COMMUN. MATH. SCI. (© 2019 International Press
Vol. 17, No. 2, pp. 447-471

FUNDAMENTAL GAPS OF
THE FRACTIONAL SCHRODINGER OPERATOR*

WEIZHU BAO', XINRAN RUAN?, JIE SHENS, AND CHANGTAO SHENGY

Abstract. We study asymptotically and numerically the fundamental gap — the difference between
the first two smallest (and distinct) eigenvalues — of the fractional Schrédinger operator (FSO) and for-
mulate a gap conjecture on the fundamental gap of the FSO. We begin with an introduction of the FSO
on bounded domains with homogeneous Dirichlet boundary conditions, while the fractional Laplacian
operator defined either via the local fractional Laplacian (i.e. via the eigenfunction decomposition of the
Laplacian operator) or via the classical fractional Laplacian (i.e. zero extension of the eigenfunctions
outside the bounded domains and then via the Fourier transform). For the FSO on bounded domains
with either the local fractional Laplacian or the classical fractional Laplacian, we obtain the fundamen-
tal gap of the FSO analytically on simple geometry without potential and numerically on complicated
geometries and/or with different convex potentials. Based on the asymptotic and extensive numerical
results, a gap conjecture on the fundamental gap of the FSO is formulated. Surprisingly, for two and
higher dimensions, the lower bound of the fundamental gap depends not only on the diameter of the
domain, but also the diameter of the largest inscribed ball of the domain, which is completely different
from the case of the Schrodinger operator. Extensions of these results for the FSO in the whole space
and on bounded domains with periodic boundary conditions are presented.

Keywords. Fractional Schrodinger operator; fundamental gap; gap conjecture; local fractional
Laplacian; classical fractional Laplacian; homogeneous Dirichlet boundary condition; periodic boundary
condition.
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1. Introduction
Consider the fractional Schrédinger operator (FSO) in n-dimensions (n =
1,2,3)

Lrso u(x) := [(—A)% + V(x)] u(x), x € R", (1.1)

where a € (0,2], V(x) is a given real-valued function and the fractional Laplacian
operator (—A)? is defined via the Fourier transform (see [15,23] and references therein)
as

(=A)Zu(x) = F (k| (Fu)(k)), x,k € R, (1.2)

with 7 and F~! the Fourier transform and inverse Fourier transform, respectively.
Obviously when o = 2, (1.1) becomes the (classical) Schrodinger operator. When n = 2
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and a = 1, it is related to the square-root Laplacian operator which is used for the
Coulumb interaction and dipole-dipole interaction in two dimensions (2D) [7,9,18]. In
fact, the Schrodinger equation governed by the Schrédinger operator can be interpreted
via the Feynman path integral approach over Brownian-like quantum paths [25, 26].
When the method is generalized to be over the Lévy-like quantum mechanic path, Nick
Laskin derived the fractional Schrédinger equation, where the Schrodinger operator is
replaced by the fractional one [34-36], i.e. Lrso. And the new model derived lays the
foundation of the fractional quantum mechanics.

It can be shown that, with Definition (1.2), lim,_,o- (—=A)*/?u = —Au and
limg_,o+ (—A)*/?u = u [23,38,41,48]. The above definition is easy to understand and
useful for problems defined in the whole space. However, it is hard to get local estimates
from (1.2). An alternative way to define ( A)? is through the principal value integral
(see [15-17,42] and references therein)

(—A)%u(x C"“/R |X |n+a v,  xER", (1.3)

where C), » is a constant whose value can be computed explicitly as

2°T(n/2 + «/2) al'(n/2 + «/2)
Cno= = . (1.4)
' /2|0 (- /2)| 217 oqn/20(1 — «/2)
It is easy to verify that C), o &~ 0‘;52//22) asa — 0T and C), o, & "1;(7?/22) (2—a)asa — 2.

The Definition (1.3) is most useful to study local properties and it is equivalent to the
Definition (1.2) if u(x) is smooth enough [15,23].

In this paper, we are interested in the eigenvalues of the FSO, i.e. find £ € R and
a complex-valued function ¢ := ¢(x) such that

Lrso ¢(x) = [(-A)® +V(x)] (x) = E¢(x), x€R", (1.5)

especially the difference between the first two smallest eigenvalues — the fundamental
gap. For simplicity of notations and without loss of generality, we assume that V' (x)
is non-negative and is taken such that the first two smallest eigenvalues of (1.5) are
distinct, i.e. the eigenvalues of (1.5) satisfy 0 < Ey := Ej(a) < Ep = Ey(a) <

--. Assume that (bga) and gbga) are the corresponding eigenfunctions of E; and Es,
respectively, then the first two smallest eigenvalues can be computed via the Rayleigh
quotients as

E() () .
e PO

E() ()

Ei(a) = min —_
w0, (u,0{*))=0 flull?

i 1.
iy .

where
|lu||? := /n lu(x)]? dx, (u,v):= /n u(x)*v(x) dx,
B (u) = / [0 (=) 2 + VOO 0] dx
= /n k|« |(]~"u)(k)|2dk+/Rn V(x)|u(x)|? dx, (1.7)

with f* denoting the complex conjugate of f. Since we are mainly interested in the
first two eigenvalues and their difference, without loss generality and for simplicity of
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notations, we will take (bga) and gbga) as real-valued functions satisfying that gbga) is

non-negative and both are normalized to 1, i.e. ||¢1a)|| = H(béO‘)H = 1. Then the first
two eigenvalues can also be computed as

Ei(a) = B @) Ex) = (). (18)
The fundamental gap of the FSO (1.1) is defined as
5(a) := Ey(a) — By(a) = E@ (@) — E@ (™) >0, 0<a<2. (1.9)

Let © C R™ be a bounded and open domain. When a = 2 and V,(x) := V(x)|q €
L?(Q) and V(x) = +oo for x € Q¢ := R™"\Q, the time-independent Schrédinger Equa-
tion (1.5) is reduced to

[FA+ VLX) o(x) = Ao(x),  x€Q, (1.10)

p(x) =0, x el :=00Q. '
When V,, (x) > 0 for x € , all eigenvalues of the eigenvalue problem (1.10) are distinct
and positive and their corresponding eigenfunctions are orthogonal and they form a
complete basis of L%(£2). In this case, based on analytical results for simple geometry and
numerical results, a Gap Conjecture on the fundamental gap of (1.10) was formulated
as [3,4,47]: For any convex domain ) and convex potential V,(x), one has

2
5= 6(2) > T

> T (1.11)

where D and d are the diameter of 2 and the diameter of the largest inscribed ball of
Q, respectively, defined as (see Figure 1.1)

D:= max |x—y|, d:=supsup {r >0 By(x):={y||x—y|<r}cC Q} (1.12)
xeN

x,y€eQ
dJ D
D=d
A
14 N\
PN 'Y L

FIGURE 1.1. Illustration of diameters d and D in 1D (left) and 2D (right).

