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ANALYTICITY AND hp DISCONTINUOUS GALERKIN APPROXIMATION OF
NONLINEAR SCHRODINGER EIGENPROBLEMS

YVON MADAY! AND CARLO MARCATT*

AsstracT. We study a class of nonlinear eigenvalue problems of Schrodinger type, where the poten-
tial is singular on a set of points. Such problems are widely present in physics and chemistry, and
their analysis is of both theoretical and practical interest. In particular, we study the regularity of the
eigenfunctions of the operators considered, and we propose and analyze the approximation of the
solution via an isotropically refined hp discontinuous Galerkin (dG) method.

We show that, for weighted analytic potentials and for up-to-quartic nonlinearities, the eigen-
functions belong to analytic-type non homogeneous weighted Sobolev spaces. We also prove quasi
optimal a priori estimates on the error of the dG finite element method; when using an isotropically
refined hp space the numerical solution is shown to converge with exponential rate towards the
exact eigenfunction. In addition, we investigate the role of pointwise convergence in the doubling of
the convergence rate for the eigenvalues with respect to the convergence rate of eigenfunctions. We
conclude with a series of numerical tests to validate the theoretical results.
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1. INTRODUCTION

This paper concerns the analysis of an elliptic nonlinear eigenvalue problem and its approx-
imation with an hp discontinuous Galerkin finite element method. Specifically, we consider
the problem of finding, in a domain €2 C RY, d = 2,3, the smallest eigenvalue and associated
eigenfunction (A, u) such that [|u[| 2oy = 1 and

(1) (~A+V + f(u?)u = I,

for a (singular) potential V' and a nonlinearity f. Problems of this kind correspond to the Euler-
Lagrange equations of energy minimization problems and are therefore widely present in physics
and chemistry. Equations of the form (1) are also often referred to as nonlinear Schrédinger
equations.

Our analysis is centered mainly on potentials that are singular at a set of isolated points; this
includes the electric attraction generated by a Coulomb potential, i.e., V(z) = 1/d(z, ¢), where
d(-, ) is the euclidean distance between two points in R¢, for some fixed point ¢ € ©, but applies
more generally to any potential that, in the vicinity of the singular point, behaves as

1
(2) V(J") ~ d(l’, C)€ ’
for a ¢ < 2. Clearly, V is not very regular in classical Sobolev spaces, thus we cannot expect the
solution to be regular in those spaces either. Nonetheless, we can alternatively work in weighted
Kondrat’ev-Babuska spaces, prove that the solution is sufficiently regular in these spaces, and
thus design an appropriate hp discretization that converges exponentially to the exact solution,
see [SSW13].

The nonlinear Schrodinger equation (1) and the weighted spaces are introduced in detail in
Section 2. There, we also introduce our basic assumptions on the nonlinearity, which are similar
to those introduced in [CCM10], and on the potential V. As the analysis progresses, we will
introduce more restrictive hypotheses.

In Section 3, we then prove a priori convergence estimates on the eigenvalue and eigenfunction.
Even though our focus is on hp methods, most of the proofs are more general. Suppose we
consider a simpler h-type finite element method: the proof of Theorem 1 —i.e., convergence and
quasi optimality of the numerical solution — holds, since we do not use any specific feature of
hp refinement. The proof of convergence of the discontinuous Galerkin method for a nonlinear
eigenvalue problem of the form (1) is a new result as far as we are aware. Previous results include
the convergence of the discontinuous Galerkin method for linear eigenproblems [ ABP06] and the
convergence of conforming methods for the nonlinear problem [CCM10]. The main difference
with the latter paper is that the discontinuous Galerkin method is not conforming, thus some
relations between exact and numerical quantities, e.g., between the exact eigenvalue A and the
numerical one \;, are less straightforward. In general, the convergence and quasi optimality of
the numerical eigenvalue-eigenfunction pair proven in Theorem 1 should be readily extendable
to any nonconforming symmetric method such that the thesis of Lemma 3, akin to coercivity and
continuity of the numerical bilinear form, holds.

