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Abstract

We establish uniqueness of vanishing radially decreasing entire solutions, which we call
ground states, to some semilinear fractional elliptic equations. In particular, we treat the
fractional plasma equation and the supercritical power nonlinearity. As an application, we
deduce uniqueness of radial steady states for nonlocal aggregation-diffusion equations of
Keller-Segel type, even in the regime that is dominated by aggregation.
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1 Introduction

We study positive entire ground states to the fractional semilinear equation
(—A)u=au -0~ in RY, (1.1)
where the parameters are in the range
0<s <1, p=>1, C >0, a > 0.

Here (—A)® is the fractional Laplace operator on RN (s < 1/2if N = 1). Moreover
x4 = 0V x denotes the maximum of O and x. By a ground state we mean a bounded
positive solution u to (1.1) which is radially decreasing and decays at infinity, i.e., u(x) —
0 for |x| — oo.

In the subcritical case p < (N + 2s)/(N — 2s) with C > 0, the free boundary problem
(1.1) is the so called fractional plasma equation, and it is the object of our first main result.

Theorem 1.1 Let 1 < p < (N +2s)/(N —2s) and C > 0. There exists a unique ground
state for equation (1.1).

In our second main theorem, we investigate ground states in the critical and supercritical
regime p > (N +2s)/(N —2s) to equation (1.1), with the choice C = 0. A nontrivial solution
exists only for this special case, as we will show that there are no ground states if C > 0 and
p = (N+2s)/(N —2s).

Theorem 1.2 Let p > (N +2s)/(N — 2s). Let C = 0 and b > 0. There exists a unique
ground state u for equation (1.1) such that u(0) = b.

In the above results, ground state solutions are interpreted in the distributional sense.
However, these solutions turn out to be continuous (hence smooth) and the equation is also
satisfied pointwise everywhere in R™. Moreover, in the subcritical case covered by Theo-
rem 1.1, the solution is also a weak energy solution, i.e., it belongs to the natural energy
space H*(RY), which is a fractional homogeneous Sobolev space. Precise definitions are
addressed in Sect. 2.

The construction of ground state solutions (by means of critical point theory) for more
general subcritical nonlinearities than (1.1) is found in [31]. On the other hand, existence
of ground states for the equation (—A)*u = u” with p > (N + 2s)/(N — 2s) is shown in
[20, Section 6] and [3] along with a precise decay rate (the case s = 1 is contained in [37,
Theorem 9.1]). Therefore, our main contribution here is the proof of uniqueness.

We also remark that Theorem 1.1 holds true for 0 < p < 1 as well, as a consequence of
the results proved in [14], [17] and [23] in the equivalent context of Euler-Lagrange equations
associated to aggregation-diffusion free energies that we shall describe in detail through the
paper. However, the methods in the proof of Theorem 1.1 cannot be appliedincase 0 < p < 1
since they strongly rely on convexity.

The plasma problem

In the local setting (i.e., s = 1), the subcritical regime corresponds to 1 < p < (N +
2)/(N —2) for N >3 (p > 1 for N = 2). In this framework, equation (1.1) with C > 0,
posed in a bounded domain 2 with homogeneous Dirichlet boundary conditions, is the so-
called plasma problem. This particular free boundary problem was introduced in [43] and
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[44]. The two-dimensional case was solved in [5] and the case p = 1 in [11], while the
higher dimensional case was studied in detail in [27]. The two-dimensional problem has
an interpretation in plasma physics, because in this context the domain €2 represents the
cross section of a Tokamak machine, a toroidal shell containing a plasma ring surrounded
by vacuum. The equations from the magnetohydrodynamics plus further equations modeling
the physical properties of the plasma lead to the homogeneous Dirichlet problem for the
equation

—&?Au= (-0, (1.2)
with a small parameter ¢. This equation is equivalent to a nonlinear eigenvalue problem
—Au=r(u -0

where the region inhabited by the plasma is exactly the set {x € Q | u(x) > C}, with u
modeling the flux function. For such model in the form (1.2), the existence of a unique radial
ground state is shown to be essential for the characterization of the critical points of least
energy solutions u, (see [27]).

In the nonlocal setting s € (0, 1), the Dirichlet problem

Agu =A@ —0C)f inQ,
u=20 on 02

with the spectral fractional Laplacian A was firstly investigated in [1] for p = 1. In particular
the author in [1] studies existence and regularity of solutions, and the nonlocal counterpart
of the geometry of the free boundary o {# = C}, which was previously obtained in [33].
Recently, in [15] some interesting existence results are established by critical point theory
for the eigenvalue problem related to a general nonlocal operator Lx with a singular kernel
K (note that Lg = (—A)* for the choice K (x) = |x| N=%), i.e. the problem

Lxu=ru—CF inQ,
u=0 onRN \ Q.

Then, a motivation for the study of radial ground states for equation (1.1) would rely on the
geometric characterization of least energy solutions to the equation

e¥ (—A)u=@u—0)F.
Going back to the local setting s = 1, a construction of the unique entire ground state for
~Au=@w-0F" inRY,

with1 < p < (N +2)/(N —2), N > 3, is contained in the paper by Flucher and Wei
[27, Lemma 5]. Indeed, if we put for instance C = 1, the construction of [27] is based on
the radiality of the solution together with a simple scaling ODE argument, which gives the
following direct representation

2
T—p (L
u(r):{l—i—R Pu(k) r <R,

(%)Z_N r > R.

Here, R is the radius of the ball Bg = {u > 1}, which is the (unknown) free boundary of
the problem, and v the unique positive solution in the unit ball B; to the subcritical Dirichlet
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problem

1.3
v=20 on J0Bj. (1.3)

{—Av =v” in Bj,
The regularity of the solution u up to the boundary provides also an explicit representation of
the radius, i.e., R = ([v'(1)|/(N — 2))P=D/2 which is independent on the solution u itself.
Notice that since v is radial, the equation in (1.3) becomes an ODE, and the smoothness of v
up to the boundary (see for instance [30, Theorem 8.29, Theorem 6.19]) forces one to have
the condition

U//(l) _ N
[v" (D]

)

which yields in particular that u € C? (actually, at least u € C>“ for all & < 1, by elliptic
regularity).

We also mention that, for the case 0 < p < 1, the existence-uniqueness result for such a
problem is contained in [8, Theorem 1]; moreover, this solution is radial due to the rotational
invariance of the operator. The particular case p = 1 is more explicit, since, imposing the
continuity of the radial derivative we have that u has the following expression

RN2(N=2) _(N=2)/2
(1 + i Y ) 1< R

r\2—N
(E) r >R

u(r) =

where R = z is the first zero of the Bessel function of the first kind J(y—2)2.

In the nonlocal setting s € (0, 1) this kind of local ODE approach is no longer available, so
any attempt to achieve an explicit representation of the ground states is out of sight. Instead,
the techniques that we shall use in the proofs of the uniqueness result in Theorem 1.1 (and
also Theorem 1.2) rely on the applications of a monotonicity formula developed for the
fractional Schrodinger equation by Frank, Lenzmann and Silvestre in [28, Theorem 2.1],
inspired by the work of Cabré and Sire [9]. In particular, we will work with the equation
satisfied by the difference of two solutions u1, uy, written in terms of a potential term of the

P _ P
form V(r) := % Surprisingly enough, the monotonicity argument still works here
since the potential can be shown to be decreasing even though we do not know the location
of the free boundaries Rj, R;. In addition, the scaling properties of (1.1) will be essential to

uniquely identify the central density of the solutions and get the final uniqueness result.

Steady states of aggregation-diffusion equations

An application of our main results, that we extensively develop through the paper (see Sect. 5),
concerns the analysis of steady states for the following fractional aggregation-diffusion equa-
tion

dp=A0p" —xV-(pV(=A)"p) (1.4)
for a density p(t, x) defined on Ry x RN . Here, x > 0is aconstant, m > 1 is the diffusion

parameter, and (—A) ™’ p is the Riesz potential of p, namely the convolution of p with the
Riesz kernel
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m

2N
N+2s

Fig.1 Sub and supercritical regimes in terms of m and p

CN,s|X |25 —N_ where the normalization constant CN,s 1s given by
N
vs = (3 -9
T aN24sT(s)

It is shown in [17] that in the diffusion-dominated regime, namely m > m, := 2 — %, steady
states for the dynamics (1.4) are characterized as nonnegative radially decreasing solutions
to the Euler-Lagrange equation

L —_—
p= (20" (x (=) p - lC)gﬁlfl , (1.5)

where K is a positive constant (playing the role of a Lagrange multiplier). Then, the Riesz
potential of a solution p to the above equation, namely u := (—A)~%p, formally satisfies
equation (1.1) with p = ﬁ, a=((m-— 1)X/m)1/(m’1) and C = K/x. The application of
our result will be therefore a proof of the uniqueness of radial steady states of equation (1.4).

We stress that the diffusion-dominated regime is found in the subcritical range as it cor-
responds to p < p. := N/(N — 2s), see Fig. 1. On the other hand, we may treat the case
p > N/(N — 2s) as well, thus obtaining a characterization of the radial stationary states
even in the so-called aggregation-dominated regime.

In the case m > m,, our results about stationary states complement the ones in [17],
where their regularity properties are established in detail. In this regime, uniqueness (up to
translations) of radial stationary states with given mass M := fRN p > 0 can be deduced
by the result in [14], see also [23] for analogous results in the range m > 2. In this regard,
in Sect. 5 we give an alternative proof of the uniqueness of the stationary states in the range
m € (m, 2], by applying Theorem 1.1.

We stress that in the diffusion-dominated regime, stationary states turn out to be minimizers
of the free energy functional associated to the dynamics, i.e.,

1
Flpl=—— | p"(ydx—% / f enslx =P Np()p(y)dx dy, (1.6)
m—l ]RN 2 RN RN

among densities p € Lﬁ(RN ) with prescribed mass M > 0. In Sect. 6, we shall further
investigate the behavior of stationary states as a function of the mass M. Indeed, we shall
remark that two stationary states of different masses are rescalings of one another, and the
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value of the Lagrange multiplier K in the equation (1.5) is uniquely determined by the mass.
In fact, M and K are related by a bijection of (0, +00) onto itself, so that the set of stationary
states is a one-parameter family, where the parameter can be chosen to be either M or K. In the
local setting s = 1, the classical results by Lieb and Yau [35] provide a complete description
of the properties of the family of minimizers, by investigating the relations between the mass
and other relevant quantities such as the central density o (0) or the radius R of the support.
Our results in Sect. 6 provide the same information in the fractional case, along with a precise
scaling exponent £ = {(m, s, N) := % of the minimal value of F as a function of
M within the family of minimizers; see Lemma 6.1 and Theorem 6.3. These results are only
based on the uniqueness of minimizers of given mass and they extend therefore to the regime
m > 2 (i.e.,, 0 < p < 1), where uniqueness is given by [14,23], even if our main uniqueness
theorem does not apply for such values of m.

In the case m = m i.e. the so-called fair competition regime, there is a degeneracy
in the behavior of the mass M in the family of stationary states, which can be seen from
the degeneracy of the above exponent £. In this regime there exists indeed a critical mass
M. such that all stationary states have mass M,. In this case, our uniqueness result from
Theorem 1.1 can be used to conclude that stationary states still form a one-parameter family.
As a parameter one may take the Lagrange multiplier C € (0, 400). The value M, is related
to the optimal constant in a suitable version of the Hardy—Littlewood—Sobolev inequality as
proved in [12]. In fact, M, turns out to be the only value of the mass for which functional F
has minimizers (in this case a one-parameter family of minimizers). We also refer to [12,13]
for a detailed analysis of the fair competition regime.

