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Abstract. This paper analyzes a class of fractional calculus of variations
problems and their associated Euler-Lagrange (fractional differential)
equations. Unlike the existing fractional calculus of variations which is
based on the classical notion of fractional derivatives, the fractional cal-
culus of variations considered in this paper is based on a newly developed
notion of weak fractional derivatives and their associated fractional order
Sobolev spaces. Since fractional derivatives are direction-dependent, us-
ing one-sided fractional derivatives and their combinations leads to new
types of calculus of variations and fractional differential equations as
well as nonstandard Neumann boundary operators. This paper estab-
lishes the well-posedness and regularities for a class of fractional calculus
of variations problems and their Euler-Lagrange (fractional differential)
equations. This is achieved first for one-sided Dirichlet energy function-
als which lead to one-sided fractional Laplace equations, then for more
general energy functionals which give rise to more general fractional
differential equations.

1. INTRODUCTION

Let V be a Banach space of real-valued functions defined on a bounded
domain Q € R4(d > 1) and E : V — R be a functional defined on V. The
calculus of variations concerns with the following minimization problem:

u = argmin F(v). (1.1)
veV
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2 FRACTIONAL CALCULUS OF VARIATIONS

A typical energy functional E has the following integral form:
E(v) = / f(Dv,v,z)dz, (1.2)
Q

where f : R x R x R? — R, called the energy density function, must de-
pend on the gradient Dv (or part of it). The dependence of f on higher
order derivatives of v is also allowed. Such calculus of variations problems
arise from many scientific and engineering fields such as differential geom-
etry, physics, mechanics, materials sciences, and image processing, just to
name a few. The calculus of variations has been a well-developed field in
mathematics (cf. [11, 3, 5] and the references therein).

Recent advances in fractional /nonlocal calculus and differential equations
[15, 16, 7] as well as their applications [10, 4, 12] have motivated the con-
sideration of fractional calculus of variations [13, 14], which conceptually
amounts to replacing the integer order gradient Dv by a fractional order
gradient D% (0 < o < 1) in (1.2), leading to the following prototypical
fractional calculus of variations problem:

u = argmin E%(v), (1.3)
veEV e

where V' stands for some fractional order (Banach) space and

Ea(v)—/ﬂf(Do‘v,v,x) dx. (1.4)

Although the above conceptual extension is easy to achieve, there are some
fundamental issues and difficulties which must be addressed and overcome.
The utmost issue is the meaning/choice of the fractional gradient/derivative
D%v in (1.4), because there are multiple definitions of fractional derivatives
(which may not be equivalent) used in the literature. We recall that the well-
known classical fractional derivative concepts include Riemann-Liouville,
Caputo, Fourier, and Griinwald-Letnikov fractional order derivatives (cf.
[16, 17, 7]). The second main issue, which is also a technical obstruction,
is the compatibility between these classical fractional derivatives D%v and
the (energy) space V* in (1.3). For example, in the case of Caputo deriva-
tive D, it requires that v € C! (or at least AC, which could be relaxed
to H') to ensure its existence. Consequently, one must have C! C V< (or
H' C V%), which forces one to consider calculus of variations with the fol-
lowing integer-fractional mixed order energy functional (cf. [13]):

JO‘(U)—/QQO(DU,DO‘U,U,x)dx (1.5)
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over the stronger space C' (or H') and the dependence of ¢ on Duv is re-
quired. Finally, another important issue is whether to consider the depen-
dence of all one-sided fractional derivatives in the density function f (and
©) because fractional derivatives are often direction-dependent and perhaps
in only one direction.

Motivated by the above considerations and issues, in this paper we con-
sider and study fractional order calculus of variations in one spatial dimen-
sion given by

u = argmin &y 5 (v), (1.6)
where
5&6,7/\(1)) = /QLp,g,,\(_Dav(x), +D“v(m),v(m),m) dzx. (1.7)

Here Q = (a,b), *Wg denotes a two-parameter (i.e. (6,\)) family of frac-
tional order Sobolev spaces, and * will take value 0 or empty (see Section 2 for
the details). We first note that the energy density function Ly depends
independently on both the left and right fractional derivative ~D%v and
D%, which allows various combinations of them in the density function.
We then note that these two fractional derivatives are not the classical frac-
tional derivatives, instead, they are weak fractional derivatives which were
introduced and developed recently by the authors in [7, 8]. Due to their
significance to the remainder of this article, we review the precise definitions
for these derivative concepts here.

We use ~D® and TD® to denote respectively any left and right a-order
classical derivative including Riemann-Liouville, Caputo, Fourier, and
Griinwald-Letnikv derivative. We note that all these derivative concepts are
equivalent on the space C§°(2). We also use ¢ to denote the zero extension
on R of any ¢ € C§°(Q).

Definition 1.1. For a > 0, let [a] denote the integer part of o. Let u €
LY(%),
(i) a function v € L}, (Q) is called the left weak fractional derivative of

u if
[ vt ds = (-1 / D D) e Ve C(Q),
Q

and we write ~D%u := v;
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(ii) a function w € L}, () is called the right weak fractional derivative

of u if
/ w(z)p(z) dz = (~1) / (@) DoG(x)dr Vg € C(),
Q Q

and we write YD := w. Additionally, the Riesz weak fractional
derivative is defined as *D%u := ("D + TD).

These are natural extensions of the integer order weak derivatives used
to define Sobolev spaces W¥P and the foundation of the fractional calculus
of variations theory to be presented subsequently as the primary goal of the
paper.

The remainder of this paper is organized as follows. Section 2 introduces
some space notations and necessary preliminaries to be used in the later
sections. The reader is also referred to Appendix B for the definitions of
these fractional Sobolev spaces and to [7, 8] for comprehensive analyses of
all preliminaries. Section 3 considers some special density functions Ly g
which give rise the one-sided fractional p-Laplace equations: iAgu =0. We
define the fractional p-Laplacians, iAg‘, using the weak fractional derivative
notion analogously to the integer-order Laplacian A. By considering these
operators in a weak sense, we avoid the ambiguity of choosing a particu-
lar classical fractional derivative over others. After eliminating ambiguity
of choosing differential operators, there is no need to worry about what
function spaces a strong/classical fractional Laplacian may operate; a con-
sideration that depends heavily on the choice of operator(s). The focuses
of this section are on characterizing one-sided fractional harmonic functions
and deriving the nonstandard fractional Neumann boundary operators via
considered variational problems. Section 4 deals with the general energy
density function L,  and establishes the existence of solutions to a class of
problems (1.6) via the direct method of the calculus of variations. Section
5 addresses the existence and uniqueness of solutions to (1.6), in the case
p = 2 via Galerkin formulations and the Lax-Milgram Theorem, which are
important for developing efficient numerical methods [9]. These solutions
are interpreted as distributional solutions to the Euler-Lagrange equation

(1 -0 A% +0TA U+ Iu=f

for which both Dirichlet and Neumann type boundary conditions are dis-
cussed. Special attention is given to studying the subtle boundary value
problems for one-sided 2a-order fractional differential equations. Moreover,
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some regularity results for the weak solutions are also established. Finally,
the paper is concluded with some remarks in Section 6.

2. PRELIMINARIES

Throughout the paper we assume 2 = (a,b) is a finite interval, unless
stated otherwise, 0 < aa < 1, 1 < p < o0, 0 <0 <1, A =0o0r 1, and
let T'(z) denotes the Euler-Gamma function. For a given Banach space V,
V* denotes its dual space (the space of bounded linear functionals on V).
We also note that Appendix A and B contain the definitions and properties
of weak fractional derivatives and accompanying fractional Sobolev space
theory which were developed in [7] and [8]. We also adopt the function and
operator notations used there. For instance, ~1% and TI® denote the left and
right Riemann-Liouville fractional integral operators of order « (cf. [16, 7]),
and ~D%, TD% and *D" are the left, right and Riesz weak fractional deriva-
tives, respectfully (cf. Definition 1.1). The notation *D® stands for either
~D® or D%, The functions, k% : & — R stand for the kernel functions of
D% (le. ¥DG =0in Q) and % : Q — R denotes any linear combination
of the functions k3 : @ — R and xZ, :  — R; the two unique elements of
the nullspace of the Riesz derivative, N'(*D%) (cf. Proposition A.1).

The function spaces, “W*P(Q), TW*P(Q), W*P(Q), and *W*P(Q) de-
note respectfully the left, right, symmetric, and Riesz fractional Sobolev
spaces (cf. Definition B.1). Moreover, “W?(Q) and tW*P(Q) denote
respectively the subspaces of “W*P(Q) and TW*P(Q) with cljF_o‘ =0 (see
Appendix A for the precise definitions). In the case that p = 2, we use the
conventional notation ~H%(Q), TH*(Q), H*(2), and *H*(QQ) to denote the
corresponding Hilbert spaces.