This gap conjecture was rigorously proved by Andrews and Clutterbuck [2]. The
lower bound of the fundamental gaps depends only on the diameter of the domains
and is independent of the external potential V(x) and the different shapes of Q. It
is noted that the gap conjecture links the algebraic property (i.e. the difference of
the first two eigenvalues of the Schrédinger operator) with the geometric property of
the bounded domain € (i.e. its diameter). Extension of the gap conjecture to the
Schrodinger operator in the whole space with a harmonic-type potential, i.e. (1.1) with
a = 2, was also given in [2]. Recently, we generalized the gap conjecture to the Gross-
Pitaevskii equation (GPE) (or the nonlinear Schrédinger equation with cubic repulsive
interaction) [11].
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The Definition (1.2) (or (1.3)) is usually called as the (classical) fractional Laplacian
(see, for instance, [15-17,23,42] and references therein). In the literature [12,14,19,49]
and references therein, there is another way — local fractional Laplacian denoted as
Ale/2) _ o define the fractional Laplacian via the spectral decomposition of Laplacian
[12,14,49]. To be more specific, for a bounded domain Q C R™, let Ay and upy, (m € N%)
be the eigenvalues and corresponding eigenfunctions of the Laplacian operator —A on
with the homogeneous Dirichlet boundary condition, i.e. (1.10) with V,,(x) = 0. Then
for any o € (0,2) and ¢(x) € H(Q) with
o(x) = Z (m Um (X), x €, (1.13)

meNd

we define the operator A(®/2) in the following way
ACDG(x) = > am A um(x),  x €. (1.14)

meNd

Comparison between the local fractional Laplacian operator A(®/2) via (1.14) and the
classical fractional Laplacian operator (—A)% via (1.2) (or (1.3)) with zero extension
on Q¢ can be found in [42]. When « = 2, both definitions are the same. However, when
0 < a < 2, they are quite different. One main difference is that the eigenfunctions
of A®/2) are smooth inside © while the eigenfunctions of (—A)3 are C%* for some
s € (0,1). And this Holder regularity is optimal [42]. Then on the bounded domain
Q, for ¢ € HL(2), one can define the local fractional Schrédinger operator (local
FSO) via the local fractional Laplacian as

Lioe 6(x) 1= [A<a/2> TV, (0] ox),  xeq. (1.15)
Similarly, the fundamental gap of the local FSO (1.15) is denoted as
Sloc(@) 1= Aa(a) — A1 () > 0, 0<a<2 (1.16)

where 0 < Aj(a) < Az2(e) are the first two smallest eigenvalues of the local FSO (1.15).

Due to the nonlocal property of the FSO, it is very challenging to study mathe-
matically and numerically the eigenvalue problem (1.5) [30]. In one dimension (1D),
some estimates and asymptotic approximations of eigenvalues of the FSO without po-
tential (i.e. V(x) = 0) have been derived (see [6,20,22,32,33] and references therein).
In particular, a lower bound is proved for the fundamental gap of the Dirichlet frac-
tional Laplacian on an arbitrary bounded open set [32]. Tt is noteworthy that Duo and
Zhang [24] introduced a finite difference scheme to solve the eigenvalue problems related
to FSO in 1D. Nevertheless, to the best of our knowledge, not much is available about
the numerical method for (1.5) in multi-dimensions. The main purpose of this paper
is to study asymptotically and numerically the fundamental gap §(«) of the FSO (1.5)
on bounded domains €, i.e. the potential V(x) = 400 for x € Q°, and djoc() of the
local FSO (1.15). Based on our asymptotic results and extensive numerical results, we
propose the following:

Gap Conjecture I (Fundamental gaps of FSO on bounded domain with homoge-
neous Dirichlet boundary conditions) Suppose € is a bounded convexr domain and Vo (x)
18 convexr and non-negative.
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(i) For the fundamental gap of the local FSO (1.15), we have

@*—D=r* n—=1
Oloc () > Dol goa ’ 0<a<2. (1.17)
2(n+3)1-2/2 "D? n=23

(i1) For the fundamental gap of the (classical) FSO (1.1), we have

3ar® d*«

>
5(a) = 2(”"’3)170‘/2 D2 9

0<a<2,n=1,23. (1.18)

In addition, we also propose a gap conjecture for the FSO (1.1) in the whole space.

The paper is organized as follows. In Section 2, we study asymptotically and numer-
ically the fundamental gaps of the local FSO (1.15) and formulate the gap conjecture
(1.17). Similar results for the (classical) FSO (1.1) on bounded domains with homo-
geneous Dirichlet boundary conditions are presented in Section 3. In Section 4, we
study asymptotically and numerically the fundamental gaps of the FSO (1.1) in the
whole space and formulate a gap conjecture. Again, similar results for the FSO (1.1) on
bounded domains with periodic boundary conditions are presented in Section 5. Finally,
some conclusions are drawn in Section 6.

2. The fundamental gaps of the local FSO (1.15)
Consider the eigenvalue problem generated by the local FSO (1.15)

Lioe d(x) := | A©/2) 1y, (x)} 6(x) = Ap(x), xeQ,
o(x) =0, x eI':=00.

(2.1)

We will investigate asymptotically and numerically the first two smallest eigenvalues
and their corresponding eigenfunctions of (2.1) and then formulate the gap conjecture
(1.17).

2.1. Scaling property. Introduce

~ X ~ ~ ~ o ~ o« [e% d
X=75 Q={x|x=Dxe€Q}, V,(X) =DV, (x) = DV, (Dx), x € Q, (2.2)

and consider the re-scaled eigenvalue problem
(2.3)

where A(®/2) is defined as (1.14) with Q replaced by Q, then we have

LEMMA 2.1. Let X be an eigenvalue of (2.1) and ¢ = ¢(x) is the corresponding
eigenfunction, then X = DX is an eigenvalue of (2.3) and ¢ := ¢(X) = p(DX) = ¢(x)
1s the corresponding eigenfunction, which immediately imply the scaling property on the
fundamental gap 010c(c) of (2.1) as

610(:(04) =

0<a<?2, (2.4)

where Sloc(a) is the fundamental gap of (2.3) with the diameter of O as 1.
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Proof. Assume A\, be an eigenvalue of (1.10) with Vo (x) = 0 and um(x) be the
corresponding eigenfunction, i.e. um(x) € HE(Q) satisfies

—Alum (X) = Amum(x), x € Q. (2.5)
It is easy to see that
Al (%) = D*Amiim(X) = Amim(X), %€, (2.6)

where Am = D?Ap. Then for any ¢(X) € H}(Q), recalling the definition of the local
fractional Laplacian (1.14), we get

a/2 Z U /\Oc/2 Um(X) = D™ Z i (D2)\m)a/2 U (%)
meNd meNd
=D ¢ Z Gm (:\m)a/Q Um(X) = D*acjl(oe/Z)¢~)(5{)7 x€Q. (2.7)
meN?