Eventually, our uniqueness results can be applied in the aggregation-dominated regime
m € (1,m,) to yield a novel characterization of stationary states, as we shall detail in
Sect. 5. There are three subcases where different behaviors occur. If m € (%, me),
solutions to (1.5) with finite mass and positive Lagrange multiplies do exist, thus providing a
natural notion of stationary state even if in this case there are no minimizers of the functional
F anymore. Again, there is a one-parameter family of stationary states, parameterized by
the mass. In case m € (1, +2y] we will show that no radially decreasing solutions to
equation (1.5) exist if Z > 0. In this setting, we must have ' = 0 and stationary states are
not compactly supported anymore. Instead they are smooth functions, slowly decaying at

infinity (with a precise decay rate) for m € (1, +2 ). The value m = 75, corresponds
the the critical exponent p = %*gf in (1.1). The result by Chen, Li and Ou [21] provides a

complete, explicit description of the one-parameter family of stationary states in this case.
Incase m € (1, 5 +2 ), thanks to our uniqueness result from Theorem 1.2 we obtain once
again a one-parameter family of stationary states. However, these steady states have infinite
mass and the family can be parameterized by the value of central density p(0).

We also address the reader to the paper of Bian and Liu [7], where an analogous full
investigation of stationary states in the different regimes is provided for the local case s = 1.
The different thresholds are found by formally putting s = 1 in our setting: radial stationary
states are compactly supported for m > 2V while they are supported on the whole of RV

N+2°
. N I _ 2N
if m < {7, and they are explicit form = 5.

Numerical approximation of the fractional plasma equation
In Sect. 7, a numerical method is proposed for (1.1) withC > Oand p < (N +2s)/(N —2s),

also covering the case 0 < p < 1, by taking advantage of the fact that p = (—A)%u is
supported on a ball and can hence be expanded using appropriate Jacobi polynomials in
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the radial variable. These special types of Jacobi polynomials are chosen because the Riesz
potential u = (—A)™*p can be easily evaluated, by extending some explicit relations from
[24]. As a result, the main equation (1.1) is reduced to a system of algebraic equations for the
expansion coefficients, subsequently solved by a fixed point iteration for p < 1 or standard
Newton’s method for nonlinear equations for general p. The solutions as either s or p varies
are illustrated in different figures, showing the dependence of their behaviors on these two
parameters. Besides providing quantitative examples to further explore analytical properties
of the solutions to (1.1), this method can also be used to approximate radial steady states
of the aggregation-diffusion equation (1.4). These steady solutions are usually obtained by
finding the numerical steady states at large time, with algorithms for instance as the one in
[18], based on the gradient flow structure of the evolution equation and on special techniques
to preserve the nonnegativity of the solution. The method proposed in this paper employs
more efficient iterative solver, while avoiding complicated calculations of functions in the
radial variable.

Organization of the paper

In Sect. 2 we give some basic definitions concerning the essential functional framework.
Furthermore, several existence results and regularity properties of solutions will be intro-
duced. Sections 3 and 4 are entirely devoted to the proofs of Theorem 1.1 and Theorem 1.2,
respectively. In Sect. 5 we provide our main applications of the above-cited results, that is
the uniqueness properties of the steady states to the Keller-Segel evolution equation (1.4).

Section 6 provides further investigation of steady states of (1.4), in the diffusion dominated
regime, by focusing on their scaling properties with respect to the mass of the density p.
Section 7 exploits certain numerical aspects of the ground states for (1.1) in the subcritical
case, and an algorithm is proposed for a numerical solution.

2 Preliminaries: functional background and regularity properties of
solutions

2.1 The fractional Laplacian and the extension problem

Lets € (0, 1), withs < 1/2 if N = 1. The fractional Laplacian (—A)* on RY is defined by
means of Fourier transform as

(CAYu®) = [E7aE)

For smooth enough u (see [42, Proposition 2.4]), it can be calculated pointwise as the singular
integral

u(x) —u(y)
v =y

(—A)Su(x):CN,sP.V./ (2.1)

R

where Cy  is an explicit normalization constant, given by
_ 1 — cos(y;
Cn ls = / N+(2}: ) d
’ RV [V
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The fractional Gagliardo seminorm is defined

12
Cn.s lu(x) — u(y)?
(] gs mnvy = ( /]RN /]RN EF— dxdy ,

and the homogeneous Sobolev space HS (RM) is the completion of CZ° (RN) with respect to
[1gs RN Actually (see Chapter 15 in [36] and the references therein),

H‘Y(RN) = {u € sz(]RN) : [M]HS(RN) < oo},

where we have defined, as customary,

N 2N
20 = .
N —2s
For u = u(x), we consider the s-harmonic (or Poisson) extension U = U (x, y) on the

upper-half space Rﬁ“ = {(x,y) : x € RV, y > 0}, which the solution of the Dirichlet
problem

1-2 N+
AU+ 528U +8,,U =0, inRY™, 22
U(x,0) = u(x), x eRV.
Such U is given by the explicit formula
yZS
Ux,y) = CfN v u(6) de, (2.3)
R (Ix—§|2+y2) 2

where

[o)
c= —_—
BY (|22 4+ 1)1

is an explicit normalization constant. In addition, it is well known ( [10]) that

(=A)'u = —d, lin})yl_zsayU =: D,U.
y—

Here we have defined the constant

22&—1 F(S)
NG

s =

We further introduce the homogeneous weighted Sobolev space H! (RTrl , y'72%), which is
defined as the completion of C2°(RN+1) with respect to the norm

_ 1-2s 2
||U|IH1(R§+1’),172S) = /M“ y Vi yUl“dx dy.

2.2 Several definitions of weak solutions

We always assume @ > 0, p > 1 and C > 0. We introduce two notions of weak solutions for
problem (1.1). We first define weak energy solutions according to the following:
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Definition 2.1 (Weak energy solution) Let p > 1. We say that a function u € H*(RY) N
L>®(RN) is a weak energy solution to (1.1) if
Cns (ux) —u(y)(P(x) — ¢ ()
dx dy
2 R2N lx — y|N+2s
Moreover, we say that U is a weak energy solution to (2.2) with the Neumann boundary
condition

= /N aw—0Of pdx Vo e CR{24)
R

DU =a(U(x,0) —O)

if U e H'RYT, y172), U(x,0) € L®@®RY) and

/N y1*2~vvu-v¢dxdy:f (-, 0)a(U(x,0) — O)F dx
]R++1 RN

for every @ smooth test function compactly supported in RIX‘H.

Remark 2.2 From the previous definition, it follows that if U is a weak energy solution to
the extension problem (2.2), then its trace u(x) := U(x,0) is a weak energy solution to
(1.1). Moreover, we notice that in the case p < (N + 2s)/(N — 2s) and C > 0, we have
u—0)Y e L'RM).

Now we introduce the more general notion of distributional solution. The importance of
Definition 2.3 and Proposition 2.5 on distributional solutions will come up especially when
considering the supercritical regime p > (N + 2s)/(N — 2s). Indeed, we will see below in
Proposition 4.5 that there are distributional solutions that do not belong to the energy space
H*(RM). Let us first introduce the weighted space

Lg(RN): ueLlloc(]RN):/ %dx<oo .
‘ RY (1 +|x|2)" 7

Definition 2.3 (Distributional solution) We say that u € L (R") is a distributional solution
to(1.1)ifu € L!(RY) and

/ u(—=AYpdx = / a—C)l¢dx  forallp e CRN). 2.5)
RN RN

Notice that the previous definition makes sense because of the assumption u € L!(RV),
since for ¢ € CZ° (RN), we have (—A) ¢ € S, where

Sy i={f e CO®R") : (1+|-N*2)DPf() e LXRY) VB e N}

Here N} := {0, 1, ...}" is the ordered n-tuples of non-negative integers.
The following result simply states that the definition of weak energy solution is stronger
than the distributional one.

Proposition 2.4 Let p > 1. Letu € HS(RY) N L®RN) be a weak energy solution to (1.1).
Then it is also a distributional solution.

Proof Since u belongs to the homogeneous space H*(RN), then u € le (RM), by Hardy-
Littlewood-Sobolev inequality. Since u is a weak energy solution according to Definition 2.1,
we have

CN,s/ (u(x) —u(y)(P(x) — ¢ () drd
R2N Y

2 =y Ve

=/ a(u—C)l¢dx forallgp € CX(RY),
RN
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where the left hand side is the scalar product in H*(R"), yielding
fR La =0l ¢dx = (u, ¢) sy = (=) Pu, (=8P 2y = (. (—A)'9),

where (-, -) in the right hand side denotes the duality between H*(RY) and H(RY).
Since u € LI(RV) and (—A)*¢ € S;, we have u(—A)'¢p € L'(RV) and (u, (—A)*¢) =
Jgn u(—=A)*¢. Thus, u satisfies (2.5). ]

One may give a third notion of weak solutions by means of the integral equation

— ! p

This involves defining the Riesz potential of the right hand side. While this is trivial if the
right hand side is compactly supported, justifications are needed if C = 0 and u is positive
everywhere and vanishing at infinity. For a distributional solution u to (1.1) we shall see
that u is the Riesz potential of a(u — C)ﬁ in the sense of distributions and also pointwise
everywhere. Let us start with the first fact.

Proposition 2.5 Ler u be a positive distributional solution to (1.1) satisfying u(x) — 0 for

|x| = oo. Then
-0~
—d
o T <+

and
/ u@dx :/ a(u -0 (=AM Sedx  forallp € CXRY),
RN RN

where (—A) ™% is the Riesz potential of ¢.

Proof We only need to consider the case when the right hand side is not compactly supported,
which happens for C = 0 only. Thus assume that « is a positive distributional solution to

(—=AYu =au? inRV.
Lemma 5.4 in [4] immediately yields that

upeLl_S(RN) = ueLlloc(RN) :/ %dx<oo
RY (14 |x[2)7" 7

Now we can extend the validity of (2.5) to test functions ¢ of the form ¢ = (—A)F¢
with ¢ € C?O(RN). Indeed, since we have u?¢ € L'(RV), we can pass to the limit by
approximating ¢ uniformly on R with a sequence of smooth compactly supported functions
¢n. These are defined by taking an approximating sequence ¢, (x) = n,(x)¢(x), where
N (x) = n(x/n) and n is a smooth function such that n(x) = 1if |x| < 1 and n(x) = 0 if
[x] > 2. O

Remark 2.6 1In the critical case p = (N + 2s)/(N — 2s), the fact that the integral equation

1
u) /R oy A

is equivalent to the original PDE

(=A)u =u?
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was shown in [21].

We finally recall the notion of ground state.

Definition 2.7 (Ground state) We say that a distributional solution u € L®(RN) to (1.1)is a
ground state for equation (1.1) if it is positive, radially decreasing and vanishing at infinity.

2.3 The subcritical case

Now we provide some considerations concerning the existence of ground states in the sub-
critical case, thatis, 1 < p < (N + 2s)/(N — 2s). We first observe that, in this range, the
existence of a nontrivial solution u for equation (1.1) forces C > 0. Indeed, if C = 0, by a
Liouville type result contained in [20] we have that u = 0 is the only solution to the integral
equation (2.6) corresponding to (—A)*u = au?. Then in the subcritical range we will always
assume C > (. We start with the following existence result:

Proposition 2.8 Let p € (1, (N +2s)/(N —2s)). Let C > 0. Then there is at least one weak
energy solution to equation (1.1) that is a ground state.

