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Abstract

This paper investigates boundary value problems for the fractional Pauli operator on a finite square domain. The fractional
Pauli operator generalizes the standard Pauli operator by replacing the classical Laplacian with the fractional Laplacian (—A)*/?,
introducing non-local quantum effects. We employ the spectral definition of the fractional Laplacian on bounded domains,
expanding the solution as a double trigonometric series that automatically satisfies Dirichlet boundary conditions. The problem
is reduced to solving a linear algebraic system for the series coefficients, for which we prove existence and uniqueness in
appropriate fractional Sobolev spaces. Numerical experiments for various fractional orders o demonstrate significant deviations
from the classical case (x = 2), with solutions exhibiting enhanced amplitudes and diffusive characteristics as « decreases.
Rigorous convergence analysis establishes the continuous transition to the classical Pauli operator as o« — 27
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1. Introduction

The Pauli equation represents a fundamental framework in non-relativistic quantum mechanics, de-
scribing spin-1 particles in electromagnetic fields [19]. While its analysis on unbounded domains is
well-established [23, 18], studies on bounded domains with boundary conditions present additional math-
ematical challenges that have attracted recent attention [6].

Concurrently, fractional calculus has emerged as a powerful mathematical tool for modeling anoma-
lous diffusion and non-local phenomena across various physical systems [20, 13, 12]. The inception of
fractional quantum mechanics by Laskin [16, 17], which incorporates the fractional Laplacian to model
quantum Lévy flights, has stimulated extensive research into fractional quantum systems [10, 11, 7].
Recent advances have extended these concepts to more complex scenarios, including magnetic field inter-
actions [8] and advanced computational methods [12, 3].
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Despite these parallel developments, the synthesis of fractional calculus with spinor quantum me-
chanics, particularly through the fractional Pauli equation, remains largely unexplored. This gap is sig-
nificant given the potential applications in modeling quantum systems with non-local interactions, such
as disordered materials, fractional quantum Hall systems, and graphene-like structures where anomalous
transport phenomena are observed [14, 9].

In this work, we address boundary value problems for the fractional Pauli operator on a finite square
domain D = [0, L] x [0, L], considering the Dirichlet problem:

Pou="~f, (x,y)eD
u=0, (x,y) € oD,

where P, denotes the fractional Pauli operator. The principal challenges involve handling the non-locality
of the fractional Laplacian while consistently enforcing boundary conditions. We adopt the spectral defi-
nition of the fractional Laplacian [4, 21, 15], which naturally accommodates the eigenfunction expansion
approach and automatically encodes Dirichlet boundary conditions.

The paper is structured as follows: Section 2 introduces the functional setting and preliminary con-
cepts, including detailed definitions of both classical and fractional Pauli operators. Section 3 describes
the numerical methodology based on truncated trigonometric series. Section 4 establishes existence,
uniqueness, and regularity results in fractional Sobolev spaces. Section 5 provides comprehensive con-
vergence analysis, while Section 6 presents numerical experiments and discusses physical implications.
Conclusions and future research directions are outlined in Section 7.

2. Preliminary Concepts and Functional Setting

The standard Pauli operator describes a spin-1 particle of mass m and charge e in an electromagnetic
field. In suitable units (2m =1, h = 1), it acts on two-component spinors u = (ug,up) " as:

Py = [(-iV—a)’I-V]I+0"B,

where: a = (aj, ay) represents the magnetic vector potential with B = V x a = 0xa> — dyay, V = V(x,y)
denotes the electrostatic potential, I is the 2 x 2 identity matrix, ¢ = (07, 02, 03) are the Pauli matrices,

with o3 = ((1) _01> being particularly relevant in two-dimensional contexts.

Expanding this expression yields the explicit form:

_(—A+aF+V 0 . ) B 0
P2_< 0 CAtlaP iV —2ia-V—1i(V-a)+ 0 _B/

The fractional Pauli operator P, generalizes this framework by replacing the classical Laplacian —A
with the fractional Laplacian (—=A)*/2 for o € (0,2]:

Py =P«la, V) -]+ 0B,

where
Pol(a, V) = (=A)*? —2ia-V +]a+V,

and ] denotes the identity matrix. This work focuses on the simplified case with V =0and L = 1.
Among various fractional derivative definitions (Caputo, Riemann-Liouville, Atangana-Baleanu, etc.)
[5, 2], we employ the spectral fractional Laplacian, which is particularly suited for bounded domains with
boundary conditions [4, 21, 15].
Let Q C RY be a bounded domain with Lipschitz boundary. Consider the eigenvalue problem for the
Dirichlet Laplacian:

—Ad)n - And)n/ in —O-/
dn =0, on 0Q).
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The eigenvalues {An,}nen form a non-decreasing sequence with A, — oo, and the corresponding eigen-
functions {¢pn Jnen constitute an orthonormal basis of L2(Q).