In order to consider a general class of fractional calculus of variation prob-
lems and to present them in a unified fashion, for 0 <6 <1 and A =0 or 1,
we introduce the following family of function spaces:

Wy = 001 = 0) W) + X [o] Wer) + [1 - 0] wer)b (21)

)

+ (1= N{10] WO (@) + [1 - 0] Wr(©)],
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where [0] denotes the integer part of 6. It is easy to check that
“WeP(Q) if0=0and A=0,
wer(Q) if0<f<1land \=0,
“WeP(Q) iff=0and A\ =1,
HWer(Q) if@=1and A=0,
Wer(Q) if0<6f<1land =1,
TWP(Q) if=1and X\ =1.

The norm on W, is naturally defined as
|ull-wen@) if6=0and A=0,1,

ul|yor@) f0<O<Tand A=0,1, (2.3)
“’u”-»—wa,p(g) if 9 =1 and )\ = 0, 1.

lellwgp =

We also introduce, in the case ap > 1,
oWy = {“ EWGX(Q) : (1-6) Tu=0andf Tu= O}. (2.4)

Here *T denotes the trace operators (cf. Definition B.3 for their precise
meanings).

Remark 2.1. When 6 =1, (1—0) T should not be considered and we only
consider the condition TTwu = 0. Similarly, when 6 = 0, 0 TT should not
be considered and we only have ~Tu = 0. Finally, if 0 < 0 < 1, then we
consider these conditions at both ends of the domain; ~Tu = TTu = 0.

Additional necessary results related to weak fractional derivatives and
fractional Sobolev spaces can be found in Appendix A and B, respectfully.

3. ONE-SIDED FRACTIONAL LAPLACE AND NEUMANN BOUNDARY
OPERATORS

Because of the dependence of the energy density function L, » ¢ in (1.7) on
one-sided fractional derivatives, D% and TD%, which does not have coun-
terparts in the integer order case, many more scenarios must be considered in
the fractional calculus of variations. To better understand the new problems
and to ease the presentation and explanation, we first consider some simpler
energies of the fractional calculus of variations. In particular, we shall focus
on the case p = 2, derive/define one-sided fractional Laplace operators and
one-sided fractional Neumann boundary operators, and explore basic prop-
erties of these operators. In Section 4 and 5, we shall consider more general
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energies and among other issues in the fractional calculus of variations, the
existence and uniqueness of minimizers.

Definition 3.1. Let o > 0. The functional

1
jEE}f,“(u) = / ‘iDau‘p dx. (3.1)
pPJa
is called the a-order left/right Dirichlet p-energy, and the functional
1/_
E (u) = 5( E%(u) + +Eg(u)) (3.2)
is called the a-order symmetric Dirichlet p-energy. Moreover, the functional
1
*ES(u) := /\ZDau\p da (3.3)
y2X)

is called the a-order Riesz p-energy.

Remark 3.1. (i) The left/right a-order Dirichlet p-energy is a special class
of energies for which § € {0,1} and A = 0 in the density function L,g x so
that

Lyo("D, D, v,z) = L(FD).
Similarly, the a-order Riesz p-energy has 6 = % and A =0 so that
Ly ("D, "D, v,z) = L(*D").

(ii) The left/right a-order Dirichlet p-energy given by (3.1), is well defined
for any v € TW*P(Q), the a-order symmetric Dirichlet p-energy given by
(3.2) is well defined for any function uw € W*P(Q), and similarly, the a-order
Riesz p-energy given by (3.3) is well defined for any u € *W*P(Q).

3.1. One-sided Fractional Laplace Operators. A plethora of work has
been done in recent years to define and study numerous, sometimes nonequiv-
alent, definitions of fractional Laplace operators. Unlike the existing defi-
nitions, the notions to be presented below are based on and related to the
notion of weak fractional derivatives and particular energy functionals. This
is in concert with the way one may derive the integer Laplacian via Dirich-
let’s principle. The goal of this subsection is to establish this connection
methodically.

Proposition 3.1. Let u € TWP(Q) be a minimizer of iEg‘. Then it
must satisfy the following fractional differential equation in the distributional
sense:

Eagu = 7D (|FDoul” 4 pou) =0, (3.4)



8 FRACTIONAL CALCULUS OF VARIATIONS

Proof. The proof follows immediately from the Fundamental Lemma of the

Calculus of Variations ([11]), which says that the first variation of =E¢ must

vanish at u. For completeness, we briefly carry out the derivation below.
Let ¢ € C§°(Q2) and define @ : R — R by

O(t) == iEg‘(u + tp).

Since ® is a power function in ¢, it is differentiable and
/(1) = / D% (u + )72 D (u + tip) ¥ D d. (3.5)
Q

Since u is a minimizer of iEg‘, then £ = 0 is an extreme point for ®, hence,
it must hold that ®'(0) = 0. Setting ¢t = 0 in (3.5), we get

/ |FD|P T FD% - FD%de =0 Vg € CF(Q),
Q

which implies that (3.4) holds in the distributional sense by the weak frac-
tional derivative definition (cf. Definition 1.1). O

Similarly, we also can prove the following conclusions.

Proposition 3.2. Let u € W*P(QQ) be a minimizer of Eiy. Then it must sat-
isfy the following fractional differential equation in the distributional sense:

ACy = %(*Da\*pau\””*pau + DD D) =0, (3.6)
Moreover, if u € *W*P(Q) is a minimizer of *Ey, then it must satisfy the
following fractional differential equation in the distributional sense:
2N = DD’ D% = 0. (3.7)
As the notations suggest, the following definitions are in order.

Definition 3.2. iAg, AD and *AY are called respectively the left/right, sym-
metric, and Riesz a-order fractional p-Laplace operators. When p = 2, we
write TAY := TAY, AY := AY, and *A® := *Ag.

Remark 3.2. (i) Trivially, AS = 3(TAS + TA%).

(ii) As is the case for the integer order p-Laplacian, each of the above frac-
tional p-Laplace operators are derived from an a-order p-energy subordinate
to the appropriate fractional derivative notion.

It is easy to see that in the case p = 2, TA® = FD*+D takes derivatives
in each direction. It may be natural to expect that a fractional Laplacian
ought be defined using two derivatives in one direction. However, we like
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to point out that TA® #£ *D**+D  Why is this the case? The following
subsection is dedicated to answering this question and establishing some
connections between these two differing 2a-order differential operators.

3.2. Properties of Fractional Laplace Operators. This subsection is
devoted to studying the mapping properties of the fractional Laplace oper-
ators defined in Section 3.1. In particular, we characterize their nullspaces
and investigate under what conditions the 2a-order differentiation in one di-
rection (as opposed to the mixed directions of TA®) is guaranteed to exist.

3.2.1. a-Harmonic Functions.

Definition 3.3. A function u € L*(Q) is said to be left/right a-harmonic
if TA% = 0 in the distributional sense. A function u € L'(Q) is said to be
a-harmonic (resp. Riesz a-harmonic) if A“u = 0 (resp. *A%u = 0) in the
distributional sense.

It comes as no surprise that the kernel space of the left/right fractional
Laplacian is directly related to the kernel spaces of the left and right weak
fractional derivatives and their mapping properties. Analogously, we recall
that the kernel space of the 1-D integer Laplacian consists of constant and
linear functions.

Theorem 3.1. u is left/right a-harmonic if and only if u = c1kS +c2 ila:‘{%,
where k% (z) = (v—a)* 1, kK% (z) = (b—2)*"L, and TI* denotes the left/right
a-order Riemann-Liouville fractional integral operator (See Appendix A and

16, 7)).

Proof. The sufficiency is a direct calculation and a consequence of the Fun-
damental Theorem of Weak Fractional Calculus (FTwFC) (cf. Theorem
A).

To show the necessity, assume that u is left/right a-harmonic and let
N (FD%) denote the null/kernel space of the operator *D®. By assumption
FpeEDy = 0. It follows that *D*u € N(FD®). Hence D = cok%.
Applying the left /right a-order fractional integral operator 1% and by the
FTwFC (cf. Theorem A.1), we have that u = c15$ + 2™ I*k%. This con-
cludes the proof. O

Next, we prove an analogous result for the symmetric a-order fractional
Laplacian.

Lemma 3.1. A% =0 cannot hold for every ¢ € C§°(Q).
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Proof. By contradiction, assume A% = 0 for every ¢ € C§°(12). It follows
by the definition of weak fractional derivatives (cf. Definition 1.1)

A% =0

& / DYDY o dx = / DYDY pdr Vi, p € CF°(Q)
Q

& /*Do‘w*Dagodx— / DY D% dx Vi, € CT()

= / +Da1/1 /( D“z/;) dx Vi € C3 ().
This is a contradiction and concludes the proof. O

Theorem 3.2. u is a-harmonic if and only if u = 0.

Proof. The sufficiency is trivial. Therefore, we only need to prove the neces-
sity.