Proof The existence of a weak energy radially decreasing solution to (1.1) could be estab-
lished by a variation of [31, Theorem 1.3] as it can be reached by proving the existence of
radial critical points to the energy functional

12 _
I(u) = [M]HS(RN) /RN F(M) dx;
where

+1
(t—0Of

t
F(t) = (t)dt =
Q) /o AG) PEY
is a primitive of f(¢) := (t — C)i. The results in [31] are given for N > 2. Here we provide
an alternative variational proof of existence that is well-suited to any dimension N > 1
(recalling that s < 1/2 if N = 1). Consider the functionals

2
Gi(u) = [u]i,s(RN)Jrj(/RN F(u)dx—l) ,  JjeN,

defined on H* (RY). Notice that the continuous embedding of H* (RY) into L% (RY) yields
Fou € L'(RY) for every u € H*(RM), since we are in the regime p + 1 < 2. For
each j € N, we claim that G; has a minimizer over H*(RN) which is a radially decreasing
function vanishing at infinity. Indeed, fix j € N and let (uy)ren C HS (RM)be a minimizing

sequence for G;. Such a sequence is bounded in H’ (RN), since [”k]i'p(RN) < Gjup) <
1+Gj(w) =1+ [w]zs &Y for any k € N large enough as soonas w € H* (RV) is such that

fRN F(w)dx = 1. By taking the Schwarz spherical rearrangement, we can assume w.l.0.g.
that each uy is radially decreasing nonnegative and vanishing at infinity, see for instance
[32, Theorem 1.1.1]. By the continuous embedding of H* (RV) into L% (RM), we get the
boundedness of the sequence (uy)ren in L% (RM), so that the measure of the set {u; > C}
is uniformly bounded with respect to k, and since this set is a ball centered at the origin,
there exists » > 0 such that the support of (ux — C)4 is contained in B, for any k € N.

The compactness of the embedding HS(RN) — legc (RM) shows that up to subsequences
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up—u weakly in HS(RY) and uy — u strongly in LZ:(B,). Since we have p + 1 < 2¥ in
the subcritical regime, F(¢) grows slower than |t|2§F at infinity, and then we deduce

lim F(uy)dx = lim f F(uk)dx:/ F(u)dx:/ Fwydx, 2.7
k—+00 B, RN

k—+o0 JrN

r

see for instance the convergence result in [6, Theorem A.I]. Along with the weak lower
semicontinuity of the H* (RN norm, this shows that u is a minimizer of G . Moreover, u is
nonnegative and radially decreasing, thus the claim is proved.

Forevery j € N, let u ; be a minimizer of G;, provided by the latter claim. Let w as above.
By minimality we have the estimate [MJ]H‘(RN) <Giuj) <G;j(w) = [w]2 Ty which
shows that the sequence (G (u;)) jeN is bounded and that the sequence of radially decreasing
functions (u ) jen is bounded in H* (RM). Therefore, by subcriticality (i.e., p + 1 < 2¥) [6,
Theorem A.I] implies again that up to subsequences f(u;) — f(u)and f(uj)u; — fw)u
in L}U . (RM), thus the same arguments used to prove (2.7) yield

lim F(uj)dx:/ F(u)dx, (2.8)
J—>+0o0 RN RN
hIJIrl f(u])qﬁdx = /N fu)ypdx Vo e Cfo(]RN) 2.9
Jj—+oo
and
lim f(u])u]dx_/ fu)udx. (2.10)
Jj—>+00 JrRN N

We may also check that the limit in (2.10) is strictly positive: assuming by contradiction that
it is zero, we get

hmsup/ (ue —C)+(u] —C)4+dx

j—+00

1
lim su Fu)dx =
p/]RN ) p+1

j—+oo

1
< 11msup/ fwijujdx =0,
AT oo JIUj

therefore

2
lim (/ F(uj)dx—1> =1, (2.11)
J—>+o0 Ry

which contradicts the boundedness of the sequence (G (u;)) jen. Now, a first variation argu-
ment readily entails that

(Ui @) ey ti </ F(u,~)dx—1>[ fu)pdx=0 Vo e CERYN) (2.12)
RN RN

and a density argument using subcriticality shows that the above equality holds for every
¢ € H*(RY). Indeed, let ¢ € H® (RN) and let (¢x)ken C CX(RN) strongly converge to ¢
in H*(R"), hence strongly in Lloc (RM). Since f(u;) € L*/P(RN) is compactly supported
and p < (N+2s5)/(N—2s) =2¥/(2¥%), where (2F) = 2N /(N +2s) is the Holder conjugate
of 2%, we deduce that f(u;)¢ € LY(RY) and that

lim / f(uj)tbkdx:/ fuj)¢dx.
RV RN

k——+00
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Testing (2.12) with u; yields

[uj]qu(RN)Jrj(/RN F(uj)dx—1> /RN fwpu;=0 VjeN.

Let6; :=j (I]RN F(uj)dx — 1). The above relation, thanks to the fact that the limit in (2.10)
is positive and to the boundedness in H’ (RN) of the sequence (u;) jeN, shows that (0;) jen
is a bounded sequence of nonpositive numbers. Up to extraction of a further subsequence, it
converges to some 6 < 0, therefore by passing to the limit in (2.12), thanks to (2.9), we get

(1, 9) s @) +9/RN fuypdx =0 V¢ e CRY),

which again extends by density to every test function in H*(R"). This shows that u satisfies
(2.4) with a = —6. We check that 6 # 0. Indeed, if # = 0 we obtain (—A)*u = 0 in RV,
and since u > 0 we deduce u = 0 by Liouville theorem (see e.g. [25, Theorem 1.1]). But
then the limit is zero in (2.8), thus (2.11) holds, again contradicting the boundedness of the
sequence (G;(u)) jen. A solution to (2.4) with an arbitrary a > 0 is given by the rescaled
function v(x) = u(Ax) with A = (—a/0)7% .

In order to obtain a solution in the sense of Definition 2.1, we are left to prove the
boundedness of u. Up to rescaling, we can assume w.l.o.g. that u solves (2.4) witha = 1. By
the condition p < (N +2s)/(N —2s), it follows that f () € LZ(RN) forg = 2N /(N +2s).
Thus [25, Corollary 1.4] implies that u = (—A)™*(f(u)). Since u € L%, we have that
f @) € LY, whereqo = 2}/p > 1.Then, by the same argument,u = (—A)~*(f(u)) € L1,
where

Nqo 2N *
q1 = = > 27,
N —2sq0 p(N —2s) —4s

Bootstrapping, after a finite number of steps we have that f(u) € L4, for some g > N/2s.
Now, since f'(u) is supported in a ball Bg := {u > C} we find

u(x):cN,S/ Mdi:/ Mdi
R B

N |x—)?|N_25 R |x—)?|N_25 ’

thus the radial monotonicity of # and Holder inequality yields

Fu(IE)) di =i
lullpe = u(O) = CN,s 5 Wdi = “f(u)”q (/BR |q(}\,_zndf) s

R il q—1

where the integral at the right hand side is finite since ¢ > N /2s. O

Remark 2.9 By a maximum principle argument, we have that any weak energy solution u to
(1.1) is nonnegative (see, for instance, Section 4 in [38]). Moreover, it is possible to apply
[26, Theorem 1.2], based on moving plane arguments, to show that u is always radially
decreasing.

Remark 2.10 An alternative proof for Proposition 2.8 can be given, at least for 1 < p <
%, by establishing existence of minimizers p for functional (1.6) withm =1 + L see
Remark 5.8 later on. Indeed, such minimizers satisfy the Euler-Lagrange equation (1.5),
which is equivalent to (1.1) for some constant C; with u = (—A)™* p as discussed in Sect. 5.
Then using the scaling property of (1.1) allows to find a solution to the same equation for a
given constant C.
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Let us consider now the regularity of ground states for (1.1). We use the convention
C® = clele=lo] for Holder spaces, where @ > 0 and || := max{z € Z : z < a}. We
recall first the interior a priori estimates of Ros-Oton and Serra [39].

Proposition 2.11 ([39]) Ifu € C®(RY) solves
(=AN)’u=h inB

then, for any B € (0, 2s), there is a positive constant C depending on n, s and B such that

lullcs @) = C(llll poorny + Ml Loosy)) » (2.13)
and

llcacarrs) = € (lellqay + Il ey + Nl zyamy) (2.14)

Moreover, given 8 > 0, if neither B nor B + 2s is an integer, then

il cpas gy < C (lulleagamy + Il a,)) (2.15)

and
lllcnsasqigy < € (Nallen gy + Wllcagar, + lull ) -

Proposition 2.12 Let u be a ground state for (1.1), with p € [1, (N + 2s)/(N — 2s)) and
C>0.Ifp+2s ¢N, thenu € CPY»RN). Else if p+2s € N, thenu € CPT==¢RN) for
any small ¢ > 0. Moreover, u is C* in the set {u > C}. In particular, (—A)’u is pointwise
well-defined as a singular integral by means of (2.1).

Proof Weak energy solutions to (1.1), are shown to be Lipschitz on RN for p > 1 in [17,
Theorem 8] (i.e., for m < 2, see also Theorem 5.10 in Sect. 5). Then, it is enough to
follow the same arguments in [17], making use of the a priori estimate (2.15). Assuming that
p =1, weobtainu € CL2(RN)if 25 < 1, u € CH¥RN) forany « € (0, 1) if 25 = 1,
andu € C>»~1(RVN)if 1 < 25 < 2. Since the nonlinearity u — (u — C) isin CJ (R),
a bootstrap argument based on (2.15) and on (1.1) yields the result for p > 1. We refer to
[17, Theorem 10] for the smoothness in the interior of the support, which is obtained again
by a bootstrap argument based on the same a priori estimates. The last statement is then a
consequence of [42, Proposition 2.4].

]

We finally give some remarks on the interpretation in terms of the fractional aggregation-
diffusion equation (1.4). If u is a solution to (1.1) as given by Proposition 2.8, then we clearly
obtain that p := (—A)*u is supported on a ball, i.e.,

(x eRY : p(x) > 0} = {x e RY : u(x) > C}) =: Br).

The value R = R(u) (radius of the free boundary) is well defined since any nontrivial
radially decreasing solution is actually strictly decreasing at the value C. Indeed, suppose by
contradiction that 0 < R; < R, exist such that u(x) = C in

A={x:R; < |x|] < Ra2}.
Then, by setting v := u — C we have that on 2 there hold
(=A)’v=0 and v =0,

@ Springer



Uniqueness of entire ground states for the fractional plasma problem Page 150f42 195

thus by the continuation property of the fractional Laplacian from [29] (Theorem 2.13 below)
we find v = 0 everywhere, i.e., u = C in R, which is a contradiction.
In addition, since p is bounded and compactly supported and since u satisfies

_ p(y)
= —A s = 7d y
ux) =(=A)"p=cng /RN oy
we find
N-—2s
lim M:/ p(x)dx = M (2.16)
[xl>00  Cns Brw)

In other words, we necessarily have a precise decay rate at infinity
u(x) ~ My x>V,
where the constant M corresponds to the mass condition
/ a(u—C)idx:/ a(u—C)YPdx =M.
RN

Bg(u)

The mentioned unique continuation property from [29] is the following

Theorem 2.13 [29, Theorem 1.2] For s € (0, 1), ifu € H"(R") for some r € R, and if both
u and (—A)’u vanish in some open set, then u = 0.

2.4 The critical and supercritical regimes

In these cases we will find (see Proposition 4.7) that, in order to get ground state for (1.1),
we must necessarily choose C = 0. But for this choice, there are positive solutions to (1.1)
with the asymptotic behavior [x|~2*/(?=D near infinity, which do not belong, due to the slow
decay for p large, neither to H*(RN) nor to L'(R"). Thus one needs to consider positive
distributional solutions for the equation

(=AYu=au” inRN (2.17)

in the sense of Definition 2.3. We have existence of distributional solutions, but a discussion
on this topic will be postponed until Sect. 4.

Now we use the above a priori estimates from Proposition 2.11 to get smoothness of
bounded positive distributional solutions for (2.17).

Proposition 2.14 Ifu € C®(RYN) is a bounded solution to (2.17), then for any B > 0 which
is not an integer,

lullcs vy < C,

for a constant C depending only on n, s, B and ||lu IILOO(RN).