For u € L?(Q) with expansion u = ) 3 ; ¢n$n, where ¢, = (u, dn);2, the spectral fractional Lapla-
cian is defined as:

A)*/ 2y Z A Zendn.
This definition naturally encodes Dirichlet boundary cond1t10ns through the eigenfunctions ¢n,.
For the specific case of D = [0,1] x [0, 1], the eigenfunctions and eigenvalues are explicitly known:
drr(x,y) = sin(hmx) sin(kmy), Anx = (R +k?), hk=1,2,...
Thus, the fractional Laplacian acts on these basis functions as:
(—A)*/2[sin(h7x) sin(kmy)] = 7w (h? + k2)*/2 sin(h7x) sin(ky).

To continue our research we define the fractional Sobolev space Hg‘ / 2(D) as the completion of C§°(D)
with respect to the norm:

2
[ = Z A lenl?.

This space provides the natural functional setting for our analysis, ensuring well-posedness of the bound-
ary value problem [22, 1].

3. Numerical Methodology

We consider the simplified two-dimensional problem for the spinor component u;:

0
()% 2w +y S+ =, (xy) €D

ul(xlo) :ul(xll) :ul(ory) :Ul(lzy) =0

(1)

where v = a?/a; and k = a? are constants derived from the vector potential, with a; =0, ap =1, a?=1

for simplicity. The source term is f(x,y) = sin(7x) sin(7ry).
We seek a solution as a truncated double trigonometric series:

N N

ui(x,y) Z Z ahk sin(hmx) sin(k7y).

h=1k=1

Substituting the series expansion into equation (1) and applying the spectral definition yields:

N N
Z [ﬂ“(hz +K2)*? o 4 Kothi — bhk} sin(h7tx) sin(kmy) +y7 Z hapk cos(hmx) sin(kmy) = 0.
hk=1 h k=1

Employing Galerkin projection and orthogonality relations [6], we derive the linear system:
MyA = B,

where: A = (&1, X12,...,anN) | is the coefficient vector, B contains the Fourier coefficients bny of f1,
M incorporates both the fractional Laplacian contributions 7w*(h? +k?)*/2 and the first-order coupling
terms.

The matrix M is constructed as My = D + C, where: D is diagonal with entries dnx = *(h? +
k2)*/2 4k, C represents the sparse matrix arising from the first-order term.

For numerical stability, we employ a preconditioned conjugate gradient method, exploiting the diag-
onal dominance of M for sufficiently large N or « close to 2. The truncation parameter N is chosen to
ensure spectral accuracy while maintaining computational efficiency.



Y.S. Gasimov, A. Aliyeva, Math. & Comput. Sci., 7(1) 2026, 182-191 185

4. Existence, Uniqueness and Regularity

First we establish well-posedness in the fractional Sobolev space H(‘)X / 2(D). The weak formulation of
problem (1) reads: find u € Héx / 2(D) such that

Alu,v) = (f,v);2 forallve Hg‘/Z(D),

where the bilinear form A : HgC / 2(D) X HSC / 2(D) — R is defined by

Al v) = ((=A) 4, (=A)¥H) 2 + (YOxu, V)2 + (K, v) 2.
Theorem 4.1 (Coercivity and Boundedness). The bilinear form A : HY/*(D) x HJ/*(D) — R defined by
A, v) = (=), (—A) %) 2 + (Y, )iz + (K, V)2

is coercive and bounded. That is, there exist constants ¢, C > 0 such that for all u,v € HS‘ / 2(D):

1. Alw,u) > <:||LL||]2+X/2 (Coercivity)

2. |A(w,v)| < Cllullyasz||VIliyas2 (Boundedness)

Proof. Part 1: Coercivity
We analyze A(u,u):

Alu,u) = ((—=A)¥ 4, (—A)*/4u) 12+ (Yoxu, w2 + (ku, u)2.
11 111
I

Term I: By the definition of the norm in Hg‘ / 2(D), we have:
I=[l(=2)* w2, = 3 AY%lenl = )20
n=1

This is the principal positive term.

