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Abstract We give estimates of the remainder terms for several conformally-invariant Sobolev-type inequalities
on the Heisenberg group. By considering the variations of associated functionals, we give a stability for two
dual inequalities: The fractional Sobolev (FS) and Hardy-Littlewood-Sobolev (HLS) inequalities, in terms of
distance to the submanifold of extremizers. Then we compare their remainder terms to improve the inequalities
in another way. We also compare, in the limit case, the remainder terms of Beckner-Onofri (BO) inequality and
its dual logarithmic Hardy-Littlewood-Sobolev (Log-HLS) inequality. Besides, we also list without proof some
results for other groups of Iwasawa-type. Our results generalize earlier works on Euclidean spaces of Chen et
al. (2013) and Dolbeault and Jankowiak (2014) onto some groups of Heisenberg-type. We worked for “almost”
all fractions especially for comparing results, and the stability of HLS is also absolutely new, even for Euclidean

case.
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1 Introduction

In this paper, we consider on (rank one) Iwasawa-type groups the problem of sharpening the HLS-type
inequalities obtained recently in [9,10,14]. First, we add a remainder term proportional to the distance
square to the submanifold of extremizers, motivated originally from the question asked by Brezis and
Lieb [5] for Euclidean spaces. We also want to compare the remainder terms of the dual inequalities
similarly to the Euclidean case.

On the Euclidean case R"™, we have classical FS inequality: Given any exponent 0 < s < n,q =
2"3, for any function f in 5-order (homogeneous) Sobolev space H#/? endowed with the norm NN oo

n— 2”7

= [(=A)*4f|lr2 = ([ fF(=A)*/2f)1/2] we have

Wl ggere 2 1 llLs, (1.1)

and the sharp constant was first computed by several pioneers for some special cases and finally obtained
by Lieb [19] (there Lieb considered a dual form, the (diagonal) HLS inequality) for exponent s and dimen-
sion n of all range and he also proved that the equality for sharp (1.1) can only be achieved by extremal
functions (called extremizers) of the form c(1+|6z—x0|?)~ "2, c € R\{0},6 > 0,9 € R". Note that, (1.1)
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has an equivalent edition on the n-sphere §" through the stereographic transformation § : € R™ — (
= (1f|’;|2, };I‘il‘z) € S". Both the FS and HLS inequalities are invariant under one kind of “conformal
actions”, including not only the translations, dilations, but also an inversion, which is given for the frac-
tional inequality by oy @ f(z) — |25~ f(z|z|2). The sharp inequalities and extremizers were got by
exploiting this big conformal symmetry group in several beautiful ways. In [5], Brezis and Lieb proposed
a stability problem for the sharp inequality (1.1) in case s = 2, asking whether there exists a positive

constant «, such that the following estimate holds:

1£13/2 = Conarpll fII7a = ad?(f, M), (1.2)

where M is the (n+2)-dimensional smooth submanifold of H#/2 consisting of all real-valued extremizers,
and d(f, M) is the usual distance of f to M under the Sobolev norm. Bianchi and Egnell gave a positive
answer in [3] still for s = 2, which was later extended to more fractions but not of total range in [1,22].
Chen et al. [7] extended the method of Bianchi and Egnell to obtain the above remainder term inequality
(1.2) for all fractions 0 < s < n, which contains all old results above. Naturally, we guess the stability
like (1.2) should also hold for analogous inequalities (Folland-Stein) on the Heisenberg and some more
general groups of Heisenberg type motivated from [9,10,14]. In a different way, Dolbeault pointed out
in [12] that in s = 2 case, the duality of FS and HLS inequalities are greatly related to a fast diffusion
equation and used that diffusion flow to compare the remainder terms of the two dual inequalities for
n > 5. Later, Jin and Xiong [18], and Dobeault and Jankowiak [13] extended the result respectively to

the case s € (0,2),n > 2,n > 2s and the case s = 2,n > 3. Actually, for s =2,n > 3,p=4¢ = n2f5,
there exists a positive constant «, such that VO < f € Hs/2,
2(g—2
AU S W gere = Conarpll F170) 2 allFP 170 = Conarp £ 1y 2)- (13)

Similar result for limit case—BO and Log-HLS inequalities [2, 6]—was also given in [13] in the case
s =n = 2. Denote f = |Sl,,b‘ fS, then on the sphere there exists a positive constant «, such that if

fel =1, then
22!][fAnf—log][ef*ff 2a<][eff— T;!][efAnlef>, (1.4)

where A, is a spherical picture of (—A)"/2, meaning that A, f = (|Js| ' (=A)"%(f 0 S)) 0 S~!, with
the spectrum j(j + 1)---(j + n — 1) on the spherical harmonic subspace #;, which is injective when
restricted on the image space with a fundamental solution — (nfl)! log|¢ — 7| (note the kernel of A, is
Ho and here A, ! is interpreted after projection). Dolbeault and Jankowiak [13] also gave some bounds
about the sharp proportional constants and we naturally think these sophisticated results about (1.3)
and (1.4) should hold for all fractions both on Euclidean spaces and Heisenberg groups. Indeed, after the
completion of this paper handling on Heisenberg groups, we found corresponding results on R™ (about
(1.3) and (1.4)) were also proved simultaneously and independently by Jankowiak and Nguyen [17] for
all fractions 0 < s < n,n > 2.