Proof Suppose B € (0, 2s). Fix any center xo € RV. Since u? € L>®(R"), applying (2.13)
to By (xo), we have

- p
el e @ratan =< © (”“”LW(RN) +[u ||L°°(B|(X0))> =C
Since C is independent of xg, a standard covering argument implies

lullcs@ryy < C. (2.18)
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If B € [2s, 45), we observe that, by (2.18),

p—1
||up||cﬂ—2x(Bl (x0)) <C ||M||Loo(31(xo)) ||M||Cﬂf25(31(x(,)) <C
and then we use (2.15) and (2.18) to obtain

lllcagramgy < € (Ilcaasqeny + 187 | o g, ) = C

provided that neither 8 nor B — 2s € (0, 2s) is an integer (otherwise, we replace g — 2s
by another non-integer number in (0, 2s)). A covering and an inductive argument yield the
desired a priori estimate. O

Corollary 2.15 Ifu € L®(RY) is a distributional solution of (2.17), then u € C®(RM).

Proof This follows from a standard mollification argument. Given any ¢ € C2° (RM), let
¢ = ne * ¢, where n(x) = G’Nr](x/e) and 7 is the standard unit mollifier. Now set
ue = uxne and (u?)e = uP % n.. We have that the convolution commutes with (—A)*, thus

/ ue(—A)s(bdx:/ u(—A)Sd)de:/ auqugdx:/ a(u?)e ¢ dx,
RN RN RN RN

so that (—A)*u. = a(u?), holds distributionally. Since || (u?)¢ || < ||u? ||, from Propo-
sition 2.14 we obtain local Holder estimates for u. that are independent of €. We conclude
that the limit # is a smooth function. O

The following Proposition describes the weak algebraic decay of the ground states in the
supercritical case.

Proposition 2.16 Let p > (N + 2s)/(N — 2s) and let u € L®RYN) be a ground state to
(2.17). Then there exists C = Cy g, such that

1 2s

u(x) < CN,s,p a r-1 |x] p-l
forany x e RV,
Proof Recall that u is positive and vanishes at infinity by hypothesis. By Proposition 2.5 and
Corollary 2.15, it is also smooth and both the equalities (—A)*u = u? and u = (—A)"“u?

hold distributionally and pointwise everywhere. From the second equation, since u is radially
decreasing, we get

au(y)? au(x)P 5
ux) > ey / x5 4y = cn.s ————-dy = Cy sau(x)’|x|”,
" lx — Y[V " S0 QDN ’
12
hence u(x) < Cyypa P~1|x| P~1, asclaimed. O

Remark 2.17 A similar proof gives the decay of the derivatives. Also, the constant Cy g , is
not sharp.

Next we show that the Poisson extension (2.3) inherits the decay of the function, a fact
that we will employ in Sect. 4. Let us write (x) = /1 + |x|2.

Lemma 2.18 Suppose 0 < u(x) < (x)~%, for some a € [0, N) and let U be the Poisson
extension of u. Then there is a universal constant C = C(N, s) such that, for all x € RN and
y >0,

0=<U(x,y) =Cx)™".
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Proof We borrow an idea from [19, Lemma 4.7 (1)]. We first deal with the case |x| > 1 and
write U (x, y) = I} + I + I3, where (up to multiplicative constant)

y2s
n=/ u(@)dr,
{=ci<BHut—c1=2151 (Ix — g2 +y2) 75

y23
L= /| v u(¢) de,
{5 <p—cl<2tfntici<ty (x — ¢ 2+ y2) "2

Ix|
2

yZS
n=. (@ de.
{5 <p—cl<2tfnticl>1) (x — ¢ 2+ y2) 2

For I; we use the decay of u(¢) to estimate

yZS

h=cn [ _dg < Clx| .
RN (|l — g2+ y2) 5

For I we freeze the kernel and use the O (1) bound on u(¢) to see that

y2s yZS

Igfix/ Cdf <C—————.
(x2 +y2) "7 Juzi<n) (x2+y2) "%

In I3, while we freeze the kernel again, we integrate over the whole region of ¢, which is
contained in {1 < [¢| < 3|x|}, so that

2 —a,,2
ys |X|N ays

1357S/ Clx|de <Cc—2— >
(Ix[2 + y2) "5 Ju<ici<ain (x2 +y2) 5

Since @ < N, the estimate for /3 dominates that for /. Moreover, by using the common
upper bound (x| + yz)% for both |x| and y we see that

x|y
N+2s —

(x| +y») ™2

Combining these estimates we conclude that, for |x| > 1,

1 N—ay,,2s N, 2s
U(x,y)§C|x|_“+CM§C|x|_“ 1+|x|7ym < Clx|7°.
En (x2 +y2) "

For |x| < 1, we simply use the Young’s convolution inequality and the fact that the Poisson
kernel integrates to 1 to see

28
U“”OECWM”WWéNW—zP+ﬂW? =
In summary,
0 <U(x,y) < Cmin{[x|™* 1},
and this completes the proof. O

As a consequence, we have the following decay estimates, which turn out to be useful in
the proof of Theorem 1.2:
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Proposition 2.19 Suppose u € L®(RN) is a distributional solution to (2.17) satisfying
0 <u(x) <Clx) 71
Then
x| Du )| + xPID?u(x)] < € (x) " 771

Proof Fix |x| > 1 and write p = |x|/2. The function u,(z) = u(x + pz) satisfies, for some
positive constant C,

<C le
””p”Lw(B,)— P

and
(=A)’u, = pzsup(z)p in RN,
For any B8 € (0, 2s), by (2.14),

| ”cﬂ(ﬁ/z) =C (H”p “LOO(B]) + 1l ooy + [ “L}(RN))

2s

C<p P 4B P*‘)

<Cp »T,

where the estimate for the L! norm follows from Lemma 2.18 with y = 1. An bootstrap
argument as in Proposition 2.14 shows that the same estimate is true for any 8 > 0, in
particular for § = 1 and 8 = 2. O

3 Uniqueness in the subcritical case: proof of Theorem 1.1

We are now in a position to prove Theorem 1.1 in the subcritical case 1 < p < (N +
2s)/(N — 2s). Recall that in this case we always have C > 0 and the existence and regularity
of ground states are described in Proposition 2.8 and Proposition 2.12. Through the proof,
we assume w.l.o.g thata = 1.

Proof of Theorem 1.1 Letu1, us be two ground states to equation (1.1) with C > 0 fixed. Now
letv, = u; —C,i = 1,2. As a first case, assume that v;(0) = v2(0). We use an approach
inspired by [28], based on the use of the monotonicity formula. We have that the difference

w=1v] — v
satisfies the equation

(=A)Y'w =V(r)w, 3.1
where the potential V is defined through

g (r) — gwa(r)) o
V() = ) =) for g(t) =ty.

Let R; be the radius of the ball {v; > 0} fori = 1, 2. We recall that v; and v, are C! functions
thanks to Proposition 2.12.
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We first prove that Ry = R3. Suppose by contradiction that Ry # R» and w.l.o.g. assume
that Ry < R, (we will reach a contradiction by showing that v; = v;). Notice that V is
nonnegative and continuous for » > 0, moreover V = 0 for r > R;. In the linear case, i.e.
p = 1, we clearly have

1 ifr € [0, Ry),
Vo) = |~ ifr € [R1. Ral.
0 ifr > R».

Then V' = 0 for r < Ry, while for r € (R, R»)
[%) V1

Vi = W -2 ' () — )2

/
vy <0,

then V is decreasing for r > 0. In the case p > 1, writing
V(r) =a(i(r), va(r))
where

a(x,y) = 7(?()2 : i(y),

we can write in the interval [0, R>]
V() = a(i(r), v2(r)) ifvi(r) # va(r),
(r)= .
g (@) ifa :=vi(r) = va(r).
An explicit computation gives
V'(r) = ax (1 (r), v2(r) vy (r) + ay (vi(r), va(r)vy(r). (3.2)

But using Taylor’s formula,

gME=N=g@+e®) jf £0

a(x,y) = (x—y)? (3.3)
Y [;g”(x) ifx =y #0.

and by the convexity of g(r) = t_[; for t > 0 we find a, (vi(r), v2(r)) > O whenr € (0, Ry).
When r € [Ry, R;) we have vi(r) < 0 and va(r) > 0, then g’(vi(r)) = g(v1(r)) =0
whence

g(va(r))
(i (r) —v2(r)? ~

Analogously we have ay (vi(r), v2(r)) > 0 thus by the fact that the v; are radially decreasing
by (3.2) we find V'(r) < 0. Summarizing we have that V is decreasing for r > 0 and
differentiable at any r > 0, possibly exceptr = R;,i = 1, 2.

Now we consider the Caffarelli-Silvestre extension problem (2.2) corresponding to (3.1),
satisfied by the s-harmonic extension W = W(|x|, y) on the upper-half space Rf“ =
RY x (0, 00):

ay(v1(r), v2(r)) =

Wyr + AWy + 52 Wy + Wyy =0, inRYF

W, 0)=w, (3.4)
—d, 1im0y1*2-YWy =V w(r), in 9RY !
y*)
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Then it is possible associate to (3.4) the following Hamiltonian

dy [ _ 1
() = ?fo YW = Wi fdy + 3vewte). (3.5)

A similar argument employed to show the asymptotic estimate [28, Proposition B.2] ensures
that the above Hamiltonian is well defined. Notice also that

Vir)w?(r) =0
for r > R,. Moreover, for p = 1 using the expression of V' (r) we find that V' (r)w(r) =0
for r € [0, R;) U (R, +00) and is (strictly) negative in (R, R2). In the case p > 1 and
v1(r) # v2(r) by (3.2)-(3.3) we find
d
V(rw(r) = I [(g(v1(r)) — g(2(r))) (V1 (r) — v2(r))]
—2[(g(1(r) — g2(N) (W1 (r) — v3(r))]

and notice that

fim 8@1) = g2 (M) (W1 () —v2(r) _
m =

O’
r— Ry r— Ry

thus the function V' (r)w?(r) can be extended continuously to 0 at r = R;.
Now, using (2.2), we can compute the derivative of ® along the flow, which is given in
[28] but we give here some details for the sake of completeness. We have

e % 12 P SNV
—=dy [ Y T[W W — Wy Wy ]dy + Vuwuw' + Vv,
dr 0 2
hence using the extension equation in (2.2)
ao s y2 ©d 1 2
ﬁ:_dsfo y JW,dy—dS/O E(y AWrWy)dy—I—wa/—i-E\/w.
Then the boundary condition in (2.2) implies
do N—1

o0
=, / YIEWRr ) dy + (),
r r 0

where ¢(r) is the a.e. continuous function defined through

%V/(r)wZ(r), forr < Ry,
p(r) =
0, forr > R».

Therefore, since V(r) is radially decreasing and @ is continuous, we have that @ is decreasing
forr > 0.
We next claim that, for the Hamiltonian (3.5),

lim () = 0. (3.6)

Indeed, observe that clearly
o0
/ / YEAVL WP + W dx dy = C(N,s)/ (=AY 2w|* dx < oo.
RN JO RN
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But then we have

00 d o) 00 1 Ry
/ |(I>(r)|dr§?s/ / rN*‘yHS(|W,|2+Wy2)drdy+5/ V(ryw(r)dr < oo,
1 1 0 1

therefore @ isin L' (1, 00). Hence, keeping in mind that ® is decreasing, (3.6) follows. Then,
as we have

d

®0) =-= / YIEWIO, y) dy + %V(O)ww)2 < %vm)w(oﬂ

0

we find
%V(O)w(O)2 > ®(0) = ®(r) > lim (1) =0.

Now since w(0) = 0, the previous inequality gives ®(r) = 0 and consequently,
dd _0
dr —

namely

N—-1 [*
dsffo YTEWAr, y)dy = ¢(r) <0,

which implies
W, =0.

But then we have that w(r) is constant, thus w = w(0) = 0 and we obtain
v =0y,

a contradiction to the assumption R; < R».

We have shown that Rj = R, =: R, thus V' is singular only on the boundary of the
common positivity set of vy, v2, i.e., at ¥ = R. In any case, this does not prevent to repeat
the previous argument and to conclude again v = vy, and this ends the proof in case
v1(0) = v2(0).