Assume that u is a-harmonic, that is, "D D% + ~D*TD% = 0. By
the definition and integration by parts for weak fractional derivatives (cf.
Definition 1.1), it follows that

/ DD updr = —/ DY Dupdr Vo € CHP(Q)

Q Q

& /u_Da+D°‘g0dx = —/ utD* DY dx V€ CiP(Q)
Q Q

& /uA%pdsz Ve Cgo ().
Q
Applying Lemma 3.1, we conclude the proof. 0

We now turn our attention to the Riesz fractional Laplacian. Unlike the
previous characterizations, the presence of both cross and same directional
differentiation in the Riesz fractional Laplacian definition results in a more
complicated set of harmonic functions. On the other hand, we have a nice
characterization (cf. Proposition A.1) of the kernel space N (*D%) of *D%,
thanks to [1, Theorem 4.4].

A consequence of the characterization is the following result which was
proved in [1, Theorem 4.8].

Lemma 3.2. Let Q = (0,1), p(z) = 2*/%(1 — 2)*/2, and & € N (*D?) (cf.
Proposition A.1). If 2/3 < o < 1, then the equation *D*u = k% has the
follow general solution
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u(z) = p(x) Y unGP>0) (2) + K2 (2), (3.8)

n=0
where

F(n+1) fy pla)se (@)G>) (@) do
Fn+1+a) ”an%/za/2 ()2

Up = —

and

a/2,«a L 2,a/2
G20/ () = 3 glof20/2),

(a
n’
k=0

are the Jacobi polynomials for n > 0 with

(@/20/2) ()" Tn+a/2+)I(n+k+a+1)
nok TR+ 1D)I(n—k+ D) (n+a+ D)0(k+a/2+1)

and L?((0,1), p) denotes the weighted L?-space with the weight function p.

Proof. Tt can be shown that when o > 2/3, k¢ € L?((0,1),p) (cf. Propo-
sition 3.3). It follows by ([1, Theorem 4.4, 4.8]) that *D%u = k¢ has the
solution given by (3.8). O

Proposition 3.3. (i) The functions kS are Riesz a-harmonic. (ii) For
2/3 < a < 1, any Riesz a-harmonic function must have the form (3.8).

Proof. (i) Since (by definition) *D*k$ = 0, then trivially, *D**D%, = 0.
Thus, < is Riesz a-harmonic.

(ii) If w is given by (3.8), by Lemma 3.2, we have *D%u = k¢. Con-
sequently, *D**D%y = *D*k$ = 0. Thus, u is Riesz a-harmonic. Con-
versely, if u is Riesz a-harmonic, then *D%u belongs to N (*D?%), hence,
*D*u € span{k? k% }, then there exist constants ¢; and ¢y such that

z1? 22
D*u = Ky = c1k3, + caky,. It follows by Lemma 3.2 that u must be
given by (3.8). The proof is complete. O

Remark 3.3. To the best of our knowledge, it is not known whether there
exists a larger class of Riesz a-harmonic functions when 0 < a < 2/3 because
of lacking an analogue of Lemma 3.2 in this case.
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3.2.2. A Fractional Calderén-Zygmund Type Estimate. In this sub-
section we consider how the one-sided fractional Laplace operator may offer
control on a pure one-sided second-order derivative. This is in the spirit of
the so-called Calderén-Zygmund inequality:

1D%ul| ooy < C (llull o) + 1Aul 1o

where D?u is the total second-order derivative of u. In the integer one-
dimensional case, this estimate is trivial. However, when considering 2a-
order differentiation, left-right directions in one-dimension is akin to z-y in
the integer two-dimensional setting. This begs the question of whether single
direction differentiation can be controlled by assumptions on the one-sided
fractional Laplacian.

Proposition 3.4. Let u € L'(Q), 0 < B <a <1, and 1 < p,q < co. If
a > 1/p and TA% € LP(Q), then *DP*D € LI(Q) for all a — 3 > 1/p
and < 1/q.
Proof. We only prove the assertion for the left direction with Q = (a,b)
because the other follows similarly.
Set v := TD* D = ~“A% € LP((a,b)). By the FTWFC (cf. Theorem
A.1), we have
“D(z) = TI%(2) + T(1 — o) [T DY (b) (b — x)* L. (3.9)
Taking the S-order left fractional derivative on both sides of (3.9) yields
~DP ~D%(x)
= D% (z) + T(1 — o) I~ DY%](b) DP (b — x)* 1
=:J1 + Jo.
We now calculate and estimate J; and Jp. Since v € LP((a,b)), it follows

from [16, Theorem 3.6] that 1% € C*~1/?([a,b]) and by [16, Theorem 3.1])
we get

TI%(a)
I'l+«)
where ¢ € C1=1/P+a=B([q, b]) such that [i(z)| < (z — a)'~1/P**=B Hence
¥ € CY([a,b]) when o — B > 1/p. Then
TI%(a)
r'l+a)(1-7)
where ¢/ € C([a,b]). Since 8 < 1/q, it follows that J; = ~DP+1% € LI(Q).

IV (2) = (. —a)' =P +p(x), (3.10)

DT [Y%(z) = —(z - a)™P 4+ (x), (3.11)
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To estimate Jy, we need to calculate and estimate ~DP(b — )~ !. First,
we show that fLDg(b — x)®t € L'((a,b)). Then by the characterization
of weak fractional derivatives (cf. [7]), “D?(b — z)®~! coincides with the
Riemann-Liouville derivative. The same calculation can easily be altered to
show that it belongs to Li (€2) when 8 < . By direct calculation we obtain

loc
/b
d "y
VY gyl de

1 b
:FO—B%Aer (@ —y)P
—a a—1 x _ a—2
“ri ), (%x—gﬁ'*“‘“fl %xf;ﬂ‘w>dw
—a a—pf b rb _oya—2
- F(11—6)<(bl—)ﬁ ra-a f / (?x y?wﬁ dmdy)
b

1 (b—a) P 1-a B
FO—B)( i—5 T1-p5/,t"Y Bl)

= C(a, B)(b— a)a_ﬁ < 00.
Then, recall that (cf. [16])
-7 ((l‘ _ a)a—l(b _ l,)'y—l)
(o) (z—a)™to1 .
N I'(r+o) (b—a)l™ 2F'1 (U’l _7§T+U,b_a> )

where 2F'1(a, b; ¢, 2) is the Gauss hypergeometric function defined

L ! b—1/q9 _ ;\e—b—1 _ )
F(b)F(cb)/O (1 —1) (1—2t)"%dt, (3.12)

if 0 < Re(b) < Re(c) and |arg(1l — z)| < . Since

_Dﬁnﬂ‘r(x)’ dx

2F1((Z, b; c, Z) =

—B —I‘ail_ 1 (b_a)a_l (1_04)—176 _xa72
Pty ey Tra g O

I —a) -8 x—a

—a)* 2z —a)'P ! z—a \ "
= (br(z )_ a)(r(a —)ﬁ) /0 (1 —¢)opft (1 - t) dt.

by (3.12), we have
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Let v and pu be Holder conjugates and see

b 1 z—a \ " !
z—a)'F [ TP (1 - t)] dt| dx
(z —a)
a 0 b—a
e z—a\ " !
< / / (1—4)2 81 (z — a)1~F <1 - t> dt| do
a 0 b—a
b 1 a/p
< / </ (1— t)u(a—ﬁ—l) dt) )
a 0
1 i
. A O ) o
/0 (x —a) ( - at> dt| dx
_0o bl (x—a) =P (a —b) ,_T—a 1_7_1 q/vd
L 0E—a b—a ’
b N1 a/v
=C ) (z — )Pt <<1— i_Z) —1) dz
c o a\ 1 a/y
=C ’ (z —a)1=A1 <1— b—a) -1 dx
b o — g\ 1 a/v
+ C’/ (z —a)I=P0~1 ((1 -3 ) — 1) da
. —a

c b 2z —a\ =N/
<C / (z — a)@=A=Da/y dx—i—/ (1 - a) dz | < oo

provided that ((1 —8)y —1)g/v+ 1> 0 and q/v(1 —v) +1 > 0. It is easy
to verify that these conditions are satisfied under the assumptions on § and
q- The proof is complete. O

Corollary 3.1. Letu € L'(), 0 < o, < 1,1 < pg<oco. Ifa > 1/p
and DD € LP(Q), then TDPFD € LI(Q) for all a — B > 1/p and
B<1/q.