In the analysis of the approximation of linear eigenvalue problems by symmetric methods, one
is often able to show that the rate of convergence of eigenvalues is double that of eigenfunction,
see, e.g., [BO91]. In the latter part of Section 3, we show that if we introduce a conjecture on the
local behavior of the solution to linear problems with localised right hand sides, we are able to
recover a similar result.

In Section 4, we restrict the analysis to the case of polynomial, up-to-quartic nonlinearities. In
this setting, the solutions of problem (1) are analytic in weighted Sobolev spaces: specifically,
if the potential is of type (2) and f(u?) = |u|7, n = 1,2,3, then for v < d/2 + 2 — £ there exist
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constants C,, and A, such that forall k € N

> lld(x, )10l 2 () < CLALKY,
|| =k

where u is the ground state of (1) and a € N¢ is a multi index. This estimate is proven in Theorem
2 and constitutes a result of independent interest. For previous weighted analytic regularity
results for elliptic problems, we refer, among others, to [ G506, CDN12] for the linear case, and
to [MS19] for the analysis — based on the same arguments as in the present paper — of the
(nonlinear) two dimensional Navier-Stokes equations.

As a consequence of the quasi-optimal a priori estimates introduced above and of the weighted
analytic regularity of the ground state for up-to-quartic nonlinearities, we obtain exponential
convergence of the numerical solution computed with the ~p dG method. This is briefly discussed
in Section 5 and presented in Theorem 3.

Finally, in Section 6, we investigate the performance of the scheme in two and three dimensional
numerical tests. We confirm our theoretical estimates, while also showing the effect of sources of
numerical error that have not been taken into consideration in the theoretical analysis.

2. STATEMENT OF THE PROBLEM AND NOTATION

2.1. Functional setting and notation. LetQ = (R/L)*bea periodic d-cube of edge L < 1. We use
the standard notation for Sobolev spaces W*?(Q2), with W2(Q) = H*(Q) and W?(Q) = LP(Q).
We denote the scalar product in L?(Q2) as (-, -) and the norm as ||u|| = (u, u). For two quantities a
and b, we write a < b (respectively a 2 b) if there exists C' > 0 independent from the discretization,
such that a < Cb (resp. a > Cb). We writea ~ bifa S band a 2 b.

We now recall the definition of the weighted Sobolev spaces, introduced in [Kon67], that will
be central to our regularity analysis. Given a set of isolated points € C (2, the homogeneous
Kontrat’ev-Babuska space IClj’p(SL €) is defined as

k, _ . lal—y qa d .
KEP(Q,€) = {u: rl®=70% € LP(Q) Yo € N : |a| < K},

where r = r(z) is a smooth function which is, in the vicinity of every point ¢ € €, equal to the
euclidean distance d(z, ¢) from the point. The nonhomogeneous Kondrat’ev-Babuska space is
defined by

jﬁp(ﬂ, O ={ue Hh*d/”J(Q) crlel=rgey LP(Q) Va € N¢ v —d/p| +1<|a| <k},

for v > d/p. We define the associated seminorm as |u|‘\’7¢p = |u\f€§,p = 0k Hr'“‘_’Y@auH’(’Q). We

also introduce the spaces of regular function with weighted analytic type estimates as
KTP(2,€) = {v e KFP(Q,€) : [v]crr < CARIVE},

and
TI7P(Q,€) = {v € TP(Q,Q) : [v] e < CARY, VE > |y —d/p]},

where K7 = (N, KE», 7°07(Q) defined similarly. To simplify the notation, we will suppose
that the there is only one singular point, i.e., € = {c¢} and omit ¢ from the notation of the
spaces. Furthermore, we write K% (Q) = K22(Q), 7F(Q) = J/2(Q), K (Q) = KF2(Q), and
JZ(Q) = JZ2(Q). For a thorough treatment of Kondrat'ev-Babuska spaces, see [KMR97,
CDN10a, CDN10b, CDN12]. Note that the results obtained in the sequel can be trivially extended
to the case where € contains more than one point, as long as € is a finite set of isolated points.