In order to complete the proof of the theorem, now assume that v (0) # v2(0), set

_» 0)
v1(0)

and define the rescaled function
DA) = v (A5 ).
Then (v1);, vp satisfy the same equation
(=A)’v = vf_
and (v1),(0) = v2(0). Now define the function
wy = (V) — V2.
Clearly w, (0) = 0. Taking into account that v; is a translation of u;, i = 1, 2, we have

wy, — C(1 —2A), as |x| = oo.
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In any case, the previous argument can be applied to this case even if w; does not tend to
zero as r — o<. Indeed, the extension associated to w;, (in terms of the extensions U;, U;
of u1 and u», respectively) is

-1 -1
Wi(x,y) = AULV x, A% y) = Ua(x, y) +C(1 — ).

The main point is that (3.6) still holds. Thus we conclude that 9, W, = 0. But the condition
w; (0) = 0 forces A = 1, a contradiction. ]

4 Critical and supercritical regimes: Proof of Theorem 1.2

In this section, we assume w.l.0.g. thata = 1. If p > %f%ﬁ , ground states to (1.1) are exactly
the positive radially decreasing solutions to

(=AYu=u? inRVN,

4.1)
u—0 |x] = o0.

In other words, for the existence of solutions we must have C = 0, as we shall prove in
Proposition 4.7 at the end of this section. The solutions to such problem are completely
classified in the case p = (N + 2s)/(N — 2s), as it is stated in cite [21, Theorem 1.2]:

Proposition 4.1 [21, Theorem 1.2]. When p = (N + 2s)/(N — 2s), any positive solution to
(4.1) is radially symmetric (up to translations) and given by

2 2 N+42s
ux) =c(N,s)t/@" +|x[) 2,
for some universal constant ¢ and positive constants t > 0.

The classification in [21] is based on the moving plane method adapted to the equivalent
integral equation, applied to Kelvin-type transformations of the solution.

Let us move to the supercritical regime. The existence of ground states for (4.1) is estab-
lished in [3]. Let us recall the result therein.

Proposition 4.2 ( [3]) When p > (N +2s)/(N — 2s), there exist ground states to (4.1) with
precise (slow) decay

2s
u(x) ~c(N,s, p)lx|” »~ T as|x| —> oo, 4.2)

where the constant c(N, s, p) is given by

N 3 s 1/(p=1)
F(7 - pil)r(pgfl)z_zsi|

PG = 52

c(N,s, p) = |:

Remark 4.3 The idea of the proof of Proposition 4.2 is the following. We refer to [3] (see
also [2] for more details). One searches for an unbounded, continuous branch of solutions of
the auxiliary equation

(=A)u =il +u)? in By,
u=0 inR"\ By,
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and then perform a blow-up argument along such branch. To show the decay in (4.2), we
first observe that the upper bound is given by Proposition 2.16. Next, the Emden-Fowler

2s
transformation v(t) = e_lf'lu(e_’ ), t = —log |x|, solves an equation of the form
P.V./ Kt —t)[v@) — v@)dt + ¢(N, s, p)?» " 'v@) = v()? iR,
R

and therefore the exact coefficient is determined as ¢(N, s, p) via a Hamiltonian type argu-
ment.

Through a scaling argument, there are infinitely many solutions of (4.1) in the supercritical
regime. No uniqueness result in the sense of Theorem 1.1 can be expected. Nonetheless, one
can prove the uniqueness once the maximum value (at the origin) is fixed, which is what we
do next by providing the proof of Theorem 1.2. As a consequence, all the bounded radially
decreasing solutions of Eq. (4.1) can be rescaled to each other and belong to the family
{225/(P=Dy (Ax)};50, where u is any solution. Interestingly, if x # 0, the limit

2s
lim A%/P=Dy(x) = (N, s, p)|x| 71
A—00

turns out to be a singular solution.

Proof of Theorem 1.2 Letu and u, be ground states to (—A)*u = u?, withu1(0) = u2(0) =
b. The uniqueness is straightforward in the case p = (N+2s) /(N —2s) due to Proposition 4.1,
moreover in this case the constraint of the central density is equivalent to the mass constraint
as the solutions are in L (RV) N HS (RM). Thus assume that p > (N + 2s)/(N — 2s). We
argue as in the proof of Theorem 1.1, but we need to be more careful about the decay at
infinity. Let w = u; — uy, so that w(0) = 0 and w solves

(=A)Y'w =V(r)w,
where

Cuf{ () —ub(r)

Cu(r) —ua(r)

1
v(r) pf (Our(r) + (1 = O)ua ()’ " do > 0,
0

with
1
V()= p(p— 1)/0 (Our(r) + (1 — 6)u2(r))p_2(9u'](r) + (1 = 0)us(r)) do < 0.

Consider the Poisson extension W of w from (2.3), given up to a constant multiple by

y2s

W(x,y) = / — v wk —0dt.
R (512 +yH) 2
Since, by the regularity and decay of u; and u> from Propositions 2.16-2.19

_ 2 _2 2 _2_ 9
wx) <Cx) »~T, [Dwx)| <C{x) »=T 7, |[D'wx)|] < C{x) »T 7,

we have, by applying Lemma 2.18 up to the second derivative,
2 -2
s IDYW(x, »)l = Clx) »71 7,
4.3)

W(x,y) < Clx) 7T, |DyW(x,y) <Cx) 71!
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for a constant C independent of y. On the other hand, from the expression

y2s

W (x, y) =/ _w(¢) d.
B (Jx — £2+y2) 1

derivatives in x or y hit the kernel and produce a decay in y, namely

25
Y(ID:W e, )+ Wy(x, y)|) < CW(x,y) < Cw(x) < C(x) 7T, (4.4)
In addition, one can get similar estimates for y' =2 W, by considering the conjugate equation
as in Proposition 3.6 of [9].
Define as in the proof of Theorem 1.1 the Hamiltonian

dy [*° _ 1
o) =5 [ Wi = whe v+ voute,

From estimates (4.4) and the bound of y' =2 W, in the previous discussion, ® is well defined
and differentiable. Clearly, ®(0) < 0 and ®'(r) < 0. We will show that ® is globally
bounded. Once we have that & (+00) = 0, we can proceed as in the proof of 1.1 to conclude
that W = 0.

In order to show the decay as r — o0, let us split

D(r) = D1(r) + Do(r) + %V(r)wz(r),

where
d 1
Pi(r) = ES/ yl=2s {Wf(r, y) — W}Z,(r, y)}dy,
0
d. 00
o(r) = —3/ VAW = Wi ] dy.
2 )
By (4.4),

oo 2s
|D2(r)| < Cf Y UTEWA(r, y)dy < G T,
1

for some constant C. Testing the extension equation for W against W and integrating by parts,
we have

dy (!
Di(r) = 5/0 YITE(WEr, y) + W(r, ) AW (r, ) dy

—diw(r)(—A)sw(r) — W, DW, (@, 1),

\

which tends to zero in view of (4.3). Hence, the proof is complete up to repeating the argument
in the proof of Theorem 1.1. O

Remark 4.4 Using Theorem 1.2 it is easy to show that for any ground state u to (—A)*u = u?
we have

u~c(N,s, p)lx| /P D a5 x| > oo, 4.5)

being c¢(N, s, p) the constant for the solution in Proposition 4.2. Indeed, let # be any ground
state and u the ground state in Proposition 4.2. Then the rescaled function

—1
uy (x) := )\ul()\pTx)
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with the scaling factor defined as
_u(0)
u1(0)
is still a ground state to the same equation and u,(0) = u(0). Then Theorem 1.2 gives
u = u,, hence Theorem 1.2 implies (4.5). In particular, if u is a bounded radially decreasing
distributional solution to (—A)*u = u” such that u(x) = o(|x|~2/?"=D) as |x| - o0,
then u = 0.

We close this section by showing that we must necessarily have C = 0 in the critical and
supercritical regimes. This is a consequence of the Pohozaev identity.

Proposition 4.5 Assume that p > (N + 2s)/(N — 2s), then there is no ground state u in
H’(RN) 1o the equation (1.1).

Proof Suppose first that C > 0 and set, as always, Bg = {u > C}. Assume u € H*(RV) is
a ground state. Then the following Pohozaev identity (see [40], [22, Theorem 1.1] or [41,
Proposition 4.1]) is valid in the whole space RY

N-—2s PO S _ Pl
e LG /BR(M o dx,

On the other hand, multiplying (1.1) by # and integrating by parts

/ ISIZ‘YIQ(S)Izds&.:f u(u—cﬁdw/ -8 ax,
RN Br Bgr

where the last inequality is strict because u is continuous and u(0) > C. Then

N-2 N
| ow-otax < ——— [ w-o)ax,
2 Br p+1 /B
ie.,
N-2 N
( 5—7) w -0t dx <o,
2 p-‘rl Br

which contradicts the condition p > (N +2s)/(N —2s). Then C = 0 and u solves (—A)*u =
u? distributionally and u (0) = [ul| oo gy, so u ~ |x|72/P~=D for |x| — oo by (4.5), which
implies in particular u ¢ LE (RN, contradicting u € HS (RN). m}
Remark 4.6 Inspecting the proof of Proposition 4.5 it follows that in the critical case p =

(N + 2s)/(N — 2s) the ground states in the energy space HS (RN are all the nontrivial
positive vanishing solutions to (—A)*u = u?, classified entirely by Proposition 4.1.

The following Proposition extends Remark 4.6 to the supercritical case.

Proposition 4.7 Assume that p > (N +2s)/(N —2s) and let u be a ground state to equation
(1.1). Then C = 0.

Proof Suppose by contradiction that C > 0. Then u is distributional solution to (—A)*u =
(u — €)% and the right hand side is in L'(RY) N L>(RY) since u is a ground state. In
_2N_ .
particular, by fractional Sobolev embedding we get (u — )} € LN+2s (RY) ¢ H™*(RY),
so that u € H*(RY). This is a contradiction with Proposition 4.5. ]
Remark 4.8 1t is interesting to observe that there are also nonradial solutions in the supercrit-

ical regime, see [20] for a simple axially symmetric construction. This implies that Theorem
1.2 does not hold in the more general class of bounded solutions vanishing at infinity.
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5 Uniqueness of steady states of aggregation-diffusion equations

As an application of Theorem 1.1, in this section we deduce uniqueness of the steady states
to the evolution equation (1.4).

Before going through the full analysis of steady states (which is carried over in Sect. 5.2),
let us briefly focus on the minimization of the natural free energy functional (1.6) associated
to (1.4), in the diffusion dominated regime. In this regime the diffusion dominates over the
aggregation in the dynamics given by (1.4). By a scaling argument, this phenomenon is shown
to occur only if

2s
m>2—— =:m

N

5.1 Minimizers

Since (1.4) conserves mass, it is positivity preserving and invariant by translations, we work
with solutions p that for any time ¢ belong to the set

Vm = {p e LL®RMHNL"®RY), llplli@yy =M, /Rpr(x)dx = 0} :

In the diffusion-dominated regime, the minimization problem miny,, F has been investigated
in [17]. The main results therein are summarized in the following

Lemma5.1 Let m > m. and M > 0. The functional F admits a minimizer over Y. If
p € argminy, F, then p is continuous and bounded on RN, radially decreasing, compactly
supported, smooth in the interior if its support, and it satisfies

1

1
p= (50" (xewsl -V wp — k)T inRY, oD
+
where
2 1 m-—2
0<Ki=—"Fipl- ""% m(x)dx. 5.2
< 7 [o] Mm—l/RNp (x) dx (5.2)

Moreover, there holds

_ N
2L v =P N ptopen drdy = [ orwax 63
2 RN JRN N —2s RN

We refer to [17] for the proof of the properties of Lemma 5.1. In particular, (5.3) follows
by taking dilations p, (x) := AN p(Ax) and optimizing with respect to A > 0, hence finding
a unique optimal value A, and then imposing A, = 1 since p is a minimizer.