On the Heisenberg group H", the sharp HLS inequalities were obtained recently in [14] for all exponents.
The extension of HLS and its dual FS to other Iwasawa-type groups were given by Christ et al. [9,10]
for partial range of exponents and fractions. Some limit cases were also given in above papers and [4].
The main purpose of this note is to get, for (almost) all fractions s, some analogous results to Euclidean
inequalities (1.2)—(1.4) obtained in [7,13], for conformally-invariant Sobolev-type inequalities on the
Heisenberg group (and more general Iwasawa-type groups). For stability, we give in particular the
following refined HLS estimate,

1£1Ze = Conarpll flI7-2/2 = adp(f, M=), (1.5)

As usual, it is natural for us to carry out more conveniently the proofs of the problems on spheres,
where constant functions are extremizers for related inequalities. For the stability, we first give a local
estimate and then use the recovery of compactness lemma to get a global one by contradiction. For
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the FS inequality, in the local neighborhood domain of M-—the submanifold of extremizers, with an
additional condition d(f, M) < ||fls/2, we can first use the conformal symmetry to assume the nearest
point to be constant function 1 on the sphere and write the function to be f = 1+ ¢, with ¢ in the
normal subspace, then the Taylor expansion tells us that we only need to estimate the second variation
around 1, which is observed to be positive definite on the normal subspace. This normal non-degeneracy
property of the extremizering submanifold is crucial. For the HLS inequality, we borrow a fantastic local
truncation control, due to Christ’s lemma for general (p, ¢)-functional with p < 2 < ¢, to make up for the
failure of Taylor expansion on LP-distance and therefore to get a local stability again, which implies the
global stability by compactness and contradiction. To compare the two dual remainder terms, we first
use the idea of completion of square to get a global proportional bound and then consider a local case
by variational expansion, which in other words, gives an upper bound of the best constant in the global
proportional inequality. To our knowledge, the HLS stability (1.5) is absolutely new that even has not
been given on Euclidean spaces before, and we believe our global and local variational analysis working
for “almost” all fractions on Heisenberg-type groups is pretty new in some sense, both technically and
conceptually. Nevertheless, there’s no doubt that we’re greatly inspired by [7,13].

Our results sharpen the existing geometric inequalities, and it has been evident that the study of
function spaces, boundedness of operators and sharp estimates is one of the central topics in harmonic
analysis, referring to [11,15,20,23-26], etc.

2 Fractional Sobolev and Hardy-Littlewood-Sobolev inequalities

Here, for simplicity, we consider on the Heisenberg group H" the fractional Sobolev (Folland-Stein)
inequality and its dual Hardy-Littlewood-Sobolev inequality, both of which contain the intrinsic conformal
invariance.

The Heisenberg group. We identify the Heisenberg group H" with its Lie algebra C™ x R endowed
with group law uu’ = (2,t)(2',t') = (z + 2/,t + ¢/ + 2Im z - 2/) for group elements u = (z,t),u = (', ),
where 2,2/ € C",t,t' € R and z -2/ = Z?Zl zjz;. The dilation for 6 > 01is 0 : u = (z,t) = 6(u) =
(6z,6%t), and we denote the related homogeneous dimension by @ = 2n + 2, the homogeneous norm by

lu| = (|2]* + [t|*)*/4. The left invariant vector fields which coincide respectively with 8‘2 , B‘Z , gt at the
J J

origin are given by

0 0 0 0 0
X, = 2y, Y, = — 2z T = 1<j5<
I e, Ty YT gy, T ey o - SIST
The sub-Laplacian is a second order left invariant differential operator given by £ = — }1 (X ]2 + Yf), which

is hypoelliptic from a celebrated Hormander’s theorem, and we recall that this essentially self-adjoint
positive operator does not depend on the choice of an orthonormal basis. An explicit computation gives
the following formula,
% 1. 0

N,
otz 2 ot

(97 o - 0 9
Az = ( + ) , N= (.13 —Yj )
jz:; dxs Oy’ jz:; Yoy, 7 Oz,

are respectively the standard Laplacian and corresponding rotation operator on C". Using the (boundary)
Cayley transform, a generalization of stereographic transform, C : H® — S?"*1\ {0} with o being the
south pole (0,...,0,—1), defined by

1
L= —4AZ — |22

where

2z 1- |z|2+it)

u=(2,t) == (1) = <1+|z|2—it’ 1422 —it

we can identify the Heisenberg group with the complex sphere. The Jacobian of the Cayley transform is

|Je| =297 (1 + |22+ |t~ 92 =271 4 ¢ |
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A similar sub-Laplacian on S?"*! can be defined from £ by the Cayley transform and explicitly to be

n+1 2 n+1 2 n+1 8
= ,
2 g T 2 g, * > > (90, 9, o6, .)

J,k=1

and the Geller-type conformal sub-Laplacian is defined to be
) 2
D=L+ 4
The “sub-Laplacians” above play as important counterparts of positive Laplacian —A on Euclidean
space R™ and there is an important relation between £ and D,

L((21Je]) 2@ foC) = (2Je]) 3 (Df) o

It is well known that the fundamental solutions of £ and D are multiples of (2 — @Q))-power of distance

functions: ,
D1 — r (n) 2-Q

on— QFQ( ) B
) 2 n+1| 77| 2

-1 _ -1, 12-Q
LT = — v|

|u

Fractional Sobolev inequality.  The sharp FS inequality characterises the embedding H®/? «— L4,

which generalizes a Jerison-Lee inequality (for s = 2): V0 < s < Q,q = 599 and f € H*/2, we have

11122 = CIF15, (2.1)

sharp inequality

where

o (47762/2 > S/Qr2(Qfs) 2.2)

n! r2(9. ")
is the best constant and will be fixed in this note. Here, for simplicity, we use | - |, to denote the L4
norm, and H*/? is the fractional Sobolev (Folland-Stein) space, which is the completion of C§° w.r.t.
the Sobolev norm ||f||s/2 = (f, f)sj2 = ([.Lsf) = [ fLsf, with L, being an intertwining operator for
complementary series representations of SU(n + 1,1). We have the following characterization of Ls:

F(£|2T|71+21-9) £_1 on—1— S/2I‘2(Q S)

L, =|2T|"/? : =
s = 127 (L2714 27%) 7 T H(3)

Ju*~<.