Finally, let X = 72(Q), for v € (d/2,d/2 + ¢), where 0 < & < 1 will be specified later, namely
in hypothesis (7b).
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2.2. Statement of the problem. We introduce the problem under consideration. From the “phys-
ical” point of view, it consists in the minimization of an energy composed by a kinetic term, an
interaction with a singular potential V" and a nonlinear self-interaction term. Under the unitary
norm constraint, using Euler’s equation, the energy minimization problem translates into a
nonlinear elliptic eigenvalue problem. This is the form under which most of the analysis will be
carried out.

We start therefore by introducing the bilinear form over H'(Q) x H(Q)

a(u,v):/Vu~Vv+/Vuv
Q Q

and a function F' : R — R, whose properties will be listed later in this section for the sake of

clarity. Let
1 1 9
(3) E(v) = ja(v,0) + 5 | F(v7)
2 2 Jq

Let us denote by u the minimizer of (3) (unique up to a sign change under the hypotheses that
follow) over the space {v € H'(Q2) : |lv|| = 1}: then, there exists A € R such that u is the solution
of

(4) x (A% — du,v)x =0 Yo e HY(Q)
where
ool whx = a(v,w) + [ a)ow,
Q

with f = F’. We introduce also

(5) (E" (u)v,w) = (A%v,w) + 2/ f'(u®)uvw.
Q
The properties of the function F' will be similar to those in [CCM10], namely we suppose that
(6a) F € C'([0,4+00),R) N C*((0, +00),R) and F” > 0in (0, 4+-00),
(6b) g €[0,2),3C € R:Vt > 0,|F'(t)] < C(1 +¢7),
(6¢) F"(t)t locally bounded in [0, +00),

and we suppose that VR > 0,3Cr € Ry : Vit; € (0, R],Vt2 € R,
(6d) [F/(t3)t2 — F'(t])t2 — 2F" (1) (£)) (t2 — t1)| < Cr(1 + [t2")[t2 — ta|"

forr € (1,2] and s € [0,5 — ). We will impose additional conditions on F' in order to obtain some
improved convergence estimates: those conditions will be specified when necessary. Finally, we
suppose that the potential V' is such that

(7a) Ve LPV(Q)
with py > max(1,d/2) and that there exists 0 < £ < 1 such that
(7b) Ve KT5T.(0,0).

For d = 2,3, (7b) implies (7a) as long as py < d/(2 — ¢). A consequence of (7a) is, in particular,
that for u,v € HY(Q),

(Vu,v) < Cllullgr @) llvll e )

where the constant C' depends on V' and on the domain. We have also the following regularity
result, which follows from (6b) and (7b) and the regularity result obtained in [MM19].
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Lemma 1. The solution u to (4), under hypotheses (6a) to (7b), belongs to the space

u < ‘7(12/2+(X(Q)
forany a < e.

Proof. We have u € L*(Q), see [CCM10]. Hence, u is the solution of (—A +V)u = Au +
f(u?)u, with right hand side belonging to the space JQ/Q +o_5(Q). Since the operator —A + V/
is an isomorphism from 77, , () to T35, 5(Q) for 0 < a < ¢, see [MM19], we obtain the
thesis. O

2.3. Numerical method. In this section we introduce the hp discontinuous Galerkin method.
Concerning the design of the hp space, the setting is the one from [GB86a, GB86b]. Let 7 be a
triangulation of axiparallel quadrilateral (d = 2) or hexahedral (d = 3) elements of €, such that
Uker K = Q, whose properties will be specified later. A d — 1 dimensional face (edge, when
d = 2) is defined as the nonempty interior of 0Ky N 0K, for two adjacent elements K, and Kj.
Let & be the set of all faces/edges. We denote

(u,v)7 = Z (u,v) g

KeT
and, similarly,

(ua U)f = Z(uv U)en
ecf
We suppose that for any K € 7 there exists an affine transformation ® : K — K to the
d-dimensional cube K such that ®(K) = K, that the mesh is shape and contact regular! Let T be
isotropically and geometrically graded around the points in ¢: consider the case where ¢ = {¢}.