Note that if p is a minimizer from (1.6) and (5.3) we deduce

nge (V=29 =1)
/RN prdx = N@m —2)+2s F(p) 54)
along with
/ oy = M DNV =29 e
RN (m —2)N + 2ms
2(m — 1)N

2s—N
s|x — dxdy = —————
X/RN /RN enslx =y T p(x)p(y)dx dy (m — )N 1 2ms
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and
(m —2)N + 2s

(m —2)N + 2ms (5-3)

Fp) =

In fact, by combining (5.2) and (5.4), we deduce that the constant K is uniquely determined
and depends only on the minimal value of F on V.

By letting u := (—A)*p = cn gl - |Z—N % p, we see that (5.1) rewrites in terms of

u as as (1.1) after having suitably chosen the parameters a and C therein. Before applying

the general uniqueness theory from Theorem 1.1, we show how to obtain uniqueness of the

minimizer of F by a direct argument, at least in case m = 2. Indeed, we have the following

Lemma5.2 Letm = 2 and M > 0. Then there exists a unique minimizer of F over Y.

Proof Existence is shown in Lemma 5.1 along with Euler-Lagrange equation and other
properties of minimizers. Therefore, we are reduced to prove uniqueness. Through the proof,
we use the notation W (x) := x cy ¢ x|V, By assuming m = 2, and by using the notation
Fu for the minimal value of F over )y, from (5.2) we see that K = —2F /M.

By Lemma 5.1, any minimizer is radially decreasing, continuous and compactly supported.
Suppose by contradiction that there are two minimizers p1, pz that do not coincide. Without
loss of generality, assume that supp(p1) < supp(p2). Since supp(p1) < supp(p2), from (5.1)
(taking IC = —2F)s/M into account) we have

2Fm
2/ ;01,02—/ (W*pz)m:/ o1 (2p2—W*p2)=/ p1——=2Fy. (5.6)
RN RN RN RN M

On the other hand, let py/; := %,01 + %,02. Then p1/2 € Yy . By using the minimality of py,
p2 and (5.6) we get

1 1 1 1
F = - 24— 24 - = w
[o1/2] 4/RNp1+4/RNp2+2/RNmpz SfRN( * 01)P1

1 1
—*/ (W*pz)pz—*/ (W * p2)p1
8 RN 4 RN

1 1 1 1
=-F —F = -= 14
1 [,01]+4 [02] + Z/RN 0102 4/RN( * 02) 01

1 1 1
=-F -F -QFm) = Fu,
1 [o1]+ 1 [p2] + 4( M) M

hence p1 3 is itself a minimizer. From (5.4) we deduce

N —2s
2 2 2

— — —_ ].',”.
/RN fz2 /]RN & fRN P 2s

But this is a contradiction, since the Young inequality ,012 = %,012 + %,0% is strict on a set of
positive measure, as we are assuming that p and p, are not coinciding. O

5.2 Radial steady states

We shall characterize the uniqueness for radial densities p which are steady state of equation
(1.4) according to the following
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Definition 5.3 We say that a nonnegative function p € L>®(R¥) is a radial steady state for
the evolution equation (1.4) if p is radially decreasing and there exists > 0 such that

p(x)" 1 = mT—l (x (=M p(x) — IC)+ , foraex eR". 5.7

Let us preliminarily show that there is a one-to-one correspondence between radial steady
states and ground states to (1.1), once p and m are related by p = ﬁ see Fig. 1. Our
uniqueness results in this subsection cover the range m € (1, 2], since p > 1 in our main

theorems. In fact, given the form of (5.7), it will be more convenient to rewrite (1.1) as
(—A)u=a,(xu—K), inRY, (5.8)

where p = ﬁ and a, := (p + 1)77. Note that (5.8) is equivalent to (1.1) witha = a, x?
andC = K/y.

Proposition 5.4 Let m € (1, 2]. Let p be a radial steady state according to Definition 5.3.
Let u = (—A)7%p be the Riesz potential of p. Then, u € Lg @®RY) N L®@RN) and u is a
ground state to (5.8), where p = ﬁ andap, = (p+1)77P.

Proof We preliminary notice that since p € L°°(R?), then S p)|xZNdx < 400
follows from (5.7) if p is nontrivial. Indeed, the Riesz potential of a radially decreasing func-
tion is radially decreasing and therefore ess sup(—A) ¥ p(x) = cn.s [gn p(X)]x [=N dx.In
particular, p vanishes at infinity. Moreover, u € L®(R").

Suppose first that £ > 0. Then Definition 5.3 implies that p is compactly supported
therefore u € L!(RY). By Sobolev embedding, since p € L'(RY) N L®°(RY), we get
p € H@®RY) and u € H*(RM). Moreover, we multiply (5.7) by ¢ € CX(RM) and we
integrate over RV ; by Plancherel theorem and reasoning similarly to Proposition 2.4 we get

— K\ =
[ avtm=r0te=[ oo

= /R N(—A)‘Y/Zp(—A)”qu: /R N(—A)X“(—A)—ﬁo(—A)”%

= /R D Pu=AYPh = (. ) js .

This shows that u is a weak energy solution (and a distributional solution) to (5.8). Since
p is radially decreasing and compactly supported, u is radially decreasing and vanishing at
infinity so that it is a ground state.

Suppose instead that K = 0. Then there holds pl/r = a,l,/px (=A)Spae.inRY, clearly
implying u € L!(R"). Moreover, The latter relation and the symmetry of the Riesz kernel
yield

[ore=[ almxocaro= [ alfxpcarie voecr@,

RN RN RN

which we write in terms of u as
/ up = / apx?uP (=D "¢ V¢ € CPRY). (.9
RN RN

With an approximation argument, we extend the validity of (5.9) to test functions of the form
¢ = (—A)¢, ¢ e C®°RN), and we get

/ u(—=A)°¢ Z/ apx? uf¢
RN RN
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for any ¢ € C°(R") (note that by Lemma 5.4.1in [4], u” € L L ;). Therefore, u is a distribu-
tional solution to (5.8), it is radially decreasing and vanishing at infinity (as p), hence it is a
ground state. O

Proposition 5.5 Ler 1 < p < %f%i and K > 0. Let u be a ground state to (5.8), where
ap = (p+1)"P.Then, p :=a,(xu— IC)i is a radial steady state according to Definition 5.3
_ ptl
=

with m

Proof By Proposition 2.12, (=A)*u = a,(xu — IC)ﬁ holds pointwise in RY . On the other
hand, the Riesz potential of p is a bounded radially decreasing vanishing function and the sym-
metry if the Riesz kernel entails [py p(—A) ¢ = [pv ¢(—A)*p forany ¢ € CZ(RN),
thus (—A)™%p = u in the sense of distributions and a.e. in R". Hence, (5.7) holds. O

Proposition 5.6 Let p > %f%i Let u be a ground state to (—A)*u = apxPuP, where

ap = (p+ 1)7P. Then, p := apxu? is a radial steady state according to Definition 5.3

withm = PT'H.

Proof By Corollary 2.15, u is smooth. Moreover, thanks to Lemma 5.4 in [4], p = a, xPu?
satisfies fRN p(x)(1 + |x|V=2)=1dx < +o0 so that the Riesz potential of p is pointwise
well-defined. Therefore, (—A)*u = a,xu? and p? = a,l,/px(—A)_Sp are both pointwise
equalities among smooth functions. O

Remark 5.7 1fm > m.,then Lemma 5.1 implies that any minimizer p to the energy functional
F defined in (1.6) is a steady state in the sense of Definition 5.3. Moreover, putting p =
(=A)*u, m = 1 4+ 1/p and taking advantage of Proposition 5.5 and Proposition 5.6, by
applying Proposition 2.8 we get existence of radial steady states in the fair competition
regime m = m,. and in the aggregation dominated regime m € (2N /(N + 2s), m.), whereas
Proposition 4.1 and Proposition 4.2 yield existence of radial steady states in the range m €

2N
(L 35l

Remark 5.8 Since the result from Lemma 5.1 holds for any m > m, by applying Proposi-
tion 5.4 we obtain an alternative existence result for (1.1) in the regime 1 < p < % (and
in fact also in the regime O < p < 1, where the definition of ground state is the same and
Proposition 5.4 holds true with the same proof).

Remark 5.9 1t is worth making an interesting remark for the regime p > (N +2s)/(N —2s).
Indeed, if p is any radial steady state, due to the correspondence exploited in Proposition 5.5
we have K = 0 by Proposition 4.7 and the asymptotics (4.5) gives p ¢ L' (RV), i.e. radial
steady states have no finite mass in the supercritical regime. This feature agrees with the
local case s = 1 as explained in [7, Theorem 4.8] thus making our definition of steady state
coherent.

As regards to the regularity of the steady states in the diffusion dominated regime m > m.,
it is dictated by the existence of another critical exponent

2—2s .
" if N>1 and s€(0,1/2),
m-i=431-—2s

+oo if N>2 and se[l/2,N/2).

Indeed, we have the following result, which is given in [17].
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Theorem 5.10 [17, Theorem 8]. Let s € (0, 1). If m > m. and let p is a radial steady state
of equation (1.4). Then

(1) ifs € (172, 1) we have (—A) S p € WHORN), p"~1 € WL RNy and p € CO*(RYN)
with o = min{1, 15},
) ifs € (0, 1/2] we have two subcases:
(1) ifm <2o0r2 <m < m* the same conclusion of case (1) holds;
(i) if m > m*, then (—A)Sp € COV (RN) for any y < (2s(m — 1))/(m — 2) and
p e o (]RN)foranyoc < 2s/(m —2).

Remark5.11 In case m € (m¢, 2], so that p > 1, the Holder regularity of radial steady
states can be further improved according to the fact that p = (—A)*u where u is a ground
state (thanks to Proposition 5.4), whose Holder regularity properties are discussed Proposi-
tion 2.12.

Remark 5.12 In the cases (1) and (2)-(i) of the previous Theorem, we have that Definition 5.3
easily implies that p”* € ngcz (RN), V(=A)"p e LllOC (RN), and it satisfies

Vo™ = xpV(=2)"p (5.10)

in the sense of distributions in RV . Moreover p € C%® for @ > 1 — 2s. This is actually the
definition of steady state given in [16], [17]. In particular, one of the main results of [ 16] shows
that densities satisfying (5.10) must be necessary radially decreasing (up to translation). On
the other hand, if we have a steady state defined in the latter sense for the same ranges of
m and s, [17, Proposition 1] and [17, Theorem 3] imply that p is radial and satisfies (5.7).
In the case m > m™ and s € (0, 1/2], which is not covered by our theory, the case (2)-(i)
of Theorem 5.10 (satisfied by the minimizers of F in that range), suggests that a weaker
definition of general steady state would be in order and radial symmetry of all steady states
is still an open question.

We proceed to the proof of uniqueness of radial steady states in the different regimes. We
start with the case m € (m., 2]. If p is a steady state of mass M of (1.4), in the sense of Defi-
nition 5.3, then u# := (—A) ™ p is a ground state to equation (5.8), thanks to Proposition 5.4.
As a direct consequence of Theorem 1.1 we obtain the uniqueness of radial steady states, as
summarized in the next four propositions.

Proposition 5.13 (Diffusion-dominated regime) Let m € (m., 2]. Then for any mass M > 0
there is a unique radial steady state of mass M in the sense of Definition 5.3.