Proof. The result follows by similar calculations and estimates as in the proof
of Proposition 3.4. O
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3.3. Fractional Neumann Boundary Operators and Green’s Iden-
tity. It is expected that the Dirichlet boundary conditions for the one-sided
Poisson equations to only be given at one endpoint of the domain. This
is holistically consistent with the trace concept (cf. Definition B.3) in the
one-sided spaces TW*P((2), whose functions may be weakly singular at the
other endpoint of the domain. Therefore, a Dirichlet boundary condition
could not (and should not) be assigned there. This is indeed the case as to
be seen in Section 4 and 5. Another type of widely used boundary condi-
tion for integer order PDEs is the Neumann (or natural) boundary condition
whose physical meaning is the prescribed normal flux. An interesting ques-
tion is what would be the ‘right’ fractional Neumann (or natural) boundary
condition. Since fractional differential operators are nonlocal, it is not clear
which fractional operator physically represents flux. In turn, that makes the
identification of the fractional Neumann boundary operator a delicate and
difficult task.

The goal of this subsection is to define a fractional Neumann (or natural)
boundary operator (and condition) and to show its consistency with the
fractional calculus of variations.

Definition 3.4. Let u: ) — R. Define the operator,
ENCy = FTFI0 | FDoy|P 2 £ Doy, (3.13)

called the left/right fractional Neumann boundary operator associated with
the fractional p-Laplacian iAg‘. When, p = 2, we write TN := TN,

Remark 3.4. (i) Specifically, when p =2 and Q = (a,b), we have
"N =TT TDY = (FIT D) (b),
TN =TT D% = (T DY) (a).

Similar to the trace concept in the space TH(Q), we again see a one-sided
concept of the fractional Neumann boundary operator that depends on the
direction of differentiation.

(i) Again, we see a mizring of the directions each operator is taken. For
example, in the left case, we take a right fractional integral on top of a left
fractional derivative. Moreover, unlike the integer order Neumann operator
which s defined by the normal derivative at the boundary, the fractional
version relies on a mixing of two fractional operators. Neumann boundary
conditions are referred to as natural boundary conditions because they are
embedded in and arise as natural consequences of the associated calculus of
variations problems. This point of view will be explained with details below.
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(iii) A natural question is whether the integration ‘undoes’ the differenti-
ation in (3.13). Since the order of integration does not match that of differ-
entiation, the orders do mot ‘cancel’ and we truly have a nonlocal operator
that is distinct from the trace operator.

The above definition of fractional Neumann boundary operators is moti-
vated by the following theorem.

Theorem 3.3. Suppose that

u = argmin j[Eg‘(v),
veTWap

then i/\/'g‘u =0 in the distributional sense.

Proof. The proof is similar to that of Proposition 3.1. It suffices to assume
that u is smooth due to the density property of *W®P-functions.

Let v € C*(Q). It follows by the minimizer assumption and taking the
first variation of iEg that

O:/ |EDuP2EDY% DY da
Q
TTv

1
— ’:I:Dau|p72:l:pau + :tllfavl dr
/Q (1 —a)gite

1 T
:/ ’:I:rDau|p—2:|:rDau <F(1 ) 1+Z) _|_$Il—oz’:I:fDozu|p—2:I:/Dauv/d:C
Q -« Ry

1 T
= / ]iDauV’_QiDau <F(1 )1+Z) + $Da|iDau|p_2iDauv dx
Q -« Ry

+ iT:FIl—a’irDau’p—QifDauiTv . :FT:FII—a’iDau‘p—QizDauiTU
= / A dz + FT T FD P> FDou* Ty
Q
=: / iA;‘uv dr + i/\/g‘u 0.
Q
Here we have used the following identity to obtain the second to last equality
v

1
/ |EDuP 2 =D (r(1)1+a> dx = FTF['0|FDo P2 =D T,
Q — Q) Ky

Hence, iA;‘u =0 and TN »u = 0 in the distributional sense. The proof is
complete.
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The above proof also infers the following useful result.

Corollary 3.2. There holds the following fractional Green’s identity for the
fractional p-Laplacian iAg‘ :

/ |EDu|P2EDYEDY dr = / iAz‘u ~vdx + jE./\/;f‘uj:T’U (3.14)
Q Q
when u and v are appropriately chosen.

Remark 3.5. (i) The validity of the above Green’s identity shows that both
the trace operator T and the fractional Neumann operator jE/\/g‘ are good
and natural generalizations of their integer counterparts, for the one-sided
fractional operators.

(i3) In the literature (cf. [18] and the references therein), TTEDY is also
defined as a fractional Neumann boundary condition by mimicking the integer
order operator. However, TT*D% = 0 is not equivalent to jE/\/;fju =0. To
see this point, set u = *I1% for ¢ > 0, then

:tNau . :tT:FII_a|iDaU’p_2:bDau — :I:T:FII—OéCp—l — Cp_liT/‘i;a -0
p- .

However, it follows from the FTwFC (cf. Theorem A.1) that TD% = c,
which implies that TT D% > 0. Hence, these two conditions are not equiv-
alent. Therefore, defining TT D% as a fractional Neumann boundary oper-
ator is inconsistent with the embedded natural boundary condition from the
fractional calculus of variations.

Here we see that in the same spirit as the fractional Laplacian, the frac-
tional Neumann boundary operator can be obtained via the calculus of
variations arguments. Moreover, prescribing a fractional Neumann bound-
ary condition for a given Euler-Lagrange (fractional differential) equation
is equivalent to considering a fractional calculus of variations problem with
the natural boundary condition. This equivalence may not be true for other
definitions of fractional Neumann boundary operators proposed in the liter-
ature.

4. FRACTIONAL CALCULUS OF VARIATIONS VIA DIRECT METHOD

In this section, we consider the general fractional calculus of variations
problem (1.6). Our goal is to establish the existence of minimizers under
some structure conditions on the density function L, using the direct
method (cf. [3, 5]).
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We first take a closer look at the meanings of the three subscripts on L, g .
The parameter p is obvious, which is an index inherited from the fractional
Sobolev space WP, The parameter § € [0,1] can be thought of as a
linear weight (or selector parameter) between the left and right fractional
derivatives. That is, 6 controls the symmetry of L, g » with respect to left and
right fractional differentiation. The last parameter A\ = 0 or 1 characterizes
the role of a zero order term of v. In particular, A = 0 indicates that L, g x
does not depend on v explicitly. Therefore, we may assume that L, \ has
the following form:

Ly ("D, "D, v,z) = L, ((1 — 0) "D, 0 D%, \v, z) (4.1)

for some function L, : R3 x Q — R. It is clear that if § € (0,1), then L,
depends on both “D*v and TD%v, but when 6 = 0 or 1, L,, depends only on
one of them. This situation leads to so-called one-sided 2a-order fractional
differential equations to which there is no integer order counterparts. We
also remark that the special case when § = 1/2, A =1, and L, depends on
~D% and TD%v indirectly via their arithmetic average D%v. That is,

prgv)\(_DO‘fU’ +Dav’ v, .T) = Lp (Dava v, CU) .

We shall consider this special case separately in Section 5.5 since it gives rise
to a fundamentally different problem.

In the remainder of this section, we shall study the existence of minimizers
to (1.6) under some suitable structure conditions on the Lagrangian (4.1).
Before stating such a result, we first prove a sufficient condition for L, g \ to
be weak lower semicontinuous; a familiar component from the study of the
Calculus of Variations (cf. [5, 3]).

Proposition 4.1. Assume that Ly : R3 x Q@ — R is smooth, bounded
from below, and convex in its first two arguments. Moreover, there exists
two smooth functions L;1),9,>\7 L;%,a,/\ :R? x Q = R such that

0

a—ale’g’A(*Dav, D%, v,x) = Lll)ﬂ,/\(fDav, v, ) (4.2)
0

a—LPﬂ,A(*D%, D%, v,x) = L2 5 (YD, v, z), (4.3)
a9 s

where %Lpﬁ’)\ (¢ = 1,2) stands for the partial derivative of Ly, g with re-
spect to the ith argument. Then the energy functional 5;9)\ 1s weakly lower
semicontinuous on Wg"f.
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Proof. Let {vy}32, C ngf and vy — v in ng’f and set
¢ = liminf &  (v).
k—o0
We want to show that &7y \ (v) < L.

Since vy — v, it follows that {v;}32, is a bounded sequence. Hence, there
exists M > 0 so that supHUkvagf < M. Passing to a subsequence, without
k il

relabeling, ¢ = klim & y(vx). By a precompactness result (cf. Lemma
—o0 7

B.1), Wy CC LP(Q). It follows that vy — v in LP(2). For yet another
subsequence, without relabeling, vy — v a.e. in ().

Fix € > 0. Since vy — v a.e. in §2, by Egorov’s theorem, there exists
Q. C Q so that [\ Q.| < € and vy, — v uniformly on .. Assume that
Q. C QL CQfor0<e <e. Define

Us:={zeQ: [v|+]| D]+ [TD| < 1/e}.

Then |Q\U:| — 0ase — 0. Set V. := Q.NU. and note that since |2\ Q| <
and |Q\ U| — 0 as € — 0, this implies that |2\ Vz| = 0 as ¢ — 0.