Then, we fix a refinement ratio o € (0, 1/2) and partition the mesh 7 into disjoint mesh layers €2,
j=1,...,¢suchthat T = J, ; and

hg =~ h; = 0o’ d(e, K) ~ hg,

forall K € T and with constants uniform in 7" and £. The generalization to the case of € containing
multiple points follows from the construction of a graded mesh around each point.

We will allow for 1-irregular edges/faces, i.e., given two neighboring elements K}, and Kj,
that share an edge/face e = 0K} N 0K, we require that e is an entire edge/face of at least one
between K and K. We refer to Section 6 (specifically, to Figure 1a) for a visualization of such a
mesh. We introduce on this mesh the hp space with linear polynomial slope s, i.e., for an element
K € T such that K € €,

Pk ~p;j =po +5(£ —j),
where hg is the diameter of the element K and px is the polynomial order whose role will be
specified in (8). We introduce the discrete space

(8) Xy = {vs € LAQ) : (v, 0@71) € Qe (K), YK € T |,

where Q,, is the space of polynomials of maximal degree p in any variable and denote
X(0) =X+ X;.

Ifp K is the diameter of an element K € 7 and pg is the radius of the largest ball inscribed in K, a mesh sequence is
shape regular if there exists C independent of the refinement level such that hir < Crg forall K € 7. The mesh sequence
is contact regular if for all K € T, the number of elements adjacent to K is uniformly bounded and there exists a constant
C independent from the refinement level such that for every face/edge e of K, hx < Che, where he is the diameter of e.
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Then £ is the set of the edges (for d = 2) or faces (d = 3) of the elements in 7 and

he = min hx
€ KeT:eNOK#Y
== max K-
Pe KeT:eNdK #2 P

On an edge/face between two elements Ky and K, i.e., on e C 9Ky N 0K, the average {{-} and
jump [-] operators for a function w € X (0) are defined by

1
fod =5 (Wi, T u ) [0l = w g+ wy,,

where ny (resp. n,) is the outward normal to the element K (resp. K ). In the following, for an
S C Q, we denote by (-, -)s the L?(S) scalar product and by || - || s the L?(S) norm.

We now introduce the discrete versions of the operators defined in Section 2.2. First, the
bilinear form a; over X; x X is given by

as(us,vs) = (Vus, Vos)7 — ({Vusk, [vs])e — ({Vosh, [us])e

9 o2
9) n Zae‘; ([us]. [vs])e +/ Vusvs.
e Q
ecé
Furthermore,
1 1 )
(10) E(;(U(s) = iag(”l)(s, ”U(;) + 5 F(U5).
Q

Let us be a minimizer of (10) over X;, with unitary norm constraint. Then, there exists an
eigenvalue A; € R such that

(11) (AP us — Asus,v5) =0 Yus € X;5
where

(AP v5,ws) = as(vs, ws) + /Q f(u?)vgw(;.
Finally, EY, defined on X5, is obtained by replacing A" with A§ in (5).

Remark 1 (Simmetry of the numerical method). The dG method with bilinear form (9) is the
symmetric interior penalty (SIP) method. The requirement of symmetry in the bilinear form of the
numerical method is a strong one, and will be used without explicit mention throughout the proofs.

This could be seen as a limitation; nonetheless, from a practical point of view, there is little interest in
approximating a symmetric eigenvalue problem with a non symmetric numerical method. Non symmetric
methods tend to exhibit, in the linear case, lower rates of convergence than symmetric ones [ ABP06].
Furthermore, the solution of the finite dimensional problem would be more problematic, since algebraic
eigenvalue problems are more easily treated for symmetric matrices [Saall].