Note that [ - ||s/2 is also equivalent to |(I + £)*/?|3, and L2 = L is nothing but the sub-Laplacian.
The FS inequality (2.1) is invariant under the conformal action o : f ~ o(f) = f o o|J,|'/9, where o
is any conformal transformation on H” with Jacobian determinant |J,|. Actually, |- |, is obviously
invariant under the conformal actions and so is the inner product (-, )2, i.e., (¢(f),0(9))s/2 = (f, 9)s/2,
considering the intertwining property of L;:

o] 56" (Lo f) 00 = L[] 2@ fo ).

Using the Cayley transform C : H® — S?"*+1\ {0}, we can move the inequality onto the complex sphere
S2n+1 C (CnJrl:

112 = CIf3, (2.3)

where || - ||+ is the norm induced by the inner product (f,g). = (C7*(f),C"'(g))s/2 and the two FS
inequalities (2.1) and (2.3) are equivalent under the conformal correspondence of functions on the group
and complex sphere C : f +— C(f) = f o C|Jc|'/9. This inner product (-,-), is a quadratic form involving

S2n+1

an intertwining operator A on , a spherical picture of Ls. Actually, Ay is uniquely given by the

relation

Lo(1Je] %" foC) = |Je| @ (Asf) o C
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and more precisely characterized by the bispherical harmonic decomposition or its fundamental solution

as:

wPG+ 9k + 9
1-\(]+ QZS)F(If-f— Q4—s)7 s ﬂ.n—i-ll"(;)

2—1—S/QF2(Q*S) 0
t= -l e (2.4)

Ajk = Asla, =2
where H; 1 is the bispherical harmonic subspace spanned by harmonic polynomials of degree j, k, respec-
tively on ¢ and ¢ and we have the irreducible decomposition L?(S?"*1) = D751 ik (also = D2, H;,
where H; is the classical real spherical harmonic subspace spanned by harmonic polynomials on real
variables of degree j). There is also an intertwining relation for Ay, just like that for £, which, modulo
a constant, uniquely determines the operator. Note here Ay = 22/9D, where D is the Geller-type con-
formal sub-Laplacian and Dly;;, = (j + 5)(k + 5). We will use H* for the ;-order Sobolev space on
S27+1 endowed with the norm || - ||.. The conformal symmetry group of the complex spherical picture
FS inequality (2.3) consists of

i f = 7(f) = for|J. |1 (2.5)

for any conformal transformation 7 = C oo o C~! on S?"*! induced by the Cayley transform from any
conformal transformation o on H". We also have the invariance of the inner product (-,-), under the
conformal actions.

It was proved in [14] (in a dual reformulation) that all real-valued extremizers of the sharp FS inequal-
ity (2.1) are right all functions of the form cH (§(u-)), where ¢ € R\ {0},6 > 0,4 € H", and

_(@-1DH(Q-s
2Q

_Q-s )
H=(A+][)?+ )"+ =2 | Je['1,

i.e., (2.1) reaches equality only on cH, up to the conformal invariant actions. Similarly, all real-valued
extremizers of (2.3) are right given by |1 — ¢ - §|_Q55, where ¢ € R\ {0},¢ € C"! and [¢] < 1, i.e,
(2.3) reaches equality only on constant functions, up to the conformal symmetry group. Take M, M.,
respectively to be the (@ + 1)-dimensional smooth submanifolds of all real-valued extremizers for (2.1)
and (2.3) and define naturally the distances

d(f, M) :=if{[[f = glls/2 : g € M}, d(f, M) := inf{][|f — g[l. : g € M.}
Then we have the following theorem characterising the stability of extremizers.

Theorem 2.1 (Stability for FS). Let0 < s < Q =2n+2,q = 2?8. Then there exists a > 0 only

Q
depending on the dimension @ and fraction s, such that
P(f M) 2 | f12)2 = ClflG = a d*(f, M), V[eH (2.6)
& (f, M) Z |IfIF = CI G = a d*(f, M), VfeH, (2.7)

and if d(f, M) or d(f, M.) > 0, the left inequality is strict.

Hardy-Littlewood-Sobolev inequality. A duality argument writes the FS inequality (2.1) into the
(diagonal) HLS inequality, which gives the (p,p’)-boundness of the fractional integral operator |u|=*x:
Vo< A<@Q,p= 256))\ and f,g € LP, we have

l[u| = * £l < |flp, or equivalently ‘// fug(v) dudv

<
H7 x Hn UJ_1U|A S plglps

and by the boundary Cayley transform, there is an equivalent HLS inequality on the complex sphere

§2n+1
F(Qg(n) ‘
dddn| < .
‘//S?nﬂ w1 |1 —C-q|M2 Cdn| < | flplglp

Modulo a constant multiple (see from the fundamental solution formulas of £s and Ay), we write the
above HLS inequalities in the following sharp form: V0 < s < Q, p = 528, f € LP (on H" or S?»+!
depending on the corresponding context),

IF122 < CTHIR,  IFI2L < CTHSR, (2.8)
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where || - [|_,/2 is the negative fractional Sobolev norm on H" under the meaning of || - ||2_S/2 =(, L")
and || - ||« is the correspondence on S?**! induced from the inner product (-,-)_, = (-, A;1-). The two
HLS inequalities (2.8) are respectively invariant under the conformal action o : f +— f o o|J,|'/? and
T:fw— fo T|J7-|1/ P where o and 7 are respectively the conformal transformation on the group and
sphere. This can be seen from the conformal invariance of the FS inequalities (2.1) and (2.3) by dual

argument or derived directly from the following formulae:
— — 1 _ 1
lo(u) " o ()] = |u"ol| Ty (u) Jo(v)[22,  [1=7(Q) - T(n)|"/* = [1 = C- "2 | T (¢) 7 (m)| 22
Take the submanifold of real-valued extremizers for HLS inequalities on the group and sphere, respectively
to be
M_ = {c(|Je|VP)(6(u-)) s c € R\ {0},0 > 0,u € H"},
My ={c|J P =l —¢-¢7 % L ce R\ {0}, € € C™L || < 1,

7 is a conformal transformation on S***'}.