Plugging (2.7) into (2.1), noticing (2.3), we get
ANG(E) = Ao(x) = [A) 4V, ()] 6(x) = [D77 A 4V, (D%)] 4(%)
—pe [[ﬂa/?) + DV, (Di)} $(%) = D@ [[ﬂa/?) +V (sc)} 3(%), (2.8)

where x €  and % € Q, which immediately implies that ¢( ) is an eigenfunction of the
operator A(*/2) 4 V (% ) with the eigenvalue A = D\, |

From this scaling property, in our asymptotic analysis and numerical simulation,
we need only consider €2 whose diameter is 1 in (2.1).

2.2. Asymptotic results for simple geometry. Take Q = H?Zl(O,Lj) and
V,(x) = 0 in (2.1). Without loss of generality, we assume Ly > Lo > ... > L, > 0.
In this case, the first two smallest eigenvalues and their corresponding eigenfunctions of
—A can be chosen explicitly as [8,10]

A _iF_Q b1( _2n/2n o (T Q
1= L 1(x) = Hsm . ) X €,
— " J

= o (2.9)
472 ~ e . (21 T . [Ty '
=77 ZL_ pa(x) = 2" sm( 7 )HSHI(T)'

1 1 =2 J

By using the definition of the local FSO, we can obtain the first two smallest eigenvalues
and the fundamental gap in this case as

/2 a/2
" 472 " 2
j=1 "7 =27
Oloc (@) = Aa(a) — A1 (), 0<a<?2.
Formally, when n = 2,3, let La,...,L, — 0% in (2.10), we have the diameter

no o2\1/2
D — L and v:= (ijz %) — +00. When o = 2,

372 32

e(2) = = > 2 >0, (2.11)
oc L% D2
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i.e. the fundamental gap is independent of the shape of the geometry and it only depends
on the diameter D of 2. On the contrary, when 0 < o < 2,

4_7T2 a/2 7T2 a/2
Oloc (@) = (V2 + —) - (V2 + —)
oc L% L%

47T2 O‘/2 7-(2 04/2
N 1 _ — 1 [
v ( WL%) ( WL%)

- av® 1 32
2 (1482 0218
3am?
——— >0, 0<a<?2, 2.12
= L% VQ*O‘ « ( )

where 0 < ¢ € [72/(V2L?),47%/(v2L?)]. In this case, the lower bound of the fundamental
gap depends not only on the diameter D of 2 but also on another geometry quantity.
By looking carefully at (2.12), we find that the diameter of the largest inscribed ball of
Q, i.e. d, seems to be a good choice since its ratio with the diameter D can be used
to measure whether the domain degenerates from n dimensions to lower dimensions.
Based on these observations, we have the following lemma.

LEMMA 2.2, For Q = [[;_,(0, L;) satisfying Ly > Lz > ... > L, > 0 and V,(x) =0
in (2.1), we have the following lower bound of the fundamental gaps of the local FSO in
(2.1)

(2% —1)r® n—1
610(;(04) 2 g;jﬂ,a ’ 42—« ’ 0 < « S 2, (2.13)
3(ni3)l-a/2 D2 ° n=2,73,

where D = 1/Z:?ZI L? is the diameter of Q2 and d = L,, is the diameter of the largest

inscribed ball in €.
Proof. When n = 1, noticing D = L; and (2.10) with n = 1, we have

Sroc () = Aa(@) — Ap(a) = (41%2)&/2 - (Z_Z)a/g

(20 — D)re (20— 11)7r°‘

= = , 0<a<2. 2.14
LS Do ‘= (2.14)
Thus (2.13) is proved when n = 1.
When n = 2,3, noticing (2.10), we have
a/2 a/2

472 " 2 w2 " 2
(S]OC(CY): ?—FZP - ﬁ—’—zﬁ y O<Oé§2 (215)

T =277 T j=2"

We will first prove that

47?2 (n—1)m? /2 72 (n—1)r? /2
S1oc(@) > <ﬁ + T) - <ﬁ + T) : 0<a<2 (2.16)
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In order to do so, we consider two functions

a/2 2 a/2
Fla;0) = (4i+c2> - (%Jrc?) . >0,

(fL' + A)a/2 ,

(2.17)

g(x;A,B) = (x+ A+ B)** -
where 0 < <2, C € Rand A, B > 0. A direct computation shows that d —f(z;C) <
and -4 =g(x; A, B) <0 for x > 0, which means that f(x;C) and g(x; A B) are monoton-
1ca11y decreasmg functions. When n = 2, it is easy to check that d = Ly and D > L.
Noticing f(D;n/d) < f(Ly;7/d), we immediately obtain (2.16) when n = 2. When
n =3, noting d= L3 < Ly < Lyand D > Ly > Ly > L3, we get

a2 x2  n2? a/2 a2 a2 2 a/2
)=\ T EAVZRE -

)

- 7T2'7T2+7T2 3T

372
L3

<7T2 7T2+7T2 372
=9\ 73572 T 737 732
L3’ LY L3 L3

+

472 272 /2 w2 22 /2 \/_7r \/_71'
1 1
472 272 a/2 2 27 /2
= (ﬁ d—z) - (ﬁ*?) . O<as? (2.18)

which proves (2.16) when n = 3.
When n = 2,3, noting (2.16), we get

o) <
jiSs

472

Oloc(a) = (D2

((n—l

(n - 1)7? o/2
2

2\ @/2 . 1
B n—1

()

(n— 1)72 d\’

= =7 — 0 <2 2.19
("F") " meyargees (p) - 0<esz @
where the last equation is due to the mean value theorem with £ € [—< L - (%) , nfl (%)2]
C [0,-%;]. Noting that W is a decreasing function when ¢ > 0 and taking
&= % in (2.19), we obtain the result (2.13) for n = 2, 3. 0

REMARK 2.1. When n =1, noting d = D = L, we have

(2% — 1)7® _ 3an™ d*=@

5loc(a) Z Da - 23—o¢ D2 5 0< « S 2. (220)

Combining (2.20) and (2.13) with n = 2,3, we have a unified local bound of the funda-
mental gap of the local FSO as

« d27a
Sroe(a) > 3am

2 ey 3R D2 O<a<2, 1<n<3.

(2.21)

Of course, the lower bound is not sharp when n = 1.
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2.3. Numerical results for complicated geometry and/or general poten-
tials.  When Q is a complicated domain and/or V,,(x) # 0 in (2.1), it is not generally
possible to find the first two smallest eigenvalues explicitly. However, we can always
compute numerically the first two smallest eigenvalues and their gap of (2.1) under a
given bounded convex domain 2 and a convex real-valued function V,,(x). Some numer-
ical methods for local fractional Laplacian have been proposed in the literature, e.g., a
matrix representation of local fractional Laplacian operator based on a finite difference
method is presented in [28,29]; Fourier spectral methods for solving local fractional
Laplacian can be found in e.g., [1,13]. Recently, Sheng et al. [45] proposed a Fourier-
ization (see also [43,44]) of Legendre-Galerkin method for PDEs with local fractional
Laplacian. The method retains the simplicity of Fourier method but is applicable to
problems with non-periodic boundary conditions. In this paper, we adopt this method
to numerically compute the first two smallest eigenvalues of (2.1).