We introduce the mesh dependent norms that will be used in this section. First, for a v € X (4),
(12) lolbe = D 1olZ ) + ) ke Rl [0]l1Z2 -
1K)
KeT eef

Remark that on X, this norm is equivalent to the J;'(Q) = H'(2) norm, since functions in X
have no face discontinuity, implying [v] = 0. Then, on X (§) we introduce, when d = 3,

2 — _
13)  Mlullpe = D Nl + D pe’he IulllFacey + D pe 2Ir V- nel|72 (o),
KeT ecf ecf
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where n. denotes the normal to face e. If d = 2, we denote by &, the set of edges abutting at the
singularity, and write (note that on &, pe = po)

2 — _
(14) lullpe = D Mullfrey + D pe’he ullZae + D e 2lIr?Vu-neliz,
KeT ecg ecE\E.

+ > T Vune|L, o)
€k,

where ¢ is fixed and such that 1 < ¢ < 2/(3 — 7), see Remark 2.

Let us also introduce the broken space

TP, T)={v:ve IPP(K)VKeT}.
Remark 2. When d = 3, by the definition of the weighted spaces, see [MR10], for e C 0K, and since
v >3/2,
172V L2 ey < Cllvll 72 (),

then ||v|| p; (13) is bounded on T3 (2, T). Since furthermore X (8) C J2(Q,T), [vllpg as defined in
(13) is bounded when d = 3 for all v € X (9).

When d = 2, we consider the definition of the norm (14). Let -y > 1: then, for any q¢ < 2/(3 — ) and
writing t = (1/q — 1/2)71, there exists Cy, Co such that

> l0%vlLeg) < Callr? 2l Y IP2770%| 20y < Callvllz2(0)-
|a|=2 || =2

Hence, uw € W24(Q2), and ||Vu - n|| pa(e) is well defined. Therefore, ||v|| ¢ as defined in (14) is bounded
when d =2 for all v € X (9).

Remark 3. By proving continuity as in Lemma 3 (see the part of the proof referring to inequality (17a))
and thanks to Remark 2, it can be shown that the bilinear form as defined in (9) over Xs x X5 can be
extended over X (0) x Xs.

Remark 4. Note that on X; and for d < 3, the two norms (12) and (13) are equivalent, since for any
K €T, r, < hk and thanks to the discrete trace inequality [ DPE12]

P /p+d/2)

[wsllzee) < Capllwsllz2x),
valid for e € OK and for all ws € Xs. The constant Cq ), depends on the dimension d, on p, and on the

polynomial order pe, but is independent of he. Furthermore, Cy ,, is bounded by pe if p = 2.

We conclude this section by introducing the discrete approximation to the solution of the
linear problem, i.e. the function v} € X;s such that

(15) (A§us — Njusz,vs) =0 Vs € X;

for an eigenvalue Aj. Note that, since u is an eigenfunction of A" and the associated eigenspace
is of dimension 1 [CCM10], we have that

* < f o
45— ullbe S inf e = vsllpe
. 2
X =AIS inf = vl

see [MM19], and the eigenspace associated with v} is of dimension one, for a sufficiently large
number of degrees of freedom [ ABP06].

The isotropically refined hp finite element space X; defined here provides approximations
that converge with exponential rate to the function in the weighted analytic class, as stipulated in
the following statement, see [SSW13].
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Proposition 2. Given a function v € J7(Q), for a vy > d/2, there exists two constants C,b > 0
independent of £ such that

16 inf |lv— < Ce .

(16) ot o = vsllpg < Ce

Here, { is the number of refinement steps, and £ = N*/(4+1) with N denoting the number of degrees of
freedom of X5.

3. A PRIORI ESTIMATES

In this section we prove some a priori estimates on the convergence of the numerical eigen-
function and eigenvalue. We start by giving some continuity and coercivity estimates, then we
provide an auxiliary estimate on a scalar product where we construct an adjoint problem, and
we conclude by proving convergence and quasi optimality for the eigenfunctions. The rate of
convergence proven for the eigenvalues is smaller than what is obtained in the linear case: in
the following it will be shown that under some additional hypothesis we can recover the rate
typically obtained in the approximation of solutions to linear elliptic operators with singular
potentials, see [MM19].