Recall that Ly » is bounded from below. Without loss of generality, we
assume Ly, g\ > 0; otherwise we repeat this argument for L, ) + C for
sufficiently large constant C' > 0. It follows from the convexity of Ly, g \ that

Epo (k) :/Lpﬁv\(_DaUkarDavk,vk,JU) dx
0
Z/ Ly o ("D, "D, vk, z) da
Ve

2/ Lyo ("D, "Dy, vk, ) dx
Ve

0
+/ 5 Looa ("D, DYy, vg, ) D (vp, — ) da
V. oa1
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—i—/ L;?G,A(_Do‘v,vk,x)_’l)o‘(vk —v)dz
Ve

* / L2 g2 (FD, v, 2) *D* (v, — ) da.
Ve
By the uniform convergence on V. C 2.,

lim Lyo ("D, D%, vy, x) dr = / Lyo ("D, D, v, x) de.

k—o0 V. o

Moreover, since
Ly g2 ("D, v, ) = L g \(TD%, v, z),
L?),G,A(+Dava Vg, T) —> L§797A(+D°‘v, v, )

uniformly on V. and *D%y, — D% in LP(Q) we have

k—o0

lim L}LQ)\(_DO‘U, Vg, ) (" D%y — D) dx =0,
V.

klim Li o ("D, v, 2) (TDYy, — D) dx = 0.
—>00 ”

Thus,

(= klggo Epor(v) > / Ly ("D, "D, v, x) dz Ve > 0.

Finally, it follows from the monotone convergence theorem that
‘> /QLP’Q’)\(DQ’U, D%, v, 2)dr = o (V)

This completes the proof. O

Remark 4.1. The structure conditions (4.2) and (4.3) imply that Ly g x
does not contain product terms of “D%v and TD%.

To ensure the existence of minimizers, we need the following assumption:
there exists ¢y > 0 and ¢; > 0 so that

Lyor("D%, D%, v, x) > %0 (\7130‘1}]7’ + |TD* P + |U\p) —cy. (4.4)

The above assumption ensures that the energy functional 5;“9 , satisfies the
following coercive condition:

Epor(v) = COHUHI;VEK)(Q) —a|Q. (4.5)

We now are ready to state and prove the desired existence theorem.
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Theorem 4.1. Assume that Ly, g » satisfies the conditions of Proposition 4.1
and the coercive condition (4.4). Then there exists u € oW,y which solves

problem (1.6).

Proof. Let
M:= inf &3,\(v).

veowg P ¥
Assume M < oo, otherwise, the assertion is trivially true. The coercivity
assumption also implies that M > —¢1|Q|. Choose a minimizing sequence
{ur}ie, C oWy such that £y (vk) — M as k — oo. It follows from the
coercivity assumption (4.4) that

¢
Epor(v) > 50 /g}(]‘DO‘vV’ + | TDY [P + \v]p) dx — 1|9 Vv e Ongf.
Since M < oo we have that ””k”ng’f < oo for every k.

/ <|_Davk\p + | D P + \Uk\p> dx < 0o VE > 1.
Q

Thus, {v}7° ; is a bounded sequence in ¢W,} and there exists a subsequence
{ok; 1321 C {ue}p, and a function u € ong’f such that vy, — u in Ongf.
We need to show that u € ¢W,7. It follows from the fact that oW, is
a closed subspace of ng ¥ and Mazur’s Theorem (cf. [5, 2]) that Ong Y is
weakly closed. Hence u € gW,'}.

Finally, since 51‘3‘9 ) is lower semicontinuous, then

Epo(u) < liminf &y, (vg) = M.

Thus,
Eppr(u) = argmin E7y \(v) = M.
UE()ng’f
The proof is complete. O

We conclude this section with the following remark.

Remark 4.2. The assumptions and techniques used to prove Proposition
4.1 and Theorem 4.1 are not sharp and can be relaxed in certain cases.

(i) If 0 € (0,1), then OWHO"’)I\) = Wg"P. In this case, we can assume only
that Ly g ("D, TD%,v,2) > co(| D[P + |TD|P) — c1|Q| and use the
fact that ;7% = 0 in W*P(Q) (c¢f. Proposition B.3) to apply directly the
fractional Poincaré inequality (B.11) in the proof of Theorem 4.1.



22 FRACTIONAL CALCULUS OF VARIATIONS

(i) If 0 = 0 or 1 and X\ = 0, then JW5 ¥ = *W5P(Q), and again, we can
relax the condition on the density function’ so that L, g x("D%v, "D, v, z) >
co (D[P + [TD|P) — 1] and use the fact that u € EWer(Q) to apply
the fractional Poincaré inequality (B.10) to prove the minimizing sequence
is bounded in EW*P(Q) in the proof of Theorem 4.1.

5. FRACTIONAL CALCULUS OF VARIATIONS VIA GALERKIN FORMULATION
In this section, we consider the fractional calculus of variations problem:

u = argmin &y 3 (v) (5.1)
UEQW;’f

with the following generalized p-energy density function:
1
Lypor ("D, D%, 0,2) = —((1 = 6)| "DwfP + 6] "D [’ + Aof?) — fu
p
(5.2)

for a suitably given function or functional f. We shall first derive the
Galerkin formulation and the Euler-Lagrange equation for the associated cal-
culus of variations problem (1.6). We then present a detailed well-posedness
and regularity analysis in the special case p = 2 for the problem with both
Dirichlet and Neumann boundary condition and various combinations of
and A via the Galerkin approach.

We note that it is easy to check the density function (5.2) satisfies the
assumptions of Proposition 4.1 and Theorem 4.1 for suitable f (including
L? functions) and therefore, the existence of a minimizer is settled for the
general case 1 < p < oo. However, our focus is to study this particular cal-
culus of variations problem via an equivalent Galerkin (or weak) formulation
in the case p = 2 for a weaker source function f. Such a Galerkin theory
will serve as a foundation for developing and analyzing efficient numerical
methods for these problems [9].

5.1. Euler-Lagrange Equation and Galerkin Formulation. Before we
study any well-posedness results for the problems (5.1), we first discuss the
associated Euler-Lagrange equation and the weak formulation.

Theorem 5.1. Let f € LI(Q) and assume that u is a minimizer of (5.1).
Then u satisfies, in the distributional sense, the following Euler-Lagrange
equation:

(1-0)"Aju+ 9+A;‘u + MulP~%u = f in Q. (5.3)
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Proof. Since the proof is essentially the same as that of Proposition 3.1,
we only highlight the main steps. Define the function ® : Ry — R by
®(t) = Eypp(u+ tv) for any v € C§°(£2). Since u is a minimizer of (5.1),
then ® takes its minimum value at ¢ = 0, Thus, ®'(0) = 0, which implies
that

/ ((1 — 0)| " Du|P2 "D D + 9\+D“u|p_2+Dau+D%) de  (5.4)
Q

+/)\|u|p_2uvdx:/fvdx.
Q Q

Integrating by parts and using the Fundamental Lemma of the Calculus of
Variations (cf. [3]) we conclude that w satisfies (5.3) in the distributional
sense. 0

Remark 5.1. (i) Accounting for the boundary conditions built into the en-
ergy space OWg‘f, the underlying fractional boundary value problem to prob-
lem (5.1) is
_ 4 -2 .
(1=0)"Aju+0TAju+ AufP™“u = f in Q, (5.5a)
(1—-6)"Tu=0, 6Tu=0. (5.5b)
Here we use the same notational conventions that are detailed in Remark

2.1.
(i) (5.4) is called a weak formulation of the boundary value problem (5.5).

With the connection between the variational problem and the fractional
boundary value problem established, we turn our attention to the special
case p = 2. In this case, we shall establish existence and uniqueness of
minimizers via the weak formulation. To the end, we define

ag(u,v) = /Q((l —0) D% D + §TDu D + Auv) dx, (5.6a)

F(v) ::/vadx (5.6b)

It is easy to see that ag(-,-) : OWGO"/\Q X OWOO"/\Q — R is a bilinear form and
F(): UWGO")\Z — R is a bounded linear functional for f € L2(Q).

We are now ready to state and prove the following equivalent theorem.
Proposition 5.1. Let u € owgf. Then u is a minimizer of (5.1) with
p =2 if and only if

aga(u,v) =F(v)  Yve Wy, (5.7)
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Proof. Assume that u € oW, f is a minimizer of (5.1), we define
O(t) = ESp\(u+tv) Vv e Wy
Then ® takes it minimum value at ¢ = 0. Hence, ®'(0) = 0, which yields

(5.7).
Conversely, suppose that u € OW(? f solves (5.7), it is easy to check that

1
Eggra(u+v) =EFp\(u) + iam(v, v) > E5g A (u)

for any v € Ong. Thus, u solves (5.1) with p = 2. The proof is complete.
O

Remark 5.2. (5.7) is called a weak formulation of the boundary value prob-
lem (5.6), which can be formally derived from (5.6) by an integration by parts
procedure after testing the differential equation with a function v € ¢W, /\2
This gives a precise meaning to the boundary value problem and to its solu-
tion.