30 — 40
- = Vo(z) =2%/2
lower bound in (2.13) 35} o Vo(z) =52t + 22+ 7 72
25} 1 0 Vo(z) = 502 + 422 +7 ’
30l lower bound in (2.13) 6’ 0
s 20+ ’
=
o
fa) 15+

FIGURE 2.1. Comparison of the lower bound in (2.13) (solid line) and numerical results (dashed
lines) for the fundamental gap Soc() of the local FSO (2.1) withn =1, Q = (0,1) and V,, (z) = 2%/2
(left) or other different convex potentials (right).

60 T 80 T
-o d=1/V2 ’ -o-d=1 s
sol |- 4= 15 A 70F|-6- d=1/2 /7
-6 d=1/V17 ) -6 d=1/5 /
——lower bound in (2.13) 1 60 | |—lower bound in (2.13) /I 1
. 407 D] 0.1 o
3 01— = o 5 %0f Rt /
= ] ;s =
é 3 , 4
N #oow "o neop o5 P e s
= =z
= =

FIGURE 2.2. Comparison of the lower bound in (2.13) (solid line) and numerical results (dashed
lines) for the fundamental gap S1oc(c) of the local FSO (2.1) withn = 2, Vi, (z,y) = (224+y?)/2 and Q =
(0,d) x (0, V1 — d2) under different 0 < d < 1 (left); and V,, (z,y) =0 and Q = {(x,y) | 22 +y%/d®> < 1}
with different 0 < d < 1 (right).

Figure 2.1 shows the numerical results on the fundamental gap djoc(cr) of (2.1)
when n =1, = (0, 1) and different external potentials V;, (z). Figure 2.2 shows similar
results when n = 2, V, (z,y) = (22 + y?)/2 and Q = (0,d) x (0,+/1 — d?) with different
0<d<1;and V,(z,y) =0 and Q = {(z,y) | 2% +y?/d*> < 1} with different 0 < d < 1.
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Based on our asymptotic results in the previous subsection and numerical results
in Figures 2.1 & 2.2 as well as extensive more numerical results which draw a similar
conclusion and thus are not shown here for brevity, we are confident to formulate the
gap conjecture (1.17) for the local FSO (1.15).

3. The fundamental gaps of the FSO (1.1) on bounded domains
Consider the eigenvalue problem generated by the FSO (1.1)

Lyso ¢(x) == [(=A)? +V,(x)] ¢(x) = E ¢(x), x €4,
(x) =0, x € Q°.

In fact, if ¢(x) is an eigenfunction normalized as

Joll?s= [ 1o dx = [ ool ax = 1. )

then the corresponding eigenvalue 2 > 0 can also be computed as
Bi=500) = [ (0607 (<A)/20(x) + Vi ()0 dx
= [l s [V jo P dx (33)

where ¢ = (;g(k) is the Fourier transform of ¢ := ¢(x). We will investigate asymp-
totically and numerically the first two smallest eigenvalues and their corresponding
eigenfunctions of (3.1) and then formulate the gap conjecture (1.18).

3.1. Scaling property. Under the transformation (2.2), consider the re-scaled
eigenvalue problem

Lrso 9(%) = |(-A)F + V,(®0)] 6(%) = Bo(x). %€,
¢<>—o e,

(3.4)

Then we have

LEMMA 3.1. Let E be an eigenvalue of (3.1) and ¢ := ¢(x) is the corresponding
eigenfunction, then E = D*FE is an eigenvalue of (3.4) and ¢ := ¢(X) = ¢(DX) = ¢(x)
is the corresponding eigenfunction, which immediately imply the scaling property on the
fundamental gap 6(«) of (3.1) as

5(c)

5) = 52,

0<a<?2, (3.5)

where 6(a) is the fundamental gap of (3.4) with the diameter of Q as 1.

Proof. From (1.3), a direct computation implies the scaling property of the
fractional Laplacian operator

Al e, [ G =00) [ 6D~ (D)
AT = Cne [ e W7 e [ Tox Dy
=D Cpa o) —9ly) dy = D™ (=A)*/?24(%), x€Q, x€ Q.

re X =yt

(3.6)
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Noticing
p(x) =0, xeQ° — p(x) =0, xeQ-. (3.7)

Substituting (3.6) into (3.1), noting (3.4), we get

a

E¢(x) = Ed(x) = [(=A)% + V,(x)] ¢(x) = [D™* (-A)% + V,(D%)] 4(%)
=D [(=2)% + DV, (DR)] 6(%) = D~ [(~A)F + V,(®)] (%), (3.8)
where x €  and % € Q, which immediately implies that ¢( ) is an eigenfunction of the
operator (—A)% + V (%) with the eigenvalue E = D*E. O

3.2. Asymptotic results when 0 <2 —«a <« 1.  For the fundamental gap d(«)
of the FSO (1.1) in 1D with box potential, we have

LEMMA 3.2. Taken n = 1, Q = (0,1) and V() = 0 for x € Q in (3.1), when
0<e:=2—a<x 1, we have

5(a) ~ — r(j#_a) sec(am/2) [4 1Fa(2;2 — /2,5/2 — a/2; —7%)
+1F5(2;2— «/2,5/2 — a/2; —7%/4)],
=372+ C1(2 — a) + O((2 — @)?) = 31 + C1e + O(?), (3.9)

where Cy = w2[=3 4 3y + 41 F5 1000 (2:1,3/2; —72) 4 4, {0109 (2,1,3/2; —72)
4+ B0 99 3/ —2/4) + B0 (901 379 —72/4)] with y, = 0.577... the
Euler-Mascheroni constant, pFy(a1,...,ap;b1,...,bg; 2) is the generalized hypergeomet-
ric function defined as [5,21]

e k
z
oFy(ar, ... apby,....b Z (@) - (ap)e o (3.10)
= )
with (a)g = 1 and (a)y = ala+1)...(a+ k — 1), and 1F2(0’{1’0}’0)(a1;bl,bg;z) and
1F2(0’{0’1}’0) (a1;b1,be; 2) are the derivatives with respect to by and ba, respectively.
Proof. Forn =1,Q =(0,1) and V() = 0 in (3.1), when o = 2, the first two

smallest eigenvalues and their corresponding normalized eigenfunctions can be given
as [8,10]

99 [ V2sin(lrz), ifz € (0,1) -
E2) =121, ¢la) = { . othorwise, =12 (3.11)
The Fourier transform of ¢;(x) (I = 1,2) can be computed as
. V2r((—1)le ™ —1
bu(k) = (152 _)127r2 ) ker (3.12)

It is worth noticing that & = +I7 are not singular points of qgl(k) In fact, we have that
limy 17 (k) = —i/2 and limy_, _1r ¢y(k) = i/2. When « satisfies 0 < 2 — a < 1, the
two normalized eigenfunctions qﬁl(a) (x) (I =1,2) corresponding to the first two smallest
eigenvalues of (3.1) can be well approximated by ¢;(x) (I = 1,2), respectively, i.e.