Proof We assume w.l.o.g. that x = 1. Let m € (m,, 2]. In this case, the existence of steady

states of mass M is given in [17, Theorem 5] by means of minimization of the free energy

functional F, see Lemma 5.1. We put as always p = ﬁ, sothat 1 < p < % Assume

that p1, pp are two radial steady states of mass M, with respective Lagrange multipliers

K1, Ka. Letu; = (—A)~* p;. By Proposition 5.4, u; is the ground state to (5.8) with £ = ;.
We observe that the function

(p—1)/(2s)
v(x) == %ul ((%) x)

is a ground state to (5.8) with Lagrange multiplier /Cy, thus by Theorem 1.1 we have uy = v,
implying

N—p(N-2s)
ur(lx) (K2 = . u(lx))
Ki

x| +oo [x[B=N lx|>-+oo |x [N
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But (2.16) shows that the two limits appearing in the above expression are equal to M, thus
K1 = K. We conclude that u; = u3, hence p; = p3. ]

Remark 5.14 In the diffusion-dominated regime, uniqueness of radial steady states of given
mass holds true also for m > 2, as a consequence of the result in [14]. Indeed, given a radial
steady state p of mass M, from (5.7) we deduce the a.e. identity V(p"") = xpV(—A)*p. It
is shown in [14] that there is only one radially decreasing solution with mass M to the latter
equation. In particular, it is the unique minimizer of functional (1.6) over };s. Moreover, in
this way we also deduce the validity of the uniqueness result of Theorem 1.1 for0 < p < 1.
Indeed, thanks to the correspondence between (5.7) and (5.8), by the usual scaling argument
of Proposition 5.13 we infer that two solutions to (5.8) necessarily coincide.

Proposition 5.15 (Fair competition regime) Let m = m. There is a critical mass M, > 0
such that all the existing radial steady states to (1.4) according to Definition 5.3 have mass
M. Moreover, they are minimizers of the free energy functional F over Yy, they are infinitely
many and all of them are dilations of each other.

Proof We assume w.l.o.g. that x = 1. By invoking [12, Proposition 3.4] there exists a critical
mass M. > 0 and a radially decreasing minimizer p € L>®(RN) of F over Y, that satisfies
(5.7) for a suitable Lagrange multiplier £ > 0, and moreover F(p) = 0. It is easily seen,
since m = m, and F(p) = 0, that for any A > 0 the dilation gy (x) := A" 5(Ax) is still of
mass M., it satisfies F(p,) = 0 and it is a radial steady state, satisfying in particular

—1 _
p(x)" ! = mT (X(—A)_sp(x) - )»N_ZSIC)Jr , forae.x € RV,

We have therefore a one-parameter family of radial steady states {0, }1>0, each having mass
M. and each being a minimizer of F over V.. Moreover, letting it;, := (—A) ™ p;, Propo-
sition 5.4 implies that u; is a ground state to (—A)%it; = a, (i — )LN_zsI@)i with p = mil
anda, = (p+1)77.

Suppose now that p is aradial steady state with Lagrange multiplier . By Proposition 5.4,
u = (—A)"*p is a ground state to (—A)'u = a,(u — IC)i. By Theorem 1.1, we conclude
that u = u,, where A, = (IC/I@)I/(N_M. Thus p = p;, and p belongs to the above
one-parameter family of radial steady states. O

Proposition 5.16 (Subcritical aggregation dominated regime) Let m € (2N /(N + 2s), m.).
For any mass M > 0 there exists a unique radial steady state of mass M to (1.4) (in the sense
of Definition 5.3).

Proof Assume w.l.o.g. that x = 1. The proof of the uniqueness is the same as the proof of
Proposition 5.13, thus we briefly focus on the existence part. Set p = 1/(m — 1) and let u;
be a ground state to (5.8) with the choice L = 1 of the constant therein, given by Proposition

2.8. Then uj 3 (x) := )\ul()\%lx) solves
(=AY ury = (") (@ — VL.

If we set p := (—A)*uy j, the choice

M\ 5N
A= —
M,

where
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My = (=D urll 1wy
ensures that [y p = M. By Proposition 5.5, p is a radial steady state with mass M. O
Proposition 5.17 (Critical and supercritical regimes) Let 1 < m < % Then there exists

a unique radial steady state p (in the sense of Definition 5.3) such that p(0) = 1. The family
of functions {p; }»~0, where

L 2o
On(x) = AaAm—1p (Azs(’"—l)x> , (5.11)

is the set of all radial steady states.

Proof Assume w.l.0.g.that x = 1. Letm < % The existence of a unique ground state u
for the equation (—A)*u = a,u”, where a, = (p +1)~", such that u(0) = 1, is guaranteed
by Theorem 1.2. Then, by Proposition 5.6, p := a,u? is a radial steady state for m = ”H,
with p(0) = a,. Proposition 5.4 entails uniqueness of such radial steady state p: indeedlj if
we are given another radial steady state p with central density a,,, by Proposition 5.4 its Riesz
potential # is a ground state to (5.8), and Proposition 4.7 implies K = 0, hence #(0) = 1 and
Theorem 1.2 implies i = u, thus p = p. Eventually, it is clear that i), (x) := Au(A(P~D/@) x)
satisfies (—A)Suy; = a,,uf\’ and u; (0) = A, for any . > 0. By the same reasoning, given
A>0,00=a puf is the unique steady state whose value at x = 0 is a,A”. Eventually, for

the case m = %, we can use Remark 4.6 and the result by Proposition 4.1 to check that
all the steady states are of the form (5.11), where the steady state of unit central density has
the explicit form

2(N+2s) 1

p=c(N,s) N2

N+2s

(N, $)¥ 5 + |x2)"3

being ¢(N, s) the explicit constant appearing in Proposition 4.1. O

6 Mass scaling properties

Letm > m, := 2 — 2s/N.For M > 0, we next denote by pys the unique minimizer of F
over Yy, by Fys the minimal value, and by Ky the associated Lagrange multiplier obtained
from (5.5). We also let upr := cy s - |25=N & ppsr. This section is devoted to the behavior
of these quantities as functions of the mass M. We stress that uniqueness of minimizers
is a consequence of Proposition 5.13 if m € (m,, 2], but it also known for m > 2, see
Remark 5.14. Since the results in this section are only based on uniqueness of minimizers,
they hold for any m > m,.

Lemma 6.1 (Basic estimates) Let M > 0. Let py; be a minimizer of F over YVy. Then

(m—=2)N+2sm
”pM”% = Q)(,x,m,N M =N+ s (61)
~ (m—2)N+2sm = (m—=2)N+2sm
Q)(,S,m,N M n=2N+2s < _-7'-(:0M) < Q)(,s,m,NM (m=2)N+2s (62)

where Qy s.m.N» Oy.s,Nom and Qy s m N are positive constants depending only on
X,S,m, N.

@ Springer



Uniqueness of entire ground states for the fractional plasma problem Page330f42 195

Proof By the standard Hardy-Littlewood-Sobolev inequality [34, Theorem 4.3] and interpo-
lation of L? norms, there exists a constant C: ~.m Such that

/RN fRN = I N oy (D)o () dx dy < CF L MV Nl olle.

By (5.3), by the above inequality and by interpolation of L? norms again we have

m_x(N—2S)// e
/R =TS [ el =y PN o om () dedy

Ome

X(N —2s) . g
= :N m CN,sts/NHPMHﬁ‘, = Qx,s,N,m MZS/N+(1 O)me p/[m/[ s
2N T ¢ RN
N-—2. —1 .
where Qy s nm = 25520 Cr ey and 0 = 2= € (0, 1). Since me = 2 — 25/N,

(6.1) follows. By taking into account (1.6) and (5.3), the second estimate in (6.2) follows as
well.

In order to prove the first estimate of (6.2), we look for optimal states among characteristic
functions py = W%IIBR with given total mass M, where wy = 7™N/2/T'(1 + N/2) is the

volume of the unit ball in RY. We have

1 m Mm“)N RU=MN

m—1 Jgy m—1
Denoting by J, the Bessel function of the first kind of order v > —1/2, from the following
formula for the Fourier transform of a radially symmetric function F(x) = f(|x]),

. o.¢]
/RN F(o)e™Sdx = 2m)N/2)g) M2 /0 FIn-2)2(lEDn"2dn,

: _ M
letting A = on RV We get

R
/R Pu0edx = 1m0 /0 Ty 2l D™ 2d

[§IR
=2Qm)N2E7N /0 Jov—2)2(mn™2dn
= 2Qm)NPRN2 157N Iy n(EIR),

using the fact that [ z"T1J,(z) = z"1J,41(2). Therefore, by Plancherel theorem we com-
pute

l _ y|2s—N _ l P S
cNslx — yl pxX)p(y)dxdy = pm(—=A)" pym
2 JrN JrN 2 JrN

1 25 25— 2
— 5w [ [ ®[ te1 e = 548" [ eV | adeimof e

1 o 1 o S 2
=5x2RNNwN/ 0= I (B dn=5A2RN”SNwN/ 0= Iy p ()| dn
0 0

1 N 2 1 N
L opvin g, LO+DTE =9 NMTe+HTE =9 ooy

4z "rs+0r& 45+ 4/monls+ DIE +5+1)
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Hence,

1— 2 1 N
Fou) = M"oy™ pqomy _ XNMTG+ P0G =) oy
m— 1 4Nl (s + DI (F +s+1)

and the optimization of F(pys) with respect to R € (0, +00) entails the unique solution

N

R— R 2VT oy " T(s + DY +5 + 1) TFm-DN

— M : )
xTs+Hr& —s+1)

A computation shows that the corresponding minimal value is

(—m)N
Q2 —m)N —2s <2ﬁr(s +Dr & 45+ 1)) WDNIE 2y o
@y

(m 2)N+2s M m—2)N+2s ,
(m—1D(N=25) \ xTs+HrE —s+1)
which is negative since m > m.. The first estimate in (6.2) is proven. ]

Lemma 6.2 (Monotonicity) The mapping M +— —Fy /M is strictly increasing on (0, +00)
with limy; o+ —Fy/M = 0 and limpy— oo Fyr/M = +00. The same properties hold for
the map M +— K.

Proof Let M > 0 and § > 1. We have §pp € YVsu. Let us compute with (1.6) and (5.3)

}_(8 )_8’”—82/ m+ 82 / ”
pM_m—l RNpM m—1 ]RNpM

X(Sz 25—
» L CN, slx = 12N oy () pm (v) dx dy

G —62)(N —2s)
~ (2-m)N —2s

Flom) + 82 F(om).

Therefore,
(8™ — 82)(N — 2s)
2—m)N —2s

Taking into account that F(pp) < O as seen in Lemma 6.1, the above right hand side is
negative if and only if

F(Spm) — 6F(pm) = ( +48% - 6) Fom).

N-2s 8@ -1
(m—2)N+2s 82—

< 1. (6.3)

. . . -2_
The latter holds true for any § > 1 in case m < 2. If m > 2, notice that limg_, ;+ 5";71 =

m — 2 so that the left hand side in (6.3) goes to %7%;? which is smaller than 1 (since
m > 2). This implies the existence of o > 1 (only depending on m, N, s) such that (6.3)
holds true for any § € (1, 8o). Hence, we deduce that F(5par) < §F (pp) forany § € (1, éo).

Thanks to the minimality of psps over Vsys we conclude that forany M > Oandé € (1, o)

there holds

Flosm) _ F@pm) _ F(pm)
SM T M M
implying that the map (0, +00) > M +— F(pp)/M is strictly decreasing. The limit values

)

at 0 and +oo are deduced from Lemma 6.1 since % > 1. On the other hand, from
(5.5) we deduce the same properties for the mapping (0, +00) 5 M — K. O
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The next theorem improves the above result by showing that the mappings M +— —Fuy /M,
M +— Ky, M +— pp(0)and M +— 1, (0) are increasing diffeomorphisms of (0, +00) onto
itself. Moreover, we show how the radius of the support of pjs varies with M.

Theorem 6.3 There hold

25 2—m 2s(m—1) 2—m N
pM(x) — M m=2)N+2s P1 (M (m—2)N+2s x)’ MM(X) = M m=2)N+2s Ui (M (m—2)N+2s x) L, X € RY.