Define the L? distances to the extremizering submanifolds to be

dp(fy M) =inf{|f —glp:ge M_}, dy(f,M_,)=f{|f —glp,:9 € M_.},

and denote H~%/2, H=* to be the associated negative fractional Sobolev spaces on the group and sphere.
We then have a similar stability result for the HLS inequalities (2.8).

Theorem 2.2 (Stability for HLS). Let0<s< Q =2n+2, p= 5& Then there exist ag, a; > 0 only

depending on the dimension @ and fraction s, such that ¥ 0 % f € LP (on the group or sphere depending
on the context)

dy(f M) 1P d2(f, M)
= C - = 9 .
“ g, 7 [T (2:9)
dp(f7M—*) —1 ||f||27* d?)(fw/\/l—*)
TR 270 e (2.10)

We remark a difference from the problem for the FS inequality. For the upper bound, we can only do
for the first power as we do not have any orthogonality, and still do not know about the square distance.
This global bound, a stability, is still got from some local estimate. For the lower local bound, the Taylor
expansion fails as the exponent p is strictly less than 2 and however, we can borrow one useful lemma of
Christ’s, who first noticed the failure of C?(LP) of the functional as p < 2 and used very sophisticated
estimates to get a bound for the functional using second variation of suitably chosen small truncation.
See details in Subsection 4.2.

Relation between the remainder terms of FS and HLS inequalities. Now we want to compare
the dual remainder terms of FS and HLS inequalities by a constant multiple, both globally and locally.
The similar problem on Euclidean spaces has been studied in [13,18] and is now extended to the Heisenberg
group for total range of s.

Theorem 2.3 (Dual remainder terms inequality).  About the remainder terms of the sharp FS and
HLS inequalities on S* !, we have the following estimates (an equivalence on H" exists):
(1) (Global estimate)

FET2ASZ = CUID = CA7PE = CIFPI2), YOS feH™, (2.11)
(2) (Local estimate)

TSI = ClZ) Q44+

lim inf = C. 2.12
0<d(f,M.)—0, 0L feH*, d(f,M)<|fll. |f1/P[2 = C|fa/P|2, Q+4-—s (2.12)
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The above results can be extended to all (rank one) Iwasawa-type groups. We list on the sphere the
results without proofs as they are absolutely similar to the Heisenberg group case. First, we introduce
something about groups of Iwasawa-type, which can be seen as the nilpotent part of the Iwasawa decom-
position of a semisimple Lie group of rank one. It is one kind of groups of Heisenberg-type, satisfying
additional Jo-condition. A two-step nilpotent Lie algebra g with center 3, endowed with an inner product
(-,+), for which g = 3+ @3, is said to be of Heisenberg-type, if the Lie structure satisfies the following con-
dition: For any element [t| = 1 in the center 3, an endomorphism J; defined on 3+ by (J;2,2') = (¢, [z, 2'])
for any z,2’ € 3, is an orthogonal map. A simply connected Lie group is said to be of Heisenberg
type if its Lie algebra is of Heisenberg type. The J-condition is defined to be: For any ¢,t’ € 3 sat-
isfying (t,t') = 0, there exists a t” € 3, such that Jy» = J.J[. It was well known that any group of
Heisenberg-type is of Iwasawa-type if and only if the Lie structure satisfies the Js-condition. Besides,
from a geometrical point of view, the Iwasawa groups can be seen as the nilpotent part in the Iwasawa
decomposition of the isometry group of the associated non-compact Riemannian symmetric spaces of
rank one and finally Iwasawa-type groups are identified to four cases having center of dimension 0,1,3,7.
We write isometrically the group in a unifying form to be K" x Im K for appropriate n, where K is one
of the four real division algebra R, C,H, Q. For the above results and FS, HLS and related inequalities
in the later two cases, see [9,10] and references there. If we still use the same notation as those on the
Heisenberg group and denote m to be the dimension of center, we can state the following result.

Theorem 2.4 (For general Iwasawa-type group).  We have analogous sharp FS and HLS inequalities
on the Twasawa-type group for fractions of partial range s < Q — 4['y] and X > 4['}], where m is the
dimension of center and @ is the homogeneous dimension. Moreover, Theorems 2.1-2.3 still hold similarly
on the Twasawa-type group for the corresponding inequality with exponent of partial range. More precisely,
we have the following properties for the remainder terms: Let p = ¢' = 54?5

(1) (Stability for FS and HLS) There exist two positive constants «g, a1 only depending on @ and s,
such that

& (f, M) = I f1IZ = CIf[; = a0 &(f, M), VfeH,
a1|f|pdp(faM**) = |f|;12) - CHfH2—* = aod?)(f,./\/l,*), Vf S Lpa

where C, M, M, are respectively the sharp constant and extremizering submanifolds, computed in [9,10,
14,19], and d(f, M..), dp(f, M_.) are respectively the Sobolev and Lebesgue distance to the submanifold.
(2) (Dual remainder terms inequality) About the remainder terms of the sharp FS and HLS inequalities
on the sphere, we have
(a) (Global estimate)

FET2ASE = CUID = CA7P = CIFPI2), YOS feH™,
(b) (Local estimate)

2(q—2 .
_— 2SI = CIAE) _ Q+2+2signm + s

= C.
0<d(f,M.)=0, 0<fEH", d(f.MO)<|fll. |f9/P]2 = C| fa/?||2, Q+2+2signm —s

We add a note here about the sharp proportional constant between the two dual remainder terms,
which is still open even for the Euclidean case. The global estimate tells that the sharp constant, denoted
by Csharp, is bigger than C, i.e., Csharp = C, while the local estimate tells Cgharp < gi;ﬁ; C. However,
we expect a fast diffusion method like in [13] may improve a bit the lower bound strictly to be Csharp > C.