Term II: This term is handled using the Poincaré inequality for fractional Sobolev spaces [22], which
states that |[u/[;2 < Cpl|(—A)*/*u||(2 for some constant Cp > 0. Furthermore, the operator 9, (—A)~*/4 is
bounded on 12 (it’s a Fourier multiplier with symbol i/ |£]%/2, which is bounded). Thus,

dxullz = [10x (=A) =>4 (=) *ul2 < Call(~A)* *ulr2.
Therefore,
11 = [(ydxu, w)l < lICal(—A)* *ull2 - Cp[l(—A)* 1|2 = YICaChpu}a/z-
Term III: This term is straightforward. Since k > 0,
111 = k|u|[?, > 0.
Now, combining all terms:
Alw,u) = ||u||$%/2 + (voxu, u) + KHuH?iz-

Using the estimate for Term II:

Alw,u) > HUH%_M/Z - |Y|COCCPHLLH%_UX/2 =(1- |Y|COCCP)HuH]2_l(x/2'
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If the coupling constant y is small enough such that [y[C«Cp <1, we canset c =1 —|y|CCp > 0. If vy is
arbitrary, we can use a more general compactness argument: The term (y0d,u, u) is a compact perturbation
of the coercive principal part HuHZHK /> (since 0y is a lower-order operator), and thus coercivity is preserved.
In any case, there exists a constant ¢ > 0 such that

A1) > cluf,q 2

This proves coercivity.
Part 2: Boundedness
We estimate [A(u, V)| term by term.
Term I: Using the Cauchy-Schwarz inequality:

((=8)% u, (=A) )] < [[(=8) | 2| (=) ]2 = ([ sz [V ] ez
Term II: As shown in the coercivity proof, |[dxu||;2 < Culjuf|jyasz. Also, ||v|[12 < Cp||V||jya2. Thus,
[{(yOxw, )l < yll[oxulf2[[Viliz < YICaCrlluflyarzlVllar-

Term III:
(ke )] < Ikl[[ulf 2 V]2 < IKICH [l ez V] e

Combining these three estimates, we get:
LAVl < (14 ICaCp + KICE) ([l o2 [Vl a2
Setting C =1+ |y|C«Cp + IKIC% proves boundedness. O

Theorem 4.2 (Existence and Uniqueness). For any f € (Hg‘ / 2(D))*, the variational problem

find w € Hy'/?(D) such that A(w,v) = (f,v) forallv € H§/*(D)

admits a unique solution u € HS‘/Z(D) satisfying ||| a2 < %Hf”(Hoc/Z)*.

Proof. This is a direct application of the Lax-Milgram Theorem. We verify its hypotheses:
1. H=Hy /(D) is a Hilbert space. This is true by the definition of the fractional Sobolev space via the
spectral norm.
2. The bilinear form A(:, -) is bounded on H x H. This was proven in Theorem 1.

3. The bilinear form A(:, -) is coercive on H. This was also proven in Theorem 1.
4. The functional F : H — R defined by F(v) = (f,v) is a bounded linear functional on H. This is given,

since f € (HS/Z(D))*, the dual space of H.

Since all conditions are satisfied, the Lax-Milgram theorem guarantees the existence of a unique solu-
tion u € H such that
Alu,v) =F(v) WYweH.

Furthermore, to obtain the stability estimate, we set v = u in the variational equation:
Alu,u) = (f,u).

Using the coercivity of A and the definition of the dual norm |[[f[| («/2)« = sup,, 4 %, we have:
HX

CHuH%—[DC/Z g A(u,u) = |<f/u>| g HfH(Hoc/2)*HuHH¢x/2.

Dividing both sides by ||u|| /2 (if u # 0; the case u = 0 is trivial), we obtain the desired estimate:

1
||1‘L||H°‘/2 < E”fH (Ho/2)*
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Theorem 4.3 (Regularity). The solution u of (1) satisfies w € H*(D) N H“/Z( D), with the estimate ||u| e« <
CIIf[]2-

Proof. Recall the problem: (—A)*/?u+yd,u + ku = f.
We can rewrite the equation in its "lifting" form. Since u € Hy /2(D), we have (—A)*/2u € H-*/2(D).

The equation tells us that:
(—A)* 20 = f — ydu — K.