V(@) = pi(z), 03 (2) ~ da(z), zER (3.13)



458 FUNDAMENTAL GAPS OF FRACTIONAL SCHRODINGER OPERATORS

Substituting (3.13) into (3.3), noting (3.12), we can obtain the approximations of the
first two smallest eigenvalues Ej(«) (I = 1,2) as

1
Ei(a) = B@(¢{™) » B@(¢) = / b1(2) (D)2 (x) da

_ 1 ald 2 31 972 /1_(_1)lCOS(k) a _
_27T/R|k| \Gu(k)|° dk = 207 e ey k|*dk, 1=1,2. (3.14)

Combining (3.10) and (3.14), we obtain

20273 sec(am/2)

Ei(a) ~ — L 1B (252— /2,5/2 — a/2; -7 /4),
r2-9)r(3®)
ot sec(om/2) (3.15)
*72 sec(am
Es(a) ~ — — — 1F5(2;2 — /2,5/2 — a/2; —7°).
r(2-5)T(%5°)
Plugging (3.15) into (1.9) and noticing 0 < e =2 — a < 1 and the fact that
« a 1\ .3
r(z—g)r(z—§+§>_2 Jal(4 - a) (3.16)

due to the Legendre duplication formula, we obtain the first approximation in (3.9).
Furthermore, using Taylor’s expansion at ¢ = 0 (or & = 2), we obtain the second
asymptotic expansion in terms of ¢ = 2 — « in (3.9). O

Similarly, taken n =2, Q = (0,1) x (0, L) with 0 < L <1 and V,,(x) =0 for x € Q
in (3.1), when 0 < ¢ :=2 — a < 1, we have

m? 2 ovas2 2+ 2cos(k1) 2+ 2cos(koL)
Er(a) ~ 73 //R (k7 + k3)*/ CEE IR CEE=TIE dkydks,

42 o ovays 2—2cos(ky) 24 2cos(kyL) (3.17)
Ex(a) ~ =5 //R (K3 + k3)~/ TP (/Lo dkydk,

0(a) = Ea(a) — By ().

Then one can obtain an asymptotic approximation of §(a) = Fa2(a) — Fi(«) when
0 < 2—a < 1. Extension to (3.1) with n = 3, Q = (0,1) x (0,L1) x (0, Ly) with
0< Ly <L;<1landV(x)=0 for x € Q can be done in a similar way. The details are
omitted here for brevity.

Unlike the case for the local FSO, for the FSO (3.1), it is difficult to get a concise
lower bound of §(«) based on the asymptotic result (3.9) in 1D and (3.17) in 2D. Since
our aim is not to get an optimal lower bound of §(«), one idea is to check whether the
lower bound for the local FSO obtained in the previous section remains valid for the
FSO. In order to do so, Figure 3.1 compares the fundamental gaps of (3.1) obtained
numerically, the asymptotic approximations given in (3.9) for 1D, and the lower bounds
of dpc() given in (2.13) (or (1.17)) and (2.21) forn=1and 0 <2 —a < 1.

From Figure 3.1, we can see that: (i) our asymptotic results agree with the numerical
results very well when 0 < 2 — o < 1; (ii) the lower bound of dj0c () given in (2.21) is
still a lower bound of d(«); and (iii) when n = 1, the lower bound of djc(a) given in
(1.17) is not a lower bound of d(a). With these observations, we will test numerically
whether the lower bound of djoc() given in (2.21) is still a lower bound of 6(«) for
general geometry and general potential in the next subsection.
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30
28+
261
24
S
<22+
20 —--—-asymptotic result in (3.9) ||
O numerical result
18 ¢ —Ilower bound in (2.21) |
- = lower bound in (2.13)
16 ‘ ‘ ‘ ‘
1.75 1.8 1.85 1.9 1.95 2
a

FIGURE 3.1. Comparison of the lower bound in (2.21) (solid line) and in (2.13) (dotted line),
numerical results (dashed line) and asymptotic results in (3.9) (dash-dotted line) for the fundamental
gap 6(av) of the FSO (3.1) with n =1, Q= (0,1) and Vg (z) =0 for z € Q.

25

- - numeric ) - Vo(z) =2?/2
——lower bound in (2.21) 30 -4 Vo(z) = 82% + 22% + 5z + 4 ,ﬁ
Y

20t | ——lower bound in (2.21) ’

FIGURE 3.2. Comparison of the lower bound in (2.21) (solid line) and numerical results (dashed
lines) for the fundamental gap d(c) of the FSO (3.1) with n =1, Q = (0,1) and V,(xz) =0 (left) or
different convex potentials Vi, (x) (right).

3.3. Numerical results for general potentials. Numerical solution of the
eigenvalue problem (3.1) is very challenging due to the non-local boundary condition in
an unbounded domain. There exist some numerical methods for PDEs with fractional
Laplacian in unbounded domains based on finite-difference methods (cf. [24,27,50] and
spectral methods (cf. [31,37]). In [46], we developed a promising method using the
mapped Chebyshev functions for solving PDEs with fractional Laplacian in unbounded
domain. We adopt this method to solve (3.1) numerically. Thanks to the scaling
property shown in Lemma 3.1, the diameter of the domain € is always taken as D = 1.

Figure 3.2 shows the numerical results on the fundamental gap d(«) of (3.1) when
n =1, Q = (0,1) with different external potentials V,(x). Figure 3.3 shows similar
results with n = 2, different 2 and different external potentials V, (x,y).

Again, based on our asymptotic results in the previous subsection and numerical
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60 F|-¢ d=1/V1T -6-d=1/2
-o d=1/10 80f|-0 d=1/50
50 & ——lower bound in (2.21) ——lower bound in (2.21)

- d:l/\/é

3(a) D2/

100

-o-d=1
60| |~¢ d=1/VIT -6 d=1/2
——lower bound in (2.21) 80 |-6- d=1/50
1 —— low i
501 1 — ;] lower bound in (2.21) L

3(a) D2/

FIGURE 3.3. Comparison of the lower bound in (2.21) (solid line) and numerical results (dashed
lines) for the fundamental gap §(a) of the FSO (3.1) with n = 2 and a rectangular type domain
Q = (0,d)x (0, V1 — d?) with different 0 < d < 1(left); and an elliptic domain Q = {(z,y) | 2> +y?/d? <
1} with different 0 < d < 1 (right). The external potential is chosen as V,(z,y) = 0 (top) or
Vo, (z,9) = (22 + y?)/2 (bottom) in Q.

results in Figures 3.2 & 3.3 as well as extensive numerical results which draw a similar
conclusion and thus are not shown here for brevity, we are confident to formulate the
gap conjecture (1.18) for the FSO (3.1).