3 Limit case—Beckner-Onofri and logarithmic Hardy-Littlewood-Sobolev in-
equalities

Now, as in [4,14], we can consider on the Heisenberg group the endpoint limit case (s = @, A = 0),
using the functional differential argument. We use f to denote the mean integral on the sphere, i.e.,

JE f= |SQH+1 |71 f§2n+1 I
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Beckner-Onofri inequality.  For the limit case s = @, the generalization of sharp Beckner-Onofri
(BO) inequality on the Heisenberg group and complex sphere was first given by [4]. For simplicity, we
only deal on the sphere, which involves the conditional intertwining operator A’Q, a kind of differentiation
of A4(0 < s < Q) at s = Q. The operator, defined on H* NP, where H*, in abuse of notation, is the
Cg—order Sobolev space and P = @ ,,_o H;, (RP) is the space of L? (real-valued) CR-pluriharmonic
functions, is given by:

, , TGi+n+1) .
N = Aol = Aghao, = 50T =itk G ) (3.1)

If in this subsection, we denote (a constant difference from (2.4) in the last section)

U+ 9k + 9F)

Ajk = .AS|HJ1 = ) - C (3.2)
COTGH+ O+ 9)
then
4 d 4 1
/

Aq n!ds S:Q'Ag 51—)% n! Q — SAS (33)

The sharp BO inequality states that: ¥V f € H* NRP (with zero mean), we have

1 /

>1 (f=£h 3.4
2(n+1)!][fAQf Og][e (34)

(without the mean term on the right-hand side). Obviously, the BO inequality (3.4) is invariant up to
constant translations, and besides, there is also a big conformal invariance action group for this inequality,

T:f=1(f)=for +logl|J:] (3.5)

We can easily see the exponential integral { e/ on the right-hand side is invariant under the conformal
action, while we need to use the limit differentiation argument and conformal invariance property of F'S
inequality to get the whole invariance for the BO inequality (3.4): From (2.2), we define the F'S functional
of (2.3) modified by (3.2) to be

r2(Q+s)
Io)=f gAsg—FQ o ( W) 7

4

then it satisfies the following formulae: Take A\=Q —s — 0, V f € H* NRP,
1) if f f =0, we have

10 = a6 - () wow) (f e vom)
g (25 ) ([ )
= S A f)N - (( ) A2 4 o(1) )( log 2QfA+o<A>)
SR CT
where we use the notation (f, g) = { fg.

(2) For general f, we have

I(” 222f> B 22(@2(2@11)!][fAbf_1°g][ef_ff>A3 o).
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(3) From the invariance of the FS inequality functional under the corresponding conformal action (2.5),

we have
A B A /q
I<1+ fo> —I<<1+ fo> ot |J|! )
= I<1+ 222(for+log|JT|)+o()\)>

=114 gy (o710l + o0%)

Then we see the invariance of (3.4) under (3.5) from

1 , e (AN 550
2(n+1)!][f“4@f_1°g][ef fo(m) o o)

We know extremizers for BO inequality (3.4) are right all the functions of the following form log(c|.J;|) =
logc+ Qlog|l —¢&-¢|7Y, where ¢ > 0,& € C**1 |¢] < 1 and T is any conformal transformation on S?°+!
(¢ = 1 when adding zero mean).

For stability, it seems that we cannot find a good distance norm, which is invariant under the conformal
action, to characterize the relation between the remainder terms and distance to the (@ + 1)-dimensional
smooth submanifold of all real-valued extremizers. (The norm f fA’Q f, and also the subspace of zero-
mean functions in P, are not invariant under the conformal action, while the functional 2(n11)! f f.A’Q f
— f f is unable to characterize the distance.)

Logarithmic Hardy-Littlewood-Sobolev inequality. = The generalized sharp logarithmic Hardy-
Littlewood-Sobolev (Log-HLS) inequality on the Heisenberg group and complex sphere was first obtained

in [4] and recovered in [14], which states that: For any non-negative normalized f € LlogL, f f =1, we
have

1
(e 0f frog, L HOFcdn < f Fioas
Because the fundamental solution of operator Ab restricted on the image subspace is given by

1 1

/—1

—g = I
AQ |f€73,ff70 antl 0g |1 —C- 77|’

the above Log-HLS inequality is equivalent to the following dual reformulation of the BO inequality (3.4):

(n‘;l)!][(f_l)Agl(P(f—l)) g][flogf, (3.6)

where P denotes the projection operator from L? onto P and for simplicity we often leave P out and use
directly Aal for Aal o P. The Log-HLS inequality is invariant under the conformal action f — for|J;|.

Relations between the remainder terms of BO and Log-HLS inequality.  Just as estimates for
the FS and HLS remainder terms, we can get both a global and a local bound for the BO and Log-HLS
remainder terms. Differentiation is used to get the global one while the local one is got directly from
Taylor expansion and the property of variations.

Theorem 3.1 (Dual inequality for BO and Log-HLS).  About the remainder terms of the sharp BO
and Log-HLS inequalities on ST, we have the following estimates (an equivalence on H™ exists):
(1) (Global estimate)

Q(nil)!][fA/Qf_log][ef_ff > flef][eff_ S(l;e:;));][(ef _][ef>A’Ql<ef_][ef>

—log][ef, VfeH NRP. (3.7)
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Note that both the left- and right-hand sides are invariant under the constant translation f +— f —c, then
for any f, we can choose ¢ =log el such that after a constant translation, new f satisfies f ef =1 and
the inequality becomes

|
st s 1y Faf =g o 41> forp = P el e -,

(2) (Local estimate)

lim inf Q(n}i-l)!f fA,Qf — logf of—F1

0<f fALf—0,fEH*NP, f L H, fiffeff _ 2(&43))!215(& _ fef)Agl(ef _ Jﬁef) — 1ogJCef

On the other two Iwasawa-type groups, there is difficulty in getting the sharp FS and HLS inequality
for big s and small )\, as the eigenvalue can be negative. Therefore, the endpoint case—some putative
sharp BO and Log-HLS inequalities are also still unknown.