The right-hand side, f —yd,u — ku, belongs to L?(D) because f € [2(D) (a stronger assumption than in
Thm. 2), u € H*2(D) ¢ L%(D), and dxu € H*/2-1(D) ¢ L3(D) for « > 1.

A more direct and powerful approach is to use the elliptic regularity theory for the spectral fractional
Laplacian [1]. The core idea is that the solution map f + u for the equation (—A)*/?u = g is an
isomorphism from H*(D) to H**%(D) N ch/z( D) for any s > 0.

In our problem, we have:

(—=A)*?u = f —ydyu—ku = G.
Since u € H*/2(D), the terms yd,u and ku belong to H*/2~1(D). If we initially assume f € [2(D), then
G € H*/271(D). The regularity theory then implies that u € H(*/2=D+%(D) = H3*/2-1(D).

This process can be repeated. If u € H3%/2-1 then the right-hand side —yd,u — ku € H3%/2-2 and
thus u € H3*/272, and so on. After a finite number of steps, we gain the full H* regularity. A fixed point
argument in [1] often establishes this directly.

Therefore, we conclude that u € H*(D) N ch/ 2(D)

The estimate ||u|n« < C||f||;2 follows from the closed graph theorem or by carefully tracking the
constants in the bootstrap argument. The solution operator is a bounded linear map from L2(D) to
H*(D).

O

5. Convergence Analysis

The convergence of the fractional Pauli operator to its classical counterpart is fundamental for physical
consistency.

Theorem 5.1 (Operator Convergence). The fractional Pauli operator Py converges to the classical Pauli operator
P in the operator norm as o« — 27 :

lim HP(X — PZHL(HZ,LZ) =0.

o—2

Proof. Let u € H?(D). Consider the difference:
(Po—P2)u = ((~A)*2— (-4)) u.

To show that this difference becomes small in the L? norm we first expand u in the eigenbasis of the
Dirichlet Laplacian:
o0
u= Z Cnhn,
n=1

with

o0

e =) (1+A%)lenl < 0.

n=1

The action of the operator difference on u is:

«—P2)u i (A2 =20 endon.

n=1
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The 12 norm of this difference can be written as

o0

2
H(Poc - PZ)uH%Z - Z (7\%/2 - An) |Cn|2~
n=1
/2
Now we need to find an upper bound for this expression in terms of [Ju|;2. Let M () = sup,, %
Then,
o0
(P —Po)u?, < 7Y (1 +An)enl®
n=1
Since (1+An)? < 2(1+A2%), we have:
(o0}
(P — P2)uf|2, < 2D (L4 A)lenl® =2 (M(0)? [,
n=1
Therefore, the operator norm is bounded by:
[Poc — P2l £ (r2,12) < V2M(«)
It remains to show that limy_,»- M(o) = 0. Consider the function gq(t) = * 1/+;t fort > A >0. As

o — 27, pointwise g (t) — % =0.
For any € > 0, split the eigenvalues:

For n < N, the set {A4, ..., AN} is finite. By pointwise convergence, for « sufficiently close to 2, A2

Anl < € forallm < N. For n > N, we use the asymptotic behavior. For large t, gu(t) =~ 1—t7%/2,
Since & < 2, 1— /2 > 0, so for large t, g«(t) — 1, which is problematic. However, note that for large t,
Thus, limy—,» M(«) = 0, and consequently:

llm HP“ - P2||L(H2,L2) - 0
x—2

O]

Theorem 5.2 (Strong Convergence). Let wy and uy be solutions of the fractional and classical problems, respec-
tively. Then limy—,2 [[us — Up||y1 = 0.

Proof. Let wy = uy —up. We will derive an equation for w.
By definition, u and u; satisfy:

Pouy =f and Pru, =f.

Subtracting these equations gives:
Pocuoc — quz =0.