4. The fundamental gaps of the FSO (1.1) in the whole space

In this section, we will study asymptotically and numerically the first two smallest
eigenvalues and their corresponding eigenfunctions of the eigenvalue problem (1.5) gen-
erated by the FSO (1.1) in the whole space and then formulate a gap conjecture. Here
we assume V(x) € LYo (R™).

In many applications [8], the following harmonic potential is widely used

n
V(x) :Zﬁx?, x=(x1,...,2,)" €R", (4.1)
j=1
where v1 > 0, ..., 7, > 0 are given positive constants. Without loss of generality, we

assume that 0 < 41 < ... < ,. Denote v := 1 and n; := % >1(j=1,...,n) and
N = Mmaxi<j<n?)j = p = % > 1, then the harmonic potential (4.2) can be re-written

as

V(x) :72277]2-1? =72 I%—Fanx? ) x = (x1,...,2,)7 €R". (4.2)
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4.1. Scaling property. Introduce

n

, VE) =8 +) mE, 6%) =9¢(x), xXeR", (43)

=2

2 ~
D;:f-)/ THa, X =

S|

and consider the re-scaled eigenvalue problem
Leso $(%) i= |(-8)F + V(%)| 6(%) = B(%), % €R", (4.4)

then we have

LEMMA 4.1. Let E be an eigenvalue of (1.5) with (4.2) and ¢ := ¢(x) is the corre-
sponding eigenfunction, then E = 7_22%&E is an eigenvalue of (4.4) and q~5 = (;3(5() =
o(Dx) = ¢(x) is the corresponding eigenfunction, which immediately imply the scaling
property on the fundamental gap 6(a) of (1.5) with (4.2) as

0(a) = yEta o(a), 0<a<2, (4.5)
where §(av) is the fundamental gap of (4.4).
Proof.  From (4.3), similar to (3.6), we have

(—A)*2¢(x) = D™ (-A)*?4(%), x,% €R™ (4.6)
Substituting (4.6) into (1.5) with (4.2), noting (4.2)-(4.4), we get

E¢(x) = E¢(x) = [(-2)% + V(x)] 6(x) = [D™* (-=A)% + V(DX)] $(X)

where x,%x € R" and D = v~2/(2+9)_which immediately implies that ¢(X) is an eigen-
function of the operator (—A)2 + V(%) with the eigenvalue F = 7721_(1&E. O

4.2. Asymptotic results for harmonic potential when 0 < 2 —a < 1.
Consider a harmonic potential in (1.5) as (4.1) (or (4.2)). By using the Fourier transform
over R™, the eigenvalue problem (1.5) can be reformulated as a standard eigenvalue
problem in the phase (or Fourier) space as, i.e. without the fractional Laplacian operator

n 82 R .
g T 60 = Edk),  k=(ki.... k)" €R", (48)
j=1 J

where ¢?(k) is the Fourier transform of ¢(x) over the whole space R™. Introduce

k] = ;7 .7 = 17 ) (b(k) = ¢(k) = ¢(71]’%17 v 7711]{77,)7 k,l; S Rn? (49)

then the eigenvalue problem (4.8) can be reformulated as an eigenvalue with the Lapla-
cian

/2
—A+ | D A2k o(k)=Eodk), k= (ki,....k,)T €R"  (4.10)

Jj=1
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In fact, if ¢(x) # 0 is an eigenfunction of (1.5) corresponding to the eigenvalue E,
then ¢( ) # 0 is an eigenfunction of (4.8) corresponding to the same eigenvalue F,
and ¢(k) # 0 is an eigenfunction of (4.10) corresponding to the same eigenvalue E. In
addition, we have

! ", |00(k) ol 2
T o 16002 dk | K (e(k)| | dk
T ;% 2091+ 60
a/2
1 A
i o (S ) Jeof | e
RTL

LEMMA 4.2.  Taken n = 1 and a harmonic potential V(x) as (4.2) in (1.5), when
0<e:=2—a< 1, we have

a/2
Sla) my+ 2 (LY C o)t e 1 0(e?), (4.12)
NG 2

where Cy = —% (v +vIn(y) + 7P (2)) with U(z) = I"(2)/T'(2) the logarithmic deriva-
tive of the gamma function.

Proof. When n = 1 and o = 2, the first two smallest eigenvalues and their
corresponding eigenfunctions of the eigenvalue problem (1.5) with (4.2) can be given
as [8,10]

1/4
B@)=7 é@=(2)" e sk,

T i (4.13)
Er(2) =3y,  ¢o(z) =272 (1) e 12,
T
The Fourier transform of ¢;(x) (I =1,2) can be computed as
. orl/4 2 . _9irl/4 2
b1 (k) = %6_%, ba (k) = %ke—%, keR. (4.14)

When o satisfies 0 < 2 — a < 1, the two normalized eigenfunctions ¢la) () (1 =1,2)
corresponding to the first two smallest eigenvalues of (1.5) can be well approximated
by ¢;(x) (I =1,2), respectively, i.e.

A @)~ pi(x), o (z) ~ golz), TER (4.15)

Substituting (4.15) and (4.14) into (4.11), we can obtain the approximations of the first
two smallest eigenvalues Ej(a) (I =1,2) as
oc/2F <1 4 a> 7
T 2

2
o)/ L o 3y 292 /3 +a
&@:ﬂN%Uzﬂ%M:7+\EF -

Subtracting the first equation from the second equation in (4.16), we get

Bi(a) = BO(¢{") » B (61) = 5 +

(4.16)
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/2 /2 a/2
:7+(1+a)7 r l+a) v r 1+« :7+a7 T 1+a .
VT 2 VT 2 LS 2

(4.17)

The proof of the first approximation in (4.12) is then completed by substituting ¢ = 2—a.
Then the second approximation in (4.12) can be obtained by using Taylor’s expansion
at e =0 (or a = 2). O

Similarly, taken n = 2 and 1 = v < 72 = n in (1.5) and (4.2), when 0 < ¢ :=
2 —a < 1, we get (with details omitted here for brevity)

1
5la) ~l — —— // (2k2 + 1) (k2 + k2)e~ FIHR2/M) gk, dky
/M

T(—(1+a)/2)0(1 + a/2)

=1- A (—a/2) [—oF1(1/2,1+a/2; (3 +a)/2;1/n)
+(24 @) oF1(1/2,24 «/2; (34 «)/2;1/n)]
aﬁna/Q
+ o1 [=n 2F1(=1/2,—a/2; (1 — @) /2;1/7)/T((1 — @)/2)
- 1) 2Fi(1/2,-a/2 (1 — 0)/2 1/n)/T((1 — a) /2 sec(am)] . (4.18)

In order to verify the asymptotic results (4.12) in 1D and (4.18) in 2D when 0 < 2—
a < 1, Figure 4.1 plots the asymptotic results and numerical results of the fundamental
gap () of the FSO (1.5) when 0 < 2—a <« 1. The results indicate that our asymptotic
results are quite accurate in the regime 0 < 2 — a < 1 (cf. Figure 4.1). In addition, we
cannot get a lower bound of the fundamental gap §(«) from the asymptotic results!