Since our main focus here is on isotropically refined hp methods, the approach we take uses the
assumption that finite element space and the underlying mesh are those of an hp discontinuous
Galerkin method, as described in the previous sections. It is important to remark, nonetheless,
that the results of this section can be extended, with minimal effort, to the analysis of a general
discontinuous Galerkin approximation. The novelty of the approach we use in this section lies,
indeed, more into the treatment of the nonconformity of the method than in the aspects related
to the hp space. The modification necessary to get a proof that applies to a classical h-type
discontinuous Galerkin finite element method, for example, would be related to the continuity
and coercivity estimates, since those would need not to use the hypothesis that r =~ h.

For the aforementioned reason, and for the sake of generality, we prove our results for an F" as
general as possible, even though the hp method shows its full power (i.e., exponential rate of
convergence) only in a less general setting.

To conclude, we mention the fact that we will mainly write our proofs so that they work
for d = 3, even though this sometimes means using a suboptimal strategy for the case d < 2.
Consider for example the bound

vl ) < Cllvlla @),

forav € H'(Q): we will always use it for p such that 1 < p <6, evenifford =2any 1 <p < o0
would be acceptable.

3.1. Continuity and coercivity. We start with an auxiliary lemma, where we prove the continuity,
positivity and coercivity of some operators. As mentioned before, we use the numerical eigenvalue
A; obtained from the numerical approximation of the linear problem as a lower bound of the
operators over the discrete space X.

Lemma 3. Given the definition of the operators A and EY (u), of the spaces X5 and X (9), and of A}
provided in Section 2, the following results hold

(17a) [((A§ = A5) v, v5)| < l[vllpg llvslipe Vv € X(0),vs € Xs
(17b) ((A§ = A3) vs,vs) =2 0 Vo5 € X;.
Furthermore,

(18) (A5 = A5) (us — ), (us — u3)) 2 llus — u3llba
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and
(19a) (B (u) = A5) vs,vs) 2 llusllpa Vs € X5
(19b) [((E5 (u) = A5) v,v5)] S lvllpe llvslipa Vv e X(0),vs € Xs.

Proof. Let us first consider the continuity inequality (17a). The proof when d = 2 is classical, see
in particular [DPE12, Lemma 4.30] for the bound on the edges in &, and the same arguments
that we use here for the bounds on the rest of the elements and edges. We restrict then ourselves
here to the case d = 3, where we use a slightly different norm than usual. Consider a function
v € X(0). We can decompose v = © 4 75, where v € X and 05 € X5. Consider an edge/face e € £.
Then, [v]|. = [75].. If €N e = @, then h, ~ r; if instead there exists a ¢ € € such that ¢ is one of
the vertices of e, then [75]|, € Qj, (e), which is a finite dimensional space of fixed size. Therefore
on X (0) we have the equivalency

(20) he "M ILTIZ e = I 21T 22 o)

if d = 3. The continuity estimate (17a) can be obtained through multiple applications of Holder’s
inequality: we consider the terms in the bilinear form separately. First, on the broken space
HY(T) :={v: v, € H(K), VK € T} we exploit the fact that, as shown in [LS03],

(21) vllra) S lvllpe Vv e HY(T)
with ¢ < 2d/(d — 2) if d > 3 and ¢ € [1, 00) if d = 2. Note that X (§) C H'(T), thus

Z (Vu,Vus)k + (Vu,vs) K
KeT

S [lvllpellvslipe

Secondly,

D> (Vo [vshe| S D pe P 2LV} 2 (eypellr ™ Tvs] L2 e)

S pe HIr PVl e )pebe 2[5l 2 (o)
e

1/2 1/2
S (Z pe2||7‘1/2{{V’U}%2(6)> <Z pe’he [ [vs] ||2L2(e)>

where the second inequality follows from (20). Similarly,

1/2 1/2
(Zpth IIEVva}}IILz(e>> (Zpe o [l |L2(e)>
1/2

1/2
S <Z|V’U5”%2(K)> (Zpezhe_lﬂUﬂH%?(e)) ;
K e

using (4) in the second line. Then,

Sk SOX (pobe iz ) (oo™ Mlosllzoco)

ecf

Z({{VvaH [vD)e

1/2 1/2
SC <Zp62h6_1”[[v]]”%2(e)> (ZPthe_lﬂ[[”éM%?(e)) :
e e
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Thanks to the Holder inequality, Sobolev imbeddings, hypothesis (6b), and (21),