5.2. Existence and Uniqueness. The goal of this subsection is to show
that there exists a unique solution to the variational problem (5.7) via the
well-known Lax-Milgram Theorem for each case of # € (0,1) and A = 0 or
1. Together with the results of Section 5.1, it proves that in the case p = 2,
there exists a unique u € OW; f which solves problem (5.1).

Proposition 5.2. There exists a unique solution u € 01/\/(‘9)"/\2 to problem
(5.7).

Proof. The idea of the proof is to utilize the Lax-Milgram Theorem. To the
end, we need to verify three conditions required by the theorem.

(i) ap, is bounded in Ong’f X OWQO‘,’)?: there exists M > 0 such that
o (w,v)] < Mljwllyyoelvlyee — Vw,ve Wi (5.8)
(ii) ag,y is coercive in OWg:’)\Z: there exists v > 0 such that
ag (v, v) > ’YHUH]Q/V;YAQ Ve Ongf. (5.9)

(iii) F is a bounded linear functional on oWj /\2 there exists C' > 0 such
that

[F()| < Cllollyez  Vve NA/AE (5.10)
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As the proof of each of these estimates depends on the solution space
OWGO‘ f and its associated norm, we separate the verification into subcases
when necessary.

To prove that ag (-, -) is bounded and coercive, consider the following
cases.

Case One: Let 0 € (0,1) and A = 0 or 1. In this case, 0)/\73’)\2 = H§(Q)
which is endowed with the norm 7

N|=

Iollig @) == (I D™ l3aq) + 17D l20)) "

The above norm is equivalent to the full Hf*-norm due to the fractional
Poincaré inequality (cf. Theorem B.1).
By Schwarz inequality we get

lag.(w,v)| =

/ (1—60)"D%w DY + T D*w D% + \wv dx
Q

< ™Dl 2 |7 D0l L2(0) + 7D W] 20y "D 0| L2
+llwl2@)llvll 2 @)
< wlag@llvlz©-
Hence, (5.8) holds with M = 1. Trivially,

aga(v,v) = /9(1 — 0)("D )% 4 0(TD )% 4+ P dx

> min{l — 6, 0}(H_DQUH%2(Q) + H+Dav||%2(9))
> min{1 — 6, 0}[|v]| %0 (q)-

Thus, (5.9) holds with v = min{1 — 6, 6}.
Lastly, the inequality (5.10) follows from an application of Schwarz and
fractional Poincaré inequality (cf. Theorem B.1) in H*(Q2) as follows:

/vad:n

where C), denotes the Poincaré constant.
Case Two: Let § = 0 or 1 and A = 1. In this case, we have OW(;I’)? =
+HE(Q) which is endowed with the norm

|F(v)] = < fllz2@lvllz2 () < Crllfllzz@) vl @)

10112 g0y = D0l T2y + 1011 2(0)-

It is easy to see that both (5.8) and (5.9) hold with M =1 and v = 1, and
(5.10) follows immediately from an application of Schwarz inequality.
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Case Three: 6 =0 or 1 and A = 0. We have OWg{f = jEHS‘(Q) and
lag.x(w,v)] < FDYW| 2 D 120y < 1w« g o 1v]l+ 15 (-

Thus, (5.8) hold with M = 1. To verify (5.9), we need to resort to the
fractional Poincaré inequality (cf. (B.10) to get

1 1
ag (v, v) = §HiDaU||%2(Q) + §||iDaUH%2(Q)
1 +a, |12 1 2 2
> 5” D UHLQ(Q) + TC%HUHLQ(Q) > 'VHUHng(Q)y

where v =  min{1, Cp*}.
Lastly, (5.10) holds for the same reason as in Case One. The proof is
complete. 0

As an immediate corollary of Propositions 5.1 and 5.2, we have the
Theorem 5.2. There exists a unique solution to problem (5.1) with p = 2.

Remark 5.3. The well-posedness results of this subsection can be extended
to inhomogeneous boundary conditions as well. In that case problem (5.1)
becomes

u = argmin 5y 5 (v)
vegW;’f
where gng’f ={ue ng’f :(1—0)"Tu=(1-0)g1, 07Tu = 0gs} for two
given real numbers g1 and ga. In the case 6 =0 or 1, the idea is to set

u(x) = up(z) + ug(x) :=ug + [(1 — 0)g1(b — x) + 0g2(x — a)](b — a) .

It can be shown that ug € QWZ")? for @ = 0 or 1). Then the problem is
reduced to finding ug which is the solution to a homogeneous problem.

5.3. Neumann Boundary Value Problems. In this subsection, we con-
sider if essential (Dirichlet) boundary conditions are not enforced in the
energy space for problem (5.1) (i.e. *Tu is left free) or * takes empty value
in problem (1.7). As already demonstrated in Theorem 3.3, this implies that
the homogeneous Neumann (or natural) boundary condition i/\/]f‘u =01is
imposed to the calculus of variations problem. Below we consider such proto-
typical fractional p-Poisson problems, especially, for p = 2. As in the integer
order case, much of the analysis of this problem follows in a similar man-
ner to that of its Dirichlet counterpart as presented in Sections 5.1 and 5.2.
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Therefore, we shall only highlight some of the consequences and differences
that emerge due to considering Neumann (natural) boundary conditions.

Formally, Neumann (natural) boundary value problems allow for more
freedom in their solutions than in Dirichlet (essential) boundary value prob-
lems since the traces of the solution functions do not have to be defined
in order for the Neumann boundary value(s) to be defined. For example,
if u € Wy¥, then D € L*(Q) and FI'~**FD% € C(Q). Therefore, the
mapping, ng’f — i./\/'g‘(V\/((;i’f), is well defined for any (a,p) € (0,1) x [1, o0].
Consequently, unlike the Dirichlet case, the restriction ap > 1 is not needed.
Moreover, in the integer order case, a Neumann boundary value problem
often requires a side-condition (or compatibility-condition) to ensure the
uniqueness of solutions. However, in the fractional order case, such a side-
condition is not needed.

Theorem 5.3. Assume that
u = argmin &7y 5 (v). (5.11)
vEW'Y
Then u satisfies equation (5.3) and the Neumann boundary conditions
(1—0)"Nyu=0, 0t Nou =0 (5.12)
in the distributional sense.

Proof. The validity of (5.3) can be proved in exactly the same way as in the
proof of Theorem 5.1 because that proof does not require the zero-boundary
condition of the assumed minimizer (in that problem). Similarly, using the
same techniques as in the proof of Theorem 3.3 we can show that u satisfies
the Neumann boundary conditions (5.12) in the distributional sense. i

Remark 5.4. (i) The associated fractional PDE problem to (5.11) is the
following fractional Neumann boundary value problem:

(1—60)"Afu+ 0T ASu+ AMufP*u = f in Q, (5.13a)

(1-0)"Nygu=0, 6"Nju=0. (5.13b)

(ii) Unlike the Dirichlet problem, the above Neumann boundary value prob-

lem may be well defined for any (o, p) € (0,1) x[1, 00] since we do not require
the function trace to exist; hence we need not require ap > 1.

It can be shown using the same techniques as in Sections 5.2 and 5.3 that
the Neumann boundary value problem is well-posed when p = 2. We skip
the proof and leave it to the interested reader. Moreover, we note that the
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well-posedness of the Neumann problem (5.11) with p = 2 does not require
a side-condition for uniqueness.

Proposition 5.3. u € Wg‘f is a solution of problem (5.11) if and only if u
satisfies

ag(u,v) = F(v)  YveWsy, (5.14)
where ag \(-,-) and F(-) are defined by (5.6).

Theorem 5.4. There exists a unique solution u € Weaf to problem (5.14).
Hence, problem (5.11) is well-posed with p = 2.

5.4. Calculus of Variations in the Riesz Fractional Derivative. In
this subsection, we consider fractional calculus of variations problems which
involve the Riesz fractional derivative *D%v.

1
NOEE /Q FD? + Auf2 dz — (f,v), (5.15)
for given f € (*H{(2))* and A =0 or 1.
Our goal here is to prove the well-posedness of the minimization problem

u = argmin &7, (v). (5.16)
verH(Q)

We note that the energy space is now the Riesz space *H{ (), which is
significantly different from the one-sided spaces TH§(2). We shall again
proceed by deriving an equivalent weak formulation and finishing the proof
by using Lax-Milgram theorem. To the end, we first define the bilinear form
a,x:“HE(Q) x *H§(Q) = R by

a; \(w,v) ::/ *D*w*D% + Auv dx,
Q

and the linear functional F'(v) = (f,v).
Theorem 5.5. Problem (5.16) has a unique solution v € *HE(Q).