8.2 - . . 2
— — numerical result ——asymptotic result in (4.16)
8 )
——asymptotic result in (4.10) 1950 numerical result
7.8} g /
<76} < 19} 7
DY Y ohd
7.4} o .
1.85¢ - e
7.2+¢ e
7 : : ‘ 18 ‘ ‘ s
1.8 1.85 1.9 1.95 2 1.8 1.85 1.9 1.95 2
(&% o

FIGURE 4.1. Comparison of the asymptotic results in (4.12) or (4.18) (solid line) and numerical
results (dashed lines) for the fundamental gap §(a) of the FSO (1.5) with n = 1 and V(z) = 16x2
(left) and with n =2 and V(x,y) = x2 + 16y (right).

4.3. A formal lower bound on the fundamental gap in 2D. In order to
get a lower bound of the fundamental gap d(«) of the FSO (1.5), we take n = 2 and
V(x,y) = 2* + n*y? with n > 1 in (1.5) and consider the following eigenvalue problem

[(2)F + (@ +7°y")] (%) = Bo(x), x=(z,y9)" €R”. (4.19)
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When o = 2, the first two smallest eigenvalues of (4.19) are [8,10]
FE, = F (2) =14mn, FEy = E2(2) =34n, n>1. (420)

Motivated by the methods and results in the previous two sections, we assume
that the lower bound of the fundamental gap might depend on the parameter 1 — the
anisotropy of the harmonic potential. Similar to the case of the local FSO, i.e. finding
the lower bound of the fundamental gap by estimating /\g‘/ - )\?/ 2 with A; and o
being the first two smallest eigenvalues of the corresponding operator when o = 2, we
formally assume that the fundamental gap 0 () of (4.19) has a similar estimate as

d(e) > B — EY = (3+n)° — (1+n)”, (4.21)

where 0 < 8 < 1 is to be determined in an asymptotic way by considering n — +o0.
When 7 > 1, the eigenfunction of (4.19) varies extremely slowly in the a-direction. As
a result, the problem (4.19) can be formally well approximated by

[(=0yy)2 +7*y*] uly) = Eu(y), yeER, (4.22)

The scaling property in Lemma 4.1 implies that E ~ O(?*/(+)) which indicates that
one reasonable choice of [ is

20
8= . (4.23)
2+«
10000 2 10000 0.35
0.3
8000 1.9 8000
0.25
1.8
6000 6000 0.2
= 17 =
4000 ’ 4000 015
16 0.1
2000 2000 J
0.05
15
0
1.8 2 1.8 1.85 1.9 1.95 2
[e3 (e

FIGURE 4.2. Comparison of the asymptotic results in (4.18) (left) and the lower bound in (4.25)
(right) for the fundamental gap () of the FSO (4.19) for different o and n > 1.

When n > 1, we have

B B
1
6
n n
where £ € [1/n,3/n] C (0, 3]. Noting that W is a decreasing function when £ > 0
and taking & = 3, we get '

1 267!

5 5 2
o= T+ 7y 1+ 7

=n’B

. 1 4PB 4
o(e) > 287" 141—_,3 = 7776 L (4.24)



W. BAO, X. RUAN, J. SHEN, AND C. SHENG 465

Plugging (4.23) into (4.24), we obtain a lower bound

. . 1
5(a) > 275 @ . 4.25
(@2 2% i (4.25)

To compare the asymptotic results (4.18) in 2D and the formal lower bound in
(4.25) for the fundamental gap 6(c) of the FSO (4.19), Figure 4.2 shows the contour
plot of (4.18) and the lower bound in (4.25) for different n > 1 and «. It shows that
(i) the asymptotic results in (4.18) degenerate to 0 when either & — 0% or n — 400
(cf. Figure 4.2 (left)), and (ii) the lower bound in (4.25) does show the effect of the
parameter 77 > 1 properly since the contour line is almost vertical when 7 > 1.

4.4. Numerical results for general potentials. Combining (4.25) and the
scaling property in Lemma 4.1, noting (4.8) and (1.5) with (4.2), we can formally obtain
a lower bound of the fundamental gap d(«) of the FSO (1.5) with (4.2)

20

5(a) = v7¥5 §(a) > 2745 = yEe

(4.26)

To verify numerically the lower bound in (4.26), Figure 4.3 shows numerical results of
the fundamental gap d(«) of (1.5) with (4.2).

25
- n=1
n=2
= ol -0 n=3
g -% =4 x5
ay ——lower bound in (4.26) _ T
> a
Cgh ’;g', -
~15 PRt
3 x_ =
fj\l*» ’//0 -
; * - pog
g L e
% gf, L.
= 7 a
< e
< 05F t,/ )3'/
92,7
% B
O 1 1 1
0 0.5 1 1.5 2

(%

FIGURE 4.3. Comparison of the lower bound in (4.26) (solid line) and numerical results (dashed
lines) for the fundamental gap §(c) of the FSO (1.5) with V(x,y) = v (22 + n?y?) for different n > 1
and v > 0.

Furthermore, to check numerically whether the lower bound in (4.26) is still valid
for (1.5) with general convex harmonic-type potentials, Figure 4.4 shows numerical
results of the fundamental gap §(«) of (1.5) with different potentials taken as Case I:
V(z,y) = 222 + 20y? + cos(z) + 2sin(2y) with v = v/6/2 and n = 4; and Case II:
V(x,y) = 22 + 100y? + cos(z) + 10sin(2y) with v = v/2/2 and n = 41/15.

Based on the asymptotic results and numerical results in this section, as well as
extensive numerical results which draw a similar conclusion and thus are not shown
here for brevity, we can formulate the following:
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25
o - o- > -9-=
— 2 r Pid e - _ -~ 4 ]
? ®
3
=15+t
~
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o - V =222+ 20y* + cos(z) + 2sin(2y)
ol o -4 V =22 +100y* + cos(z) + 10sin(2y)
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FIGURE 4.4. Comparison of the lower bound in (4.26) (solid line) and numerical results (dashed
lines) for the fundamental gap 6(ct) of the FSO (1.5) with different potentials V (x).

