a Carnot group with dilations (6, ),>0, homogeneous dimension ), Haar measure dz,
and a continuous proper homogeneous norm Ng. For basic facts on fractional Sobolev spaces
on Carnot groups we refer, for instance, to [10]. Set

Bg(e,’l“) = {h eG: Ng(h) < ’l“}, Sq = {h eG: Ng(h) = 1}.

We use the polar decomposition

/Gf(h) dh = /OOO /Sc f(6rw) dog(w) r9 "t dr,

where o¢ is the corresponding polar measure on Sg. In particular,

oc(S¢) = Q|Bg(e, 1)].
Let (Y, dy,yo) be a pointed metric space and let 1 < p < co. For v € LP(G;Y) define

/ /G Qgi)s)p dy dx

h) = / dy (u(z), u(zh)) dz.
G
By the change of variables y = xh and unimodularity,
Fy(h)
Es = | ——~—
{D(u) /G NG(h)Q—i-sp

The following translation-decoupling lemma is a direct consequence of Theorem 2.8.

and

dh. (59)

Lemma 6.1. Let (vy)q be Borel probability measures on G such that vo(K) — 0 for every
compact set K C G. Then, for every u € LP(G;Y),

/ Fy(h) dvg(h) — 2Mp(u).

Proof. Associate with v, the coupling I, defined by

/GXGq»(x,y) dla(z,y) ::/G/Gq)(x,:z:h) dx dve(h)

for every nonnegative Borel function ®. Since every Carnot group is unimodular, both marginals
of I, are Haar measure. Moreover, if K C G is bounded, then K 'Kis compact and

(K x K) < |K|va(E'K) — 0.

Thus II, escapes from bounded rectangles. If Y has at least two points, Theorem 2.8 applies
with a, = b, = 1; the one-point case is trivial. Since

Ji (u / Fu(h) dva(h

the conclusion follows. O
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Theorem 6.2. Let 1 <p < oo and u € LP(G;Y). Assume that, for all sufficiently small s > 0,

F,(h)
b < o
/{Nc(h)<1} Ng(h)@+sp

and that
F,(h
lims/ _Ful) dh = 0. (60)
s10 - J{Ng(n)<1y Ne(h)@+e
Then
. 206(5¢)
1 Es =—M . 61
) (61)
In particular, (61) holds whenever
Eop(u) < 00 (62)
for some 6 > 0.
Proof. For s > 0 define
1
dvg(h) = —L__—We>1} gy, (63)

oc(Sa) Ne(h)9tsr
By the polar formula,

sp o —1-—s
dvs = S / Pdr =1,
/G e rom I "

Thus vy is a probability measure. Moreover, for every R > 1,
R
vs({1 < Ng¢ < R}) = sp/ PP dr =1 - R — 0
1

as s | 0. Since every compact subset of G is contained in some ball, (vs)s escapes to infinity.
Split (59) into the regions Ng(h) < 1 and Ng(h) > 1. By (60), the normalized local
contribution vanishes. For the far part, (63) gives

Fu(h) _ 06(Sc)
S/{Nc(h)>1} o =2 /GFu(h) dvs(h).

Lemma 6.1 yields
/ Fu(h) dus(h) —s 2M,(w),
G

and (61) follows.
It remains to prove the last assertion. Assume that (62) holds for some # > 0. For 0 < s < ¢
and Ng(h) < 1,

Ng(h)~@7P < Ng(h)~97%.

Consequently,
Fu(h)
OSS/ B e ) o,
{Ng(h)<1} Ng(h)Q+8p 9,p( )
Thus (60) holds and the first part of the theorem applies. -

The theorem also gives a corresponding statement for maps between Carnot groups. Let H
be another Carnot group endowed with a left-invariant homogeneous distance dgr, and write

NH(Z) = dH(eH, Z)
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Corollary 6.3. Let u: G — H satisfy
/ Ny (u(x))P dr < oo.

Assume the short-range condition

-1 p
hms/ /NH(“(‘T) w@h)? o dh = o.
s10 Jingmy<y Ja Ng(h)@tsp

: "u(y))?
181%18// NGx yQ+SP dy dx
2
— UGSG/ Ny (u(z))P da.
p G

In particular, the conclusion holds if the same double integral is finite for one positive order
0> 0.

Proof. Apply Theorem 6.2 with (Y, dy,yo) = (H,dm,en). O

Then

(64)

Formula (64) uses only the homogeneous distance on the target; no Pansu differential is
involved.

Next consider the heat kernel of a homogeneous sub-Laplacian on G. Let p;(h) be normalized
by

/ pe(h) dh = 1.
G
Its homogeneous scaling is
pe(h) =t~ 2p1(8,-1/2h).

Corollary 6.4. Let p; be the heat kernel of a homogeneous sub-Laplacian on G. For a pointed
metric space (Y,dy,yo), 1 < p < oo, and u € LP(G;Y), set

IS (t,u) - //dy h))Ppi(g~th) dh dg

and oo
sgr = [

fJVSOGph( ) < oo for some sp > 0, then

151&1 SJVGh / dy (u(g),yo)? dg. (65)

Proof. Define

dlly(g, ) := ps(g~"h) dg dh.
The heat kernel is conservative and symmetric. Haar measure on a Carnot group is unimodular,
so for every g,h € G,

Lotg7 =1, [ pig~ ) dg=1.

Thus both marginals of II; are Haar measure.
The time-one heat kernel is bounded. Its scaling gives

Ipell 2oy =t~ 2 lIprll o< ()
Consequently, for every bounded Borel set K C G,
(K x K) < |K*|[pe]l )y = [K1* 92 ||p1]| ooy — O
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The couplings therefore escape from bounded rectangles, and Corollary 5.1 yields
IS (t,u) — 2Mp(u).

The positive-order assumption implies the short-time condition by Proposition 5.4. Theorem 5.3
with 8 = 1/2 then gives (65). O

Remark 6.5 (Comparison with [19]). For scalar-valued maps, Corollary 6.4 coincides with the
small-order result of Garofalo-Tralli [19, Theorem 1.5]. With their notation,

NG = [T [ R(T - Fo)P)9) dg

0 G
and for 1 < p < oo they prove

4
. G
lim s N (£ = 1

for f belonging to one positive heat-Besov class. A central ingredient of their proof is an integral
decoupling property of the Carnot heat kernel.
In the language of the present paper, that decoupling property says that the measures

Ay (g, k) = pe(g~*h) dg dh

escape every bounded rectangle as ¢ — co. Conservation and self-adjointness give two Haar
marginals of mass one. Hence Theorem 2.8 yields Jy(t, f) — 2| f||5, and the Abel factor

associated with ¢—P/2=1 is 2 /p, producing the constant 4/p. The proof above isolates these two
steps in the abstract coupling and Abelian statements.

USE OF GENERATIVE Al

OpenAl’s ChatGPT SOL was used for language editing and exploratory discussion. The
author checked the proofs and references and is responsible for the contents of the manuscript.
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