Proof. We consider the cases A = 0 and 1 separately. If A = 1 and f €
(FH{(£2))*, it can be shown that a function u € *H{(2) solves (5.16) if and
only if it satisfies

az \(u,v) = (f,v) Vv € “Hg (). (5.17)

Moreover, it is easy to show that a, x(-,-) is bounded and coercive on
PHG(2) x *HG(2) and (f,-) is a bounded linear functional on *H§(€2) which
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is endowed with the norm ||u\|gHa(Q) = HUH%Q(Q) + ||ZD°‘u||%2(Q). By Lax-
Milgram theorem, we obtain the desired well-posedness.

If A = 0, the absence of the zero order term and the lack of a fractional
Poincaré inequality in the space *H{ (€2) causes a difficulty to establish the
coercivity of the bilinear form a, x(-,-) on *H{§(§2) with the norm given above.
To sidestep the difficulty, we appeal to Proposition B.4, which shows that
[*DY|| 2y = az7)\(v,v)% is in fact a norm in *H§(Q2) for a < 1. So we
endow the space “H{ (€2) with this bilinear-form induced norm and assume
that f € (*H{(2))*, the dual space of “H{(2) with the induced norm. The
boundedness of the bilinear form follows immediately from using Schwarz
inequality (with M = 1). Thus, the well-posedness follows again from an
application of Lax-Milgram theorem. U

Remark 5.5. (i) Although the above theorem ensures the well-posedness of
problem (5.16) in *H§(S2), in both cases A =0 and 1, the solution estimates
are slightly different as it is measured in different norms.

(i) Notice that (*HG(2))* € H=*(QQ) because HS(Q) C *H (). It fol-
lows from Theorem 5.5 that there exists a unique uy € *HG () that solves
(5.17) for a given f € (*H§(2))*. On the other hand, restricting the test
function v € HF(2) in (5.17) and repeating the proof we can show that
(5.17) has a unique solution iy € HE(2). We now show that uy = ty.
First, noticing that uy — iy = cky for some ¢ € R. It suffices to show that
¢ = 0. Second, since us, iy € L*(2), so does uy — iy € L*(Q). Finally, if
c# 0, |lup — g2 = lelll&g |l 2() = 0o, which contradicts the fact that
up — ay € L*(Q). Therefore, ¢ = 0 and uy = dy almost everywhere in Q.
Thus, uy in fact belongs to HE (2).

5.5. Some Regularity Results of One-sided Poisson Problems. In
this subsection, we examine regularities of one-sided Poisson problems. In
Section 3.2.2 we proved a related fractional Calderén-Zygmund type result.
In that case, we examined how the fractional Laplace operator is related to
differentiating twice in a single direction. In this subsection, we instead show
how the regularity of the data function f in (5.18) effects the regularity of
our weak solution. For our purpose, we restrict our attention to the case
p = 2. It has been shown in the previous sections that any u € *ng )\2 that
minimizes €5y \ is a weak solution of

(1—0) A%+ 0TA% + A= f in Q, (5.18a)
(1—0)("T or N*)u=0, 6("T or "N*)u=0. (5.18Db)
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Its weak formulation is given by (5.7) or (5.14). That is, find u € *Weaf
such that

aga(u,v) =F(v) VYve *Wg‘f (5.19)

On one hand, noting that if f € L?(f2), then there holds that ~A%u €
L2(2) and TA% € L?(2). On the other hand, unlike the integer order case,
we do not expect that u € TH?¥(Q) in general (cf. [8]) because each one-
sided fractional Laplacian involves one-sided derivatives in both directions,
instead of two derivatives in a single direction (cf. Proposition 3.4). In this
case, u and it’s left/right derivative live in different spaces relative to the
direction of differentiation as the next theorem shows. Due to the nature of
alternating directions in the fractional Laplacian(s) presented, we introduce
a new function space,

£8% = {u € LA(Q) : (FAY)"u € L2(Q)}, (5.20)

where (f*A®)" is understood as the composition of n fractional Laplace op-
erators.

Theorem 5.6. Let f € TSY UV for a given Sobolev space V' C L?(Q) and
u € TH(Q) be a weak solution of (5.18) for & = 0 or 1. If X\ = 1, then
ueESY . IfA=0, thenu € =82, | and *A®u e V.

Proof. Let g := f — Au. Since u is a weak solution, it must satisfy (5.19).
By the fact that C5°(Q2) C THY(Q), we get

/ D EDYp dx = / gp dx Vo e Cyo ().
Q Q

It follows from the definition of weak fractional derivatives (see Appendix
A) that TDY(¥DY) exists and equals g. If A =0, g = f € TS U V. Hence
A% € £82 UV, implying that u € iSﬁH. If A =1, if follows by the
assumption f € TS and a bootstrapping argument that u € ng_H. O

Remark 5.6. (i) In Theorem 5.6, one may consider the space V as T HP(Q)
or THP(Q) for any B > 0. Other spaces could be considered, but these are
the most natural selections.

(ii) The case A = 1 is clearly more delicate. We see that this case is,
in general, unaffected by the assumption f € V. This is due to the re-
striction that u places on boosting the reqularity. In this case, the order
in which the differing directions of differentiation are applied plays a major
role. For example, regardless of the assumptions on f, we cannot conclude
that A% € THY(Q) because in general TD may not exist.
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(iii) Theorem 5.6 is the fractional counterpart (or generalization) of the
well-known reqularity result for solutions to the integer Poisson equation.
Formally, Theorem 5.6 recovers the integer result when o — 1. Clearly, in
that case, things are simplified because there is no notion of direction built
into the derivative (or Sobolev space) definition(s).

(iv) The regularity in the case 6 € (0,1) cannot be proven in a similar way
and has not been well understood at this point.

Finally, we consider the regularity of solutions to the Riesz problem (5.16),
in which the zero-order term plays an important role.

Theorem 5.7. Let u be the unique weak solution to problem (5.16) with
A=1. If f € L*(Q), then *D% € *H*(Q).

Proof. By the definition of u we have

/ *Du*D dx = / (f — Au)vdz Vove CP(Q).
Q Q

It follows from Definition 1.1 that *D%(*D%u) = f — Au almost everywhere
in Q. Thus, *D% € *H*(Q). O

Remark 5.7. In the case A\ = 0, we only get that *D*(*D%) = f in
the distributional sense. Thus, *A%u exists as a distribution. However, we
cannot elevate the regularity due to the need for f € (*HG(2))* because our
lacking a fractional Poincaré inequality in the space * HE ().

6. CONCLUSION

In this paper we systematically studied one-dimensional pure calculus of
variations problems in the form of (1.6). Through these families of problems,
we introduced and studied new notions of one-sided fractional p-Laplacian(s)
and associated fractional Neumann boundary operators. Unlike any existing
definitions, these are understood through the weak fractional derivative (cf.
[7]) and are consistent with the variational structure. The existence of solu-
tions to (1.6) were proved via direct methods and the special case when p = 2
was proven to be well-posed via a Galerkin formulation. Each of these was
proven in the natural setting of newly developed fractional Sobolev spaces
(cf. [8]). Additionally, some regularity results were proven for the one-sided
problems.

It is expected that this work (and [7, 8]) will lay down a theoretical foun-
dation for developing efficient numerical methods for fractional calculus of
variations problems and related PDEs in the form (5.3). In particular, the
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inherited structure from the weak fractional derivative definition, the associ-
ated fractional Sobolev spaces, and the new families of fractional calculus of
variations problems, is expected to make the generalization of the numerical
calculus and its application to integer order PDEs found in [6] to a novel ap-
proach for fractional order problems. Moreover, we hope that this work will
also stimulate more research on and applications of the fractional calculus
of variations problems with more general energy functionals.

APPENDIX A. BASIC PROPERTIES OF WEAK FRACTIONAL DERIVATIVES

In this Appendix, we recall basic properties of weak fractional derivatives
presented in Definition 1.1 and refer the reader to [7] for the characterization
theorem(s) and their properties such as product and chain rules that are
necessary for a rich calculus.

It was proved in [7] that Definition 1.1 is well defined. Many basic proper-
ties of weak fractional derivatives hold, including linearity, semigroup rules,
and consistency with lower and higher order derivatives. Some properties,
such as semigroup rules, do not follow directly from the definition and are
nontrivial. We refer the interested reader to [7] for details.

Proposition A.1 (cf. [1]). Let 0 < o < 1 and Q = (a,b) C R. Then the
null space of the Riesz fractional derivative operator, D, is given by

N (*D®) = span{x% , K3,

Z1?
:= span {({L‘ — a)o‘/Q(b — :):)0‘/2_1, (x — a)o‘/Q_l(b — m)o‘/Q} )

Next, we cite the important Fundamental Theorem of weak Fractional Cal-
culus (FTwFC) for finite domains from the weak fractional calculus theory

(ct. [7)).