Gap Conjecture IT (For the FSO (1.5) in the whole space). Assume the potential
V(x) € C2(R") in (1.5) satisfies

1
ViI, < 5D21/(x) <~3I,,  x€eR" (4.27)

where 0 < 1 < 79 are two positive constants and I, is the n x n identity matrix. Denote
v =7 and set n = 2 /1 > 1, then the fundamental gap §(«) of the FSO (1.5) can be
bounded below by

. e .
fay>ois LT s 2 L gca<2 (4.28)
2+an2+—a 2—|—a722ﬂ

4.5. Numerical results for well potential.  Consider a well potential in (1.5)

f Q
Vi) = 4% forxel (4.29)
Vo, for x € Q°,

for some Vo > 0. We solve (1.5) with (4.29) numerically and compare the solutions
with those in (3.1) and/or (2.1) by letting Vj — +oc. Denote 0 < E}° < EY° < ...
as the eigenvalues of (1.5) with (4.29) and ¢}°(z), ¢5°(z), ... be the corresponding
eigenfunctions. Similarly, denote 0 < Ay < Ay < ... as the eigenvalues of (3.1) and
¢1(x), ¢a(x), ... be the corresponding eigenfunctions; and denote 0 < M <A <...as
the eigenvalues of (2.1) and ¢ (x), ¢o(z), ... be the corresponding eigenfunctions. All
the solutions are obtained numerically.

Figure 4.5 shows |E}® — \;| and |E}° — )| for different 0 < o < 2 and Vy > 0.
Similarly, Figure 4.6 shows |¢Y°(z) — ¢1(z)| and [¢1°(z) — ¢1(z)| for & = 1.5 and
different Vjy > 0. Numerical comparisons were also performed for other eigenvalues and
their corresponding eigenfunctions, which draw a similar conclusion and thus are not
shown here for brevity.
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Comparison of eigenvalues of (1.5) with a box potential (4.29) and those of (3.1)
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FIGURE 4.6. Comparison of eigenfunctions of (1.5) with a box potential (4.29) and those of (3.1)
and/or (2.1) for a = 1.5 and different Vj.

From Figures 4.5 & 4.6 and additional numerical results which draw a similar con-
clusion and thus are not shown here for brevity, when a = 2, the eigenvalues and their
corresponding eigenfunctions of (1.5) with (4.29) converge to those of (3.1) and (2.1)
when Vj — 400. However, when 0 < a < 2, the eigenvalues and their corresponding

eigenfunctions of (1.5) with (4.29) converge to those of (3.1) when Vjy — 400, and they
don’t converge to those of (2.1)!

5. The fundamental gaps of the FSO (1.1) on bounded domains with
periodic boundary conditions

Take Q = [[}_, (0, L;) and V(x) be a periodic function with respect to Q in (1.5).
Without loss of generality, we assume Ly > Ly > ... > L, > 0 and V,(x) := V(x)|q >
0. In this case, (1.5) can be reduced to

Lper gf)(X) = [(_A)% + VQ (X)] (b(x)

(%), is periodic.

No(x),  xeQ

(5.1)

In this case, the two definitions of the fractional Laplacian operator (1.3) and (1.14) are
equivalent for 0 < o < 2 [39,40]. Let 0 < A1 := Aj(a) < A2 := Aa(«) be the first two
smallest positive eigenvalues of (5.1), then the fundamental gap of (5.1) is denoted as:

Iper(@) := Aa(a) — A1 (), 0<a<2 (5.2)
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Similar to proof of Lemmas 2.1 & 3.1, we can obtain the following scaling property
(the proof is omitted here for brevity).

LEMMA 5.1.  Let A be an eigenvalue of (5.1) and ¢ == o(x) is the corresponding eigen-
function, under the transformation (2.2), then A\ = DX and ¢ := ¢(x) = ¢(DxX) are
the eigenvalue and the corresponding eigenfunction of the following eigenvalue problem

L §(3) = [(-8)% + 7, (0] 660 = 2o(%), %€,
. (5.3)

- . odi
(b(x)‘af) is periodic

which immediately imply the scaling property on the fundamental gap dper(ct) of (5.1)
as

gper(a)

o 0<ac<2 (5.4)

5per(0‘) =

where 8yer(t) is the fundamental gap of (5.3) with the diameter of Q as 1.
LEMMA 5.2. Taken =1 and V,,(x) =0 in (5.1), then we have

(2m)*(2* = 1)

, 0<a<2. 5.5
5 as< (5.5)

5per(0‘) =

CL N
Gperl) B = Ly

| \ . , \
1 1.5 2 25 3 3.5 4
Ly/Ly

FIGURE 5.1. Phase diagram of the first several eigenvalues and their corresponding eigenfunctions
of (5.1) withn =2, o = 1.5 and V,(x) = 0 for different L1/La. Obviously, for different ratios L1 /L2,

the choice of the second excited state qﬁga) is different. The green part denotes the fundamental gap
Oper(a) for L1 > 1.

Proof. Whenn =1and V,,(2) = 01in (5.1), we know that the first three eigenvalues
and their corresponding eigenfunctions can be taken as [8,10]

o 1
EO ZZE()(O(>:O, (() )(CL')E—,
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Plugging (5.6) into (5.2), we obtain (5.5) immediately. O
LEMMA 5.3.  Taken =2 and V,(x) =0 in (5.1), then we have

) (2472 — .
EmT@ ) f Ly = Ly,

[e3 1 [e3
5pcr(01) = (217}2 — (2[7;; s Zf Lo < L1 < 2L2, (57)
LU

Proof. When n =2 and V,(x) =0 in (5.1), when Ly = Lo, we know that the first
three eigenvalues and their corresponding eigenfunctions can be taken as [8,10]

o 1
Ey := Ep(a) =0, ((J )(X)EAO R R
Hj:l Lj

E, = Ei(a) = (2—7T) , ga) (x) = V24 sin (27r_x) , x=(z,9)T €Q, (5.8)

Ll Ll

2v2r\ " 2 2
Es := Esy(a) = Ex(a) = v2n , qﬁéa) (x) = 24gsin (ﬂ> sin (ﬂ) .
Ly Ly Lo

Plugging (5.8) into (5.2), we obtain (5.7) when L; = Ly immediately. Similarly, when
L1 > Lo, we get

o 1
Eo(a) =0, 67 () = Ao 1= ———,
Hj:l L
2\ ¢ (a) . 2mx T
El(a) = T ) 1 (X) - \/§A0 S11 — 9 X = (Ia y) S Qv (5 9)
L1 Ll ’
4m « : 4mx :
E2(a) _ (L_l)a y ;0() <) — \/§A0 Sin T, ) if L1 Z 2L2,
(21) : V2Agsin (22), if Ly < Ly < 2L,
Plugging (5.9) into (5.2), we obtain (5.7) when L; = Lo immediately. O

For the convenience of readers, Figure 5.1 shows the phase diagram of the first
several eigenvalues and their corresponding eigenfunctions of (5.1) with respect to Ly /Lo
when n = 2.

6. Conclusion

By using asymptotic and numerical methods, we obtain the fundamental gaps of
the fractional Schrodinger operator (FSO) in different cases including the local FSO
on bounded domains, the FSO on bounded domains with zero extension outside the
domains, the FSO in the whole space, and the FSO on bounded domains with periodic
boundary conditions. Based on our asymptotic and numerical results, we formulate
gap conjectures of the fundamental gap of the FSO in different cases. The gap conjec-
tures link the algebraic property — difference of the first two smallest eigenvalues of the
eigenvalue problem — and the geometric property — diameters of the bounded domains.
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