4 Proofs of main results

We only prove the second formula in Theorems 2.1 and 2.2, recalling the equivalence of those two formulae
on the group and sphere.

4.1 Proof of FS stability

For Theorem 2.1, we follow closely Bianchi-Egnell argument [3,7]. First we need a local result.

Proposition 4.1 (Local stability for FS).  We have the following local remainder term estimate: For
all f € H*, satisfying d(f, M) < || f]l«,

2s
PUM) 2 I =CI = o 5 PUM) +old(f, M), (11)

and if d(f, M) > 0, the left inequality is strict.

Proof.  Consider any f € H*. From definition, there exists a function g € M., such that ||f — g||« =
d(f, M,). From the condition d(f, M.) < |/ f]l«, we know g # 0, and there exist ¢ € R\ {0},¢ €
€1 |¢] < 1, and a conformal transformation 7, such that g = cr(1) = ¢|J,|"/9 = ¢|]1 — ¢ - Z|’Q2_S.
So, from the invariance of M, and above inequality (4.1) under the conformal action, we may assume
f =1+ ¢ with ¢ 1L TY M, (normal to the tangent space at point—function 1) under the inner product
(. )«. We take the difference functional I(f) = || |2 — C|f|2, which is in C?(H*), then for the local lower
bound, by Taylor expansion and the critical property of extremizer 1, we have

1
I(f) = JI"(L¢) +o([lel?), (4.2)
where
! d 2—
dt =0
d2 2 2 2
I'(1,9) = | 10+19) =200l — 2(a = DO ol

t=0

More precisely, for the Taylor expansion (4.2), we only need to prove

L+ lg = 115+ (g = DL el +ollel]), Ya>2, el /@ZO- (4.3)

We note that the quantity |14 ¢|? cannot be expanded by Taylor series around 1 unless |p| is very small
relative to 1, which gives the difficulty for the Taylor expansion of the difference (or L?) functional. To
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prove (4.3), we use a truncation considered for |¢| < & and || > 4, respectively, setting § = |¢|}~¢ and
|50|q - Oa

(¢—1) 5  qlg—1)(g—2)

VIe <8, Ltwlt =14+gqp+ T2+ BT T T 0,
Vg > 6, ||1+80|q|;|q(1 + qyp)| < <Q(q2— 1) +6>52—q7 o2 < 6274|ple.
Then we have a uniform estimate for ¢ > 2,
(@—1)

‘|1+<p|q— <1+q<p+q )

¢ ) ‘ S 0 + 6770,
and by integration, we have
1 q 114 q(q - 1) 2 <sh q—2 2 52—(] q _ 2
| + 30|q - | |q + 92 |<P|2 ~ | |q |50|q + |<p|q - O(|50|q)7

which gives the assertion (4.3) and therefore (4.2) after raised to the power 2/q as

2
q(qg—1) e 2q(q—1) o
11+ g2 = <I1|Z+ 5 |<ﬂ|§+0(|s0|§)> =I1I§+q 5 111273 + o(l]2).

Now we return to the Taylor expansion of the difference functional and to prove the local lower bound.
Note that T3 M, = Span{l,Re Q,Im@-}?fﬁ = Ho® Hi1 = Hoo P Hio ® Ho, and from bispherical
harmonics expansion ¢ = Zj’k ©j.k, where ;1 € H; 1, we see

|<P|§ _ Zj+k>2|¢j,k|g
llell2 Zj+k>2 /\J}k|90j,k|g7

and
I(f) = llel? — (g = DOIS* " o2 + o([l¢]?)

2
n 2=a |
- ||<P||3<1 (g nes ”'w'”g +o<1>).

2
From the increasing of \; ; on j, k (see (2.4) and note A1 1 > A2 ), we have n‘ﬂf? < /\2_7(1) and recalling the

A0 _ o on+t1)2,¢
fact “5° = (¢ —1)[S | ¢ (see (2.2) and (2.4)), we finally get

I(f) = 221 = (g = DCIS 14" Ay d + 0(1))
- ||sa||;i( 2 o<1>).

Q+4+s

So, for all s € (0,Q), we give a positive local lower bound. For the upper bound, we use (p, 1), = 0 and
get 1(f) = 2 + 112 = CI1 + 2 < ||, recalling 1+ p[2 > [+ /a1 4 pf3 > [§7+1P/a = |12,
which reaches equality if and only if ¢ = 0, or equivalently d(f, M.) = 0. The inequality (4.1) and
therefore Proposition 4.1 are proved.

For global estimate of the stability, we also need the following lemma asserting the possibility of
recovering compactness from the conformal symmetries. The lemma is proved in a technical TT™* way
for dual HLS inequality in [14] and can also be derived from suitably adapted concentration compactness
argument, originated from Lions’s work for HLS inequality on R™ [21]. Tt is also natural to apply directly
the adapted profile decomposition from Gérard’s work [16] on Euclidean spaces.

Lemma 4.2 (Recovery of compactness for FS).  Let (f;) be a (non-vanishing) extremizing sequence of
o 2 j . j
inequality (2.3) (or its functional), i.e., 1fslle =0, C, then dfg M) T2, ()

[f513 17511«
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We can now use the local stability—Proposition 4.1 and above recovery of compactness property—
Lemma 4.2 to prove the global stability for F'S inequality.
Proof of Theorem 2.1.  The core is the lower bound for (2.7). For the upper bound, as 0 € M., we have
d(f, M) < || fl«, then it is trivial from the upper bound of (4.1) in Proposition 4.1. For the lower bound
of (2.7), we argue by contradiction (this works only for existence of a positive constant). If the constant
a > 0 does not exist, then we can get a sequence (f;) satisfying ”{;2”(1, i/l(f;)\q 220 () with d(fj, My) > 0.
d*(f,M.) I1£51% d—>o0 d(f;,M.) J—=o0

From 2 < 1, we have 713 ~——— (', and then from Lemma 4.2, we have T ~——— 0, which

tells that (f;) is not only an extremizing sequence but also a local one to ./\/l*7 which implies from the
. " . il2—Clf;12

local lower bound of (4.1) in Proposition 4.1 that, liminf,_, ”J;ngl(}j’/\,lt?)l = Q+4+S > 0. So we have got

a contradiction and therefore proven the global theorem totally.