Theorem A.1. Let 0 < a < 1, p € [1,00], then for any u € LP((a,b)) with
D%, € LP((a,b)), there holds

u(x) = 7RG (z) + TIOED(x) (A.1)
for almost every x € (a,b) where

B “I'~u(a) 1o FIi=eu(b)

l-a . -

T T T

and
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Remark A.1l. It is not known whether the Riesz fractional derivative sat-
isfies a similar fundamental theorem of calculus. Lacking such a powerful
fundamental theorem is the main reason to make Riesz type problems diffi-
cult to analyze.

APPENDIX B. FRACTIONAL SOBOLEV SPACES

In this appendix we cite the basic definitions and properties of weak frac-
tional Sobolev spaces and refer the interested reader to [8] for the details
and the complete theory.

Definition B.1. For a > 0, let m := [a]. For 1 < p < oo, the left/right
fractional Sobolev space TW*P(Q) is defined by

EWor(Q) = {u € WP(Q) : D% € IP(Q)}, (B.1)

which are endowed respectively with the norms

1
(oo + 1ED2ulR))* 1< p<ox,

[ull£warq) = e .
[ullwm.oo ) + FDul| 100 () if p= o0.

(B.2)
Remark B.1. When 0 < a <1 (i.e., m=0) and 1 < p < oo, we have
FWer(Q) := {u € LP(Q) : TD € LP(Q)}

with the norm,

1
e (e 2 S L

In addition to the one-sided spaces TW®P(2), we also define so-called
symmetric fractional order Sobolev space as
W*P(Q) := “WP(Q) N TWP(Q), (B.3)

which is endowed with the norm
1
p P P .
T J {1 S ey if1<p<oo, gy
[[wll-waoe () + [[ull+waee @) if p = oo.

Below we cite several elementary properties of the spaces TW P and WP
and refer the interested reader to [8] for their proofs and the discussion of
other more advanced properties.

Proposition B.1.
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(i) For a >0, 1 < p < o0, |||[+ywaniq) and | - [werq) are norms on
EWeP(Q) and WP(Q) respectively,

(i) TW*P(Q) and WP(Q) are Banach spaces with these norms,

(iii) Endowed respectively with the inner products (u,v)y = (u,v) +
(D, TD%) , TW*2(Q) and W*2(Q) are Hilbert spaces. In this
case, we adopt the standard notations TH(Q) := TW*2(Q) and
H(Q) == We(Q),

(iv) EW*P(Q) and W*P(Q) are reflevive for 1 < p < oo and separable
for1 <p < oo.

Finally, we introduce the Riesz type fractional Sobolev spaces.

Definition B.2. For 0 < a < 1, 1 < p < oo, the Riesz fractional Sobolev
spaces *W*P(Q) are defined by

WP(Q) ={ue LP(Q): "D € LP(Q)}, (B.5)
which is endowed with the norm
Jall sy =l + 17Dl ) V. (5.6)
Moreover, “H*(Q) := *W*2(Q) is endowed with the inner product
(u,v); 1= (u,v)2(q) + ("D, "Dv) 2105 (B.7)

It is easy to check that *W*P(Q) is a Banach space and *H*(Q2) is a Hilbert
space.

Another concept that plays a crucial role in our study is that of function
traces. Unlike integer order spaces, the trace concept is one-sided and direc-
tion dependent in the fractional Sobolev spaces TW®P(Q). This is a unique
property of these spaces which have major impacts in the types of boundary
conditions we can consider for one-sided fractional differential equations and
the calculus of variations problems.

Definition B.3. We define trace operator T : “W*P((a,b)) — R by
“Tu = "Tul|z—p := u(b) and define trace operator T : TW*P((a,b)) — R
by TTu = TTu|p—q := u(a).

Remark B.2. We note that the above trace concept is a consequence of
a compact embedding result for one-sided spaces TWeP. It can be shown
that when c_fc_o‘ = 0, functions have trace values at both ends of the do-
main/interval. Such a characteristic forces us to consider additional frac-

tional Sobolev spaces.
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Definition B.4. Define the following space

FWOr(Q) == {u e TWP(Q) : L =0} (B.8)
with the traditional notation TH*(Q) := TW*2(Q).
Definition B.5. Let 0 < a < 1 and 1 < p < oo. Suppose that ap > 1.
Define

FWEP(Q) == {u € FW*P(Q) : ¥Tu =0},
WP (Q) :={ue W*(Q): Tu=0 and "Tu=0}.

Proposition B.2. Let1 < p < co andu € TWP(Q). Then [ull£wearq) =

1EDul| 1oy defines a norm on WP (Q). Similarly,
]]uHinp(Q) = ||:|:DauHLp(Q) defines a norm.

Proposition B.3. If u € WP, then TT 1% = T 1% = 0. That is,

l-a _ 11—« __
g T =c =0.

Remark B.3. Proposition B.3 ensures us that W™ () = WP (). There-
fore, we do not differentiate these two spaces in the way we do for one-sided
spaces.

A final set of results below will play a pivotal roll in proving well-posedness
in Section 5. The first one is a fractional Poincaré inequality.

Theorem B.1. Fractional Poincaré Inequality: Let 0 < a <1 and 1 <p <
00. Then there exists a constant C' = C(a, Q) > 0 such that

hi— Aok ey < CI*D Ul Yue *Wer(@)  (BY)
and
lulle) < CIIFD* Ul o) Vu € *WP(Q). (B.10)
Moreover,
lull o) < C (7Pl oy + 17Dl o))  Yu € WHP(Q).  (B.11)
Proposition B.4. ||*D%u| 1»(q) defines a norm on *WP(Q) if (2—a)p > 2.

Proof. We need only check that if [[*DYul|z»() = 0, then v = 0. That is, we
must show that if (2 — a)p > 2, then N (*D%) = {0}. By Proposition A.1,
we know that in general,

N(zDa) — {(JI - a)a/Z(b - m)a/271’ (.73 o a)a/Qfl(b - x)a/2} )
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Then see that for any ¢ € (a,b),
b b
/ (2 — a)*P/2(b— 2) @27 dg > (¢ — a)*P/? / (b — z)( /2= VP gy

where the lower bound is unbounded under the assumption (2 — a)p > 2.
The calculation for (z —a)®/?~1(b — )*/? is similar. Hence, if (2 — a)p > 2,
then N (*D%) = {0}. This completes the proof. O

Remark B.4. In the particular case p = 2, we have that ||*D%u||p2(q) de-
fines a norm on the space *H*(£).

Finally, we have a precompactness result essential for our study of the
direct method in the Fractional Calculus of Variations in Section 4.
Lemma B.1. If {u;}32; C EWEP(Q) (or WP(R)) is bounded, then it is
precompact in LP(Q).

Proof. We prove the result for {u;}32, C EWP(Q). The result for
{u;}52, C WP (Q) follows similarly.
By assumption, there exists M > 0 finite so that
sup | ([ wan(@) < M. (B.12)
J
Consider the sequence of mollified functions {u7} and we claim that u — u;
in LP(Q) uniformly in j. See that
||U§ - Uj||Lp(Q) < HUEHLP(Q) + ||uj||LP(Q)
< 1M ll oo (@ 1wl £ (82) + [Jwg || o ()
< Cllugll e
<C
since u; is a bounded sequence in LP(€2). Therefore, u5 — u; in LP(Q2) as
¢ — 0 uniformly in j.

Next, for each fixed € > 0, the sequence {uj} is uniformly bounded and
equicontinuous. To see this, we estimate for z € Q

C
U5 ()] < |1nell oo () |l ) < ;IIUjlle(m < o0
and
=D (2)] = [ne * “D%]

< |mell oo () D ws || 1 (@)
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C
< ;HiDanHLP(Q) < o0.

Thus {u} is uniformly bounded and these estimates also gives us the equi-
continuity.

Now, fix § > 0. We will show that there exists a subsequence {u;,, } C {u;}
such that limsup [|u;,, — w;, ||Lr(@) < d. Select € > 0 so that

0

|4 = ujllpro) < 3

for any j by the uniformity in j. Since {uj} is uniformly bounded in j and
uniformly equicontinuous in j, it follows by Arzela-Ascoli theorem that there
exists {uj } C {uj} so that

limsup [|uS, — S || o) = 0.
Then
limsup ||ug,, — wj, || zr(0)

<M, = 45, ey + 1145, — 45, [zee) + 145, — i llLr )
< 0.

Finally, for 6 = 1,1/2,1/3,... via a diagonalization argument, we extract
a subsequence {u;, }72, C {u;}72, satisfying

limsup [|uj, — uj, || r(q) = 0.
kf—00

Therefore, {u;,} is Cauchy in LP(£2). Since this is a Banach space, there
exists u € LP(2) so that uj, — u in LP(€2). This completes the proof. O
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