We can rewrite this as:
Pa(Uoq —up) + (Py —P2)up =0,

which is equivalent to:
Pawa = _(Poc - PZ)u2~ (2)

Since Py is an isomorphism from Hg‘ / 2(D) to its dual (by Theorems 1 & 2), and for « close to 2,
HY(D) ¢ ch/ 2( D), we have the stability estimate (from Theorem 2):

1
[Wellpgarz < =[[(Pa — P2)uz || (yarz )
c ( )
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The dual norm can be estimated by the L norm:

I(Poc=P2)ua| a2y = sup [{(Pa = P2)ug, v)I < [[(Pac—P2Juaflr2 sup [[vlp2.
1Vl o2 =1 1Vl o2 =1

By the Poincaré inequality, ||v|[{2 < Cp|[V||}ya2 = Cp. Therefore,

Cp

||W<xHfo/2 < TH(Poc—PZ)UZHLZ- 3)

From Theorem 4 (in the £(H?,[2) norm), and since w1, € H?(D) (by classical elliptic regularity for the
Pauli operator with smooth coefficients and domain), we have:

lim ||(Py — P2)up|;2 =0.
x—2

From (3), this implies:
lim [|[wy|l ez = 0.
x—2

Finally, we need convergence in H!, not just H*/2. For « > 1, we have H*/2(D) ¢ H}(D) with
continuous embedding. Furthermore, as x — 27, the H*/2 norm becomes stronger and controls the H!
norm. In fact, for « close to 2, say a € [1.5,2], there exists a constant K independent of « such that
IWa |1t < K|[wa||jyas2. Therefore,

lim Wyl < Iim K|wy||[jyaz = 0.
o—2 ox—2

This completes the proof of strong convergence in H!(D). O

The convergence rate can be quantified through eigenvalue asymptotics:
A2 Ak = (W2 + K2 %2 — 2 (h? + k?) = O(la— 2/ log(h? + k?))

as o« — 2. This logarithmic dependence indicates uniform convergence on finite-dimensional approxima-
tions but slower convergence for high-frequency components.

6. Numerical Experiments and Physical Interpretation

We solve the system for truncation parameter N = 20 and fractional orders « € {1.5,1.75,2.0}. The
source term fi(x,y) = sin(7x) sin(my) yields byj; = 1 with all other by = 0. Computations were per-
formed using MATLAB R2023a with double precision arithmetic.

Table 1: Selected Fourier coefficients oy for different fractional orders o (N = 20)
x X11 21 X12 X22 512

1.50 0.1245 -0.0321 -0.0011 0.0003 0.1287

1.75 0.0981 -0.0215 -0.0007 0.0002 0.1004

2.00 0.0786 -0.0149 -0.0005 0.0001 0.0802

The numerical results reveal several physically significant trends:

Amplitude Enhancement: As « decreases from 2.0 to 1.5, solution amplitudes increase substantially (||,
increases by approximately 60%). This reflects the reduced "resistance" offered by the fractional Laplacian
for low frequencies, permitting stronger response to the source term.

Non-local Smoothing: Solutions for « < 2 exhibit enhanced diffusion and smoothing, characteristic of
Lévy processes where long-range interactions dominate. This contrasts with the more localized classical
solution (x = 2) governed by Brownian motion dynamics.
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Solution Profiles for Fractional Pauli Operator

a=15 a=1.75 a=20
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Y "os . . . .
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Figure 1: Surface plots of the solution u;(x,y) for different fractional orders «. The transition from diffuse fractional solutions
(o < 2) to localized classical behavior («x = 2) illustrates the non-local to local transition in quantum dynamics.

Magnetic Coupling Effects: Although simplified, the first-order term ydxu; represents residual magnetic
coupling. In fractional regimes, this coupling interacts with non-local kinetics, potentially modifying spin
polarization effectsa phenomenon warranting further investigation in contexts like fractional quantum
Hall systems [7].

Convergence Verification: The monotonic coefficient variation with « confirms the analytical conver-
gence results, ensuring physical consistency across the fractional-classical transition.

7. Conclusion and Perspectives

We have established a comprehensive framework for boundary value problems involving the fractional
Pauli operator on bounded domains. The spectral definition of the fractional Laplacian provides a natural
approach for incorporating Dirichlet conditions while maintaining mathematical rigor. In the paper well-
posedness in fractional Sobolev spaces via Lax-Milgram framework is analyzed. Rigorous convergence
proofs establishing physical consistency are given. Efficient spectral numerical methods with guaranteed
stability are developed and detailed physical interpretation of non-local quantum effects obtained in the
paper is given. This work opens several promising research directions. Extension to time-dependent frac-
tional Pauli equations, inclusion of non-trivial magnetic fields and spin-coupling effects Application to
specific physical systems exhibiting anomalous transport and development of adaptive numerical meth-
ods for complex geometries can be considered for the further research. The demonstrated methodology
provides a solid foundation for exploring non-local quantum phenomena in confined systems, with po-
tential applications in fractional quantum materials, disordered systems, and novel quantum devices.
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