4.2 Proof of HLS stability

We now still use the contradiction idea to prove Theorem 2.2, the global stability of the HLS inequality.
For (2.10), first we need to consider locally, and recalling the failure of Taylor expansion of associated
functional (see the second variation in a priori Taylor expansion |p|3 — A1 |/¢|| -, which tells the falseness
of the expansion when ¢ is not in L? C LP). We borrow a lemma due to Christ [8] to get the lower bound,
which Christ used to consider the stability for the Hausdorff-Young inequality functional.

Lemma 4.3 (Christ’s lemma). For any exponents p < 2 < q, there exist positive constants, cg,c1,Mo,
v (> 1), such that given any small 0,6 satisfying 0 < n < np, 0 < § < n7, any (LP, L?)-bounded linear
operator for an arbitrary pair of measure spaces with norm |T|| and some non-vanishing extremizer F
(i.e., [TF|y = |T|||F|p), and any f € LP satisfying |f|, < 6|F|,, Re [ fEF|F|P~2 = 0. If we decompose
[ = f1+ f2, where fi = fXx|r/<n, then we have the following estimate of the functional:
IT(F + f)lq
ITNE + flp

2 2
o(f) = q;1|TF|q—Q/<Re ;}’;) |TF|7+ ;|TF|q_q/(Im ;3;) |TF|?

2 2
1|F|pp/<Re£> |F|P — ;|F|pp/<1m£) |FIP. (4.5)

The proof of this general lemma is to use the expansion property of function |1+ z|", r = p, ¢, similar

<1+ 9(f) +anlAlIF? = con® P LPIF]P, (4.4)

where

to that in last subsection, but here things are much more complicated, and we refer to [8] for details.
Then we have the following local estimate:

Proposition 4.4 (Local stability for HLS).  Let Q,s,p be the same as those in Theorem 2.2. Then
there exist positive constants ag,aq depending only on dimension @ and s, such that V0 # f € LP,

dp(ﬁM—*)) (M) 2. B Mo) (d?;(f,/\/l—*))
( e )T Ty, Y T 2 e U e )

Proof.  We denote f, to be the LP-nearest point and locally, we may assume f, = c|J; |1/ P for some
¢ # 0 and conformal transformation 7, noting | 7~ — 1 as ”(J‘le\/l ) 5 0. Denote g = ¢~ for—1|J, - |\/?,

(4.6)

then g, = 1 and we write g = 1 + ¢ with |¢[, — 0 and [ ¢ = 0 (this condition needs to be satisfied in

Christ’s lemma, and if [ ¢ # 0, then update ¢ by fﬂf:; and note that |¢ — fol, = dp(g, 1+ f ) >

dp(g, M_.) = |p|p). Then it suffices to prove (4.6) for g as the inequality is invariant under the above
transformation. For the lower bound, we use Lemma 4.3 (taking there T = As_l/Q, qg=2,p= 529,F =

LT =CY2 f = 9,8 = |¢lp/|1]p,n = (1 +€)d/7), then from (4.4) and (4.5) we have

Cllgll> 1o p—1. _ _ 2\
1912 1+ 2||1||7i||801|\2_* - 111, 71e1]3 + cinler [211],2 = con® Ple2 B[1],7 )
P
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We easily see [[¢1]|2, < [@1]7 = o(lel3), [¢113 < n*7P|elh and it follows from 7 2 |¢], that

gl

1 1912 2Pl +ollely) 2 lely + olely),
p

which gives the right-hand side of (4.6). For the upper bound, we denote the H~*-nearest point g, =

| JLMP, where ¢ # 0 as g L 1. Then from the conformal invariance and extremizer property, we

have
9l2 = Cllgl2. <lgl; = CllgallZs = lgl2 = lg-l7 = lgl5 — 112 + (1 = |¢'I*)I12.

Note that, [gl2 112 < I (Igly-+11,) = 2011y ely+o(l¢ly) and [¢] = 1. Actually, |1~ ||| S [1=g.] - S
lolp + 19 — gx|—« S Jelp. Above all, we get

l9l7 = CllgllZ. < lelp + ollelp),

then we get a local upper bound for f via the relation between f and g,

IR, _ e (d,,(f,M*) (dp(f,M*)»
o S e T )

Finally from \‘fc|‘ S1+]1- \L‘Cll 1], S 1+ |ff‘ - \j}l) lp =1+ d”(]lc}/‘v[_*), we get the left-hand side of (4.6)

(we can also see directly from the conformal invariance). Proposition 4.4 is then proved.

For the global stability, we only need the recovery of compactness (dual of Lemma 4.2, see a differ-
ent formulation in [14, Lemma 4.6] and we can also use suitably adapted concentration compactness
argument) and then apply the contradiction argument.