(6.4)
Moreover,
2s(m—1) 2s(m—1)
’CM = M m-2)N+2s IC], fM = M m=2)N+2s ]:1, (65)
and denoting by Ry the radius of the support of py, we have
m—2
Ry = uy (Ky) = M85 71 (KCy). (6.6)

In particular, the mapping M +— Ry is increasing if m > 2, decreasing if m < 2 and
constant if m = 2. Eventually, if M,, converge to M > 0 as n — 400, we have py, — pm
and uy, — uy uniformly on RN,

Proof Letting uj := cy s| - |25—N * p1, by Theorem 1.1 u; is the unique ground state for
1 m—1 =
(=AY up =ay (xur —KDY™",  ap = <7> -
For A > 0, the usual scaling
uy ) (x) == Auy (k%x), x e RV, 6.7)

produces a solution to the same equation with different Lagrange multiplier, i.e,

1

(=AY up g = am (xurn — M. (6.8)
Letting p1 5 := (—A)%u; ; we obtain therefore
2—m
p1s.(x) = AT py (xiz-wm—wx) , xeRV. (6.9)

The mass of pj ; is computed by a change of variables and it is

1 2—m (m—=2)N+2s
Pl = Am—1 P1 ()\. 2s(m—l)x) dx = A 2s(m=1) |
RV RN

Notice that the latter exponent is positive since m > m,. For any M > 0, we define Ay :=
2s(m—1)
M n=DN+2s 5o that py 3, € Vu. We see from (6.8) that u1 ;,, solves

1

(=AY u=an (xu—Ky)} ", (6.10)

where Ky := Ay/1. In particular, by the uniqueness result of Theorem 1.1, u1 3, is the
unique ground state for such equation. Hence, p1;,, coincides with the unique minimizer
pm of F over Yy, the corresponding Lagrange multiplier is fCp, and uy 5, = upy. (6.4) is
therefore obtained from (6.9) and (6.7). Notice that Cp; = A/ K is the first relation in (6.5),
while the second one follows from (5.5). Eventually, since u,, is radially (strictly) decreasing
and since it solves (6.10) we deduce u 7 (Ryr) = Ky and (6.6) follows from Ky = Ay K.
The last statement is a direct consequence of (6.4), since p; and u; are continuous and
vanishing at infinity. O
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7 Numerical approximation of the fractional plasma equation

We denote by i the unique ground state in HS RY) to (—AYu = (u— l)i, which is provided
by Theorem 1.1 for p > 1. Some relevant quantities associated to u are

o the fractior_lal Laplacian_,ﬁ = (—=A)u=u-— l)i, defined on RY,

e the mass M of p,i.e., M := [pv p,

o the radius R of the support of p, i.e., R := sup{|x| : p(x) > 0},

o the central density u(0) = [|u|| oo mny > 1,

o the oscillation of u inside B, i.e., u(0) — u(Rx/|x|) = u(0) — 1.
Let us now consider the following two-parameter family {u¢ s}c~0, s=0 of functions

uc,5(x) = Cu(dx), x € RN,

We immediately obtain, by using Theorem 1.1, that u¢_s is the unique ground state in H* (R")
to

(-A'u=a@—0)Y, where a=cl"rs%. (7.1)

This shows that the family {u¢ s} can be equivalently parameterized by the couple of positive
numbers (C, a) or, in case p > 1, by the couple (§, a). After having defined

pes(x) i= (=AY ucs(x) = C8%p(dx), xeRV,

we can reason as done in Theorem 6.3 and identify an element of the family {uc s} by
prescribing the mass of pc s along with § or C, since a direct computation shows that

Mc s = / pc.s(x)dx = cs»Nm.
RN

More generally, denoting by Rc s the radius of the support of p¢ s, we have the following
relations
R
Res = 3 ucs(Res) =C,

uc,s(0) = Cu(0),  wuc,;s(0) —ucs(Res) =Cw(0) —1).

This shows that it is possible to uniquely identify any element of the family {uc s} by pre-
scribing, for instance, the radius of the support and either the parameter a appearing in (7.1)
or the oscillation inside the support. The latter choice will be useful in the numerical approx-
imations of our interest in this section; indeed, it is more convenient to work with numerical
solutions whose fractional Laplacian is supported in the unit ball, and whose oscillation inside
the unit ball is prescribed, while continuously depending on the rest of the parameters. We
note moreover that in the family {uc s} each of the following quantities uniquely identifies
the other two: the oscillation inside the support, the central density, the Lagrange multiplier
C. Inthe special case p = 1, we see from (7.1) and (7.2) that the value of a uniquely identifies
the radius of the support. In particular if @ is given, the radius of the support does not depend
on the mass, a property that we have already obtained in Theorem 6.3.

Now, solutions to (—A)*uc.s = a(uc,s — C)i will be approximated numerically with the
normalisation Rc s = 1 and uc s(0) — uc.s(Rc,s) = 1. The key formula is the following
expressions (see “Appendix A” for the derivation) for the Riesz potential of the weight Jacobi

polynomial (1 — [x|2)= P5N27D 21x)2 — 1), that is,

(7.2)

{Anp,f"‘”/z‘”<2|x|2 —1), <L oy

At x| B2 (1= s+, Y +n—ss 1+ 20+ 8 — 55 1x172), Ix| > 1,
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where

2750 (1 +n—s)(N/2— i N
)\n= (—|—I’l S) ( / S+n) and Mn:SlnSf[B 1+I’l—S,*+n N
n!l'(N /2 + n) b4

with the Beta function B(p, g) = I'(p)I"(¢)/ I'(p+¢q). Since pc.s = (—A)*uc s is assumed
to be supported on the unit ball, p¢c s can be expanded in terms of the series

o0
_ —s,N/2—1
pes) =1 =[x e P MA@ - 1
n=0

on the unit ball with some unknown coefficients {Cn}gio’ then from (7.3), the solution uc s
on the unit ball can be expressed as

o
ues(x) = (=) pes() =Y Anen PNV @2 - 1), (7.4)
n=0

Therefore the governing equation (—A)*uc s = a(uc.s — C)i becomes

oo
B R Y A CIPI R )

n=0
o0 P
—a (Z Jnea (PN @I - 1) - P,f‘s"v/z‘”(n)) L)
n=0
3 00 (—=s,N/2—-1) . . .
where the relation C = uc s(x)|jxj=1 = X_,—0rnCn Py (1) is applied. Using the

orthogonality condition for Jacobi polynomials
f (=P MR = DR TPV QP — Dy =0, £k,
{Ix|=1}

Equation (7.5) can be further reduced (with the change of variable t = 2|x |2 — 1) to a system
of algebraic equations for the coefficients {cy}, that is,

1 ) P
a N/2—1 (—s,N/2—1) (—s,N/2—1)
>0 [ (a+n (ancn(Pn (1) = Py (1)))

k=
n=0
PNV @y,
fork =0, 1, ..., where Qy is the normalisation constant defined by
1
0 = f A=A+ N2 [PV (0] dr
-1

2N T4+ 1 -9+ N/2)

T 2k+N/2—s KkIT(k+N/2—5)
In practice, the series is truncated with finite number of coefficients ¢ = (co, ¢y, ..., Ck),
leading to a system of K + 2 algebraic equations for the variables ¢ = (c,a) =
(co, 1, ..., Ck,a): the first K + 1 equations take the form ¢, = Fy(¢) with Fi(¢) defined

as

1 K P
° / A+ 0N S e (PP = ATV @)) ) TN @ ar,
270k J1 s
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Fig. 3 The solution u (left) and its fractional Laplacian p (right) for different p not larger than 1 in two
dimensions with s = 0.5

fork = 0,1, ..., K, and the last equation is given by the normalisation 1 = uc s(0) —
uc,s(Res), 1.e.,

K
L= dwen( PV = ATV, (7.6)
n=0

This system of K + 2 equation is denoted as G(¢) = 0.

For p = 1, the system of algebraic equation can be treated as an eigenvalue problem, where
a plays the role of an eigenvalue and the entries of the associated eigenvectors are exactly
the expansion coefficients ¢ = (co, c1, - - - , cg). Therefore, the solution can be obtained by
standard numerical linear algebra packages. For p € (0, 1), the coefficients can be obtained
using the fixed point iteration ¢! = F(c™, ™) by taking the first K + 1 equations in
G(©) = 0, and a1V is chosen such that the normalisation in Eq. (7.6) is satisfied. This
fixed point iteration converges for a wide range of initial conditions, for instance with ¢y = 0
for all k except that ¢c; > 0. The numerical solutions in one dimension with p = 0.5 and
various values of s are shown in Fig. 2, together with its fractional Laplacian p. For fixed
s = 1/2, the numerical solutions for different values of p in two dimension are shown in
Figure 3, where p is converging to a characteristic function.
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Fig. 4 The radial solution u (left) and its fractional Laplacian p (right) in dimension two for p =
1.0,1.2,1.4, 1.6 and 1.8, with s = 0.5

Fig.5 The decay of the 0.6
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However, for the case p > 1 of our interest, the above fixed point iteration does not seem
to converge, and Newton’s method for nonlinear equations is applied, i.e.,

é(m+1) — é(m) _ (3G(E(m)))7lG(é(m)),

where 3G(é(m)) is the Jacobian matrix of G(€). Since a good initial guess is essential for
the convergence of the Newton’s method, the solution at any p > 1 is continued from the
case p = 1: the numerical solution is computed first for p = 1, and then the exponents p is
increased by a small amount, until the desired exponent is reached. Numerical experiments
indicate that the algorithm always converges with an increment of Ap = 0.1. The radial
solutions in dimension two for p = 1.0, 1.2, 1.4 and 1.6 (with s = 0.5) is shown in Fig. 4.
However, as the values of p approach its upper limit (N + 2s)/(N — 2s), the solution u
becomes more concentrated near the origin, and the coefficients ¢, in (7.4) decays slower
and slower, as shown in Fig. 5 in dimension two for different exponents p with s = 1/2.
As a result, the number of coefficients K has to be larger and larger in order to resolve the
solution faithfully, otherwise artificial oscillation could appear as for the case p = 1.8 in
Fig. 4, with the slow decay of the coefficients as the exponent p increases shown in Fig. 5.
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Appendix A: Riesz potential of the weighted Jacobi polynomials

Here we give a brief derivation of the expressions in (7.3) about the Riesz potential of the
weighted Jacobi polynomials (1 — |x |2)=s P,f_s’N/Q_]) (2]x|? — 1) restricted on the unit ball.
This relation can be established essentially by reversing the sign of s as for the fractional
Laplacian of (1 — |x|2)* PV/27D21x |2 = 1) in [24, Theorem 3], so that the Riesz potential

can be represented as the inverse Mellin transform
(_1)n2—2sr(1 +n—ys) L/ F(T)F(% —Ss+n—r1)
¢ T(Y =l +n+1)

where ¢ is a contour from 0 —icoto o +ico with0 <o < N/2 —s +n. If |x| < 1, the
contour integral is reduced to the sum of residues around the poles of I'(7), leading to

-2t
drt, A.l
n! 2mi &l ’ (A1)

n

(—1)"2_25F(1+n—S)Z(—1)k TIN2=stnth) | o
k! T(N/2+ KT +n—k)

n!

k=0
'(N/2+ n) —s,N/2—1
= ()" Ry 2P N2 4 = s N2 ) = an Py M@ -
using the equivalent definition P,f“’b)(z) = (—1)”%11’:}:‘))25(—11, l4+a+b+n1+

b; (1 4 z)/2) for Jacobi polynomials. For |x| > 1, the contour integral (A.1) is evaluated by
summing the residues around the poles of F(% — s +n — 1), leading to

(_1):12725[‘(1 +n—ys) i (_1)k F(N/2+ﬂ+k_s) |x|—N—2n—2k+25

n! = k' T'(s—n—kI(N/2+2n+1—-s5+k)

(o]

. 27T (1 4+n—s)sinms |x|7N72n+25 Z I'(N24+n+k—s)L'(1+n—s+k) |x|72k
- T(N/2+2n+1—s +k)k!

nlmw
k=0

) N N
= At |x| NI, Ry (1 —5+n, > +n—s;142n+ > -5 |x|_2) .
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