Lemma 4.5 (Recovery of compactness for HLS).  Let (f;) be a (non-vanishing) extremizing sequence
: : . 12, d=o0, ~—1 dp(fj,M—v) T2
of (2.8) (or its functional) on the sphere, i.e., T — C~*, then VY — 0.
Jilp Jlp

Proof of Theorem 2.2.  We assume the statement for (2.10) in Theorem 2.2 is wrong, then there exist
two non-degenerate sequences of functions (f;) and (g;) satisfying

c-1_ I£i112. c-1_ lgsl12.
. I3 . lgslz
M gy =0 ad lm ey = (4.7)
[£513 lg5lp
12 .
Then lim;_, ”{}Jllg* = C~!, recalling d”(J‘C’fjl\:_*) < 1, which gives lim;_, d”(]}}ﬁ:_*) = 0 from Lemma 4.5.
il3 ;
2
Simultaneously, we have lim;_, dp(fll-;;/‘\:‘*) = 0. Actually, we see this from Lemma 4.5 if lim;_, ”“‘J;JE* =

12
C~!, and otherwise after moving to a subsequence as liminf;_ ”‘g‘;”‘;* < C~1. So, the formulae in (4.7)
ilp

are local limitations, which contradicts the local bound (4.6) in Proposition 4.4.

4.3 Proof of proportional inequalities between dual remainder terms

Now we are going to prove the relations between the remainder terms of F'S and HLS inequalities and
those of BO and Log-HLS inequalities. First, for the F'S and HLS.

Proof of Theorem 2.3.  For the local bound (2.12), we expand the two remainder terms by Taylor
expansion. Take f, to be the H*-nearest point, and as before we may assume f, #Z 0 (we can add other
condition like || f||. = 1 locally), and further f. =1, f = 14 ¢, where ¢ 1 T3 M, under (-, -),.. We denote
the two remainder functionals respectively by

L(f) =IfIZ = CIfI5 () = IfI; - ClfIZ..
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Then we expand and estimate the two terms
L) =ni+9) -nm+ 4| nas)+ e
= alme = a dt|, o T T g are
= llell? = (@ = D)OIS* P/ Yofs + o(lle]l2),

L(f7) = L((1+¢)"?)

L(1+tp) +o(llell2)
t=0

2

1d
L((1+tp)1/?) +

d
=1I>(1) +
. 2 dt?

s B((1+16)77) + o(l¢)

t=0
— (g — 1)2| S20+1 2/p—1 2 4 q—lCl 2 (4 QC 2 2
=(¢—1)7 | ol (1,%) lellZ. + o(llell¥)
pA\P p
2
_ _1)2|S2n 2/p-1 _ q(4q _1)ont 2 (4 C 2 2
= (¢—1)7 | o\ p 0.0 |1#la » ol + o(llll%)

2
n — q
— (g — )]SIl - (p) Cllel2 + ool

where we have used C'/\(I(l) = |S?0+12/P=1 and the C?(H*) property of I)(f) and Io(f9/?) (this can be
checked easily as in the proof of (4.2), Proposition 4.1). Taking bispherical harmonics decomposition on
@ and recalling ¢ 1 Ho® H1, we can set ¢ = Zj+k>2 ©j.k, then we want to study the following quotient:

[Q(fq/p)

Ej+k>2(1 _ ;ZC| §2n+1 |1—2/P)\;’;1)|<Pj,k|% +o(1)
L(f) '

— (q_1)|82n+1|2/p—1 0
Dirks2 e — (¢ = 1)C| S [2/a7 1) ;1,13

Note that / .
_q on+1(1-2/py—
1 pC’| S | ”/\jﬁk _ 1
Njg = (g = D)C|S2FL[2/a=1 ;7
we then have

: L% _(g= ISP N 1Q+4=s
lim sup 2(g—2) = = = .
0<d(f,M)=0,d(FM)< Il |20 VT (f) A2,0 Chao CQ+4+s

For the global bound (2.11), we use the square idea as in [13]. For r > 0 to be fixed later,

0< ||fIPAY2f — CATY2 polP 3
= |12 A2 f13 + C2ATY2 FU/P |5 — 20| fIL(AY2 f, AS Y2 F9/P)
= 1f1Z7(IF12 = C|f17F) — C(|f/Pplrtala — | f9/7)12 ).

Take r=q—2 = QQ_SS, then —r + ¢ =p(r +q)/q =2, and

I AIE = CIFD) = CUFTPE = CLEYPI2).

So Theorem 2.3 is proved.

Now we are going to prove the endpoint case—relation between the remainder terms of BO and Log-
HLS inequalities—using the result about FS and HLS by differentiation argument globally and still the
Taylor expansion for the local estimate.

Proof of Theorem 3.1.  For the global bound (3.7), we can see from the remainder terms control between
FS and HLS inequalities (2.11) in Theorem 2.3 by the differential argument. Actually we can write the
inequality (2.11) to the form I1(f) > I2(f), where the associated two functionals are

= (f |f|q>28/Q (f .1 - ?EZ:; (f |f|q>2/q),
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L(f) = EEEZ;; (( |f|q>2/p - II:EEZ;;][ fq/PAs—lf(I/p)

then from (3.3), Ay = ;EQ“ ; o +0o()\) and by Taylor expansion on A, we get

w1 ?) = () o) (fraa+ () f (- F9)2 (e £9)

FQ(QJrs

_r2(QjS;< glog ef—ff+o(A)>>

ST b2

A nIA\ 2 2 log f e/ 1 felf?
B(eagr) = (V) ((F) (=707 a0’ o)
\ 203 g F(Q+S) N
_<][<1+2Qf) ) —F(Qis)][(ef_][ef>AQ1<ef_][ef>)
(N e, f)2 ; (n+1)!
=o(3) (fefs=(fo) osf =
x][<ef—][ef)./451(e ][ef)>/\3+o()\3)
Then (3.7) is proved by comparing the dominating terms: Dividing the two formulas by A\* and taking
A=Q—-s5—0.

For local estimate (3.8), by constant translation invariance of the two terms in the quotient formula, we
can assume f L Ho ® H,. Now, we consider Taylor expansion of the quotient, which we denote by I(f),

Q(TL}‘rl)! (f FAGS — (n+ D £2) + o(f fAGS)
Y=+ DY FAGF) +o(f FALS)
1 XTI = e DY (U503 + | fo513)
(n+DUY (1= 12 e+ DYl + fos13)
>n+ 2.

and

I(f) =

This completes the proof of Theorem 3.1.
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