‘/Q fw?)vvs

S+ @ 2@y vl Lo lvsll Lo o)

2
S lull3s o vl @) llvs b
S ||U||H1(Q)HU5HDG'

Since then A\; — ), we have that |\j(v,v5)] < C||v||||vs|| and this, combined with the above
inequalities, proves (17a).

We now consider (17b). As already stated, A} is a simple eigenvalue for a sufficient number of
degrees of freedom and therefore A% — X} is coercive on the subspace of X5 L?-orthogonal to uj.
Hence, since ||u}|| = 1 and A is symmetric,

2) (A5 = A5) vs,vs) = ((A§ = A5) (vs — (v5, u5)ous), vs — (vs, uz)aus)
R llvsl* = (u5,vs)* = 0,

for all vs € X;5. We may then prove (18) following the same reasoning as in [CCM10]. We recall
it here for ease of reading. We choose, without loss of generality, u} such that (u},us) > 0. From
the above inequality we have (recall that ||uj|| = |lus]| = 1)

(A5 = N5) (us — ug), (us —u3)) 2 llus — w3l = (w5, us — uj)?
= llus — w3l = (1 + (w5, us)® — 2(u;, us))
=1 (uj,us)?
1
> = k12
> Slus — w3,

and this proves (18). To prove (19a), we note that

(E§ (u) — A5) vs,vs) > ((A§ — A5) vs, v5) + /ﬂ I (u®)u?vi.

Suppose we negate (19a): then, there has to be a sequence {v]}; € X5 such that ||v}|| = 1 and
((Ef (u) — Xj) v}, vl) — 0. Since [, f'(u?)u?(v})? > 0, from (22) we have that

1 . .
S lvs = w3l* = llvg 1 = (v3,u5)?
S (B (u) = A5)vg, v3),

thus, vg — uf in L*(Q). Now, since u} converges towards u in the DG norm, and using (6¢) and
the positivity of f’, we can show that there exists an a > 0 such that, for a sufficient number of
degrees of freedom,

[ r > o

Q

This negates the contradiction hypothesis that ((E} (u) — %) v}, vJ) — 0, hence
(23) ((B5 (w) = A3) vs, v5) > Cllus|®

for all vs € X5. Then, using the classical result that

(Vus, Vos)T — ({Vosh, [s])e — ({Vos} [os))e + ) ae%([[véﬂ, [vs])e > lluslfc:
ecf ¢
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combined with the estimate from the proof of [CCM10, Lemma 1], we can show that
(24) (A5 = A5) vs,vs) > allvs|pa — Cllus|*.

The coercivity estimate (19a) then follows from (23) and (24).
Finally, (19b) follows directly from the definition of E{ (u), the continuity estimate (17b) and
the fact that | f/(u?)u?| < C. O

3.2. Estimates on the adjoint problem. In this section we develop an estimate on the scalar
product between a function and the error u — us, whose interest lies mainly in the L?(£2) con-
vergence estimate given in Theorem 1. The estimate is based on the introduction of the adjoint
problem (25).

Lemma 4. Let ujt = {vs € X5 : (vs,u}) = 0} be the space of functions L*()-orthogonal to u} and
let 1)y, be the solution to the problem

find 1, € wl™ such that
(B (u) = X5) $ug, vs) = (ws, vs), Yvs € uj™

for ws in L?(X2). Then, if hypotheses (6a) to (6d) hold,
(26)
[(ws, us = ug)| S llus = usllLor/-o [[YwsIDa + [As = A5ll[us — ulll[ws ]| + 1w = ][l Pw,

+ [l — w312 [ || + [lus — u3]|[lwsll,

(25)

Proof. We break us — v} into two parts, one parallel to u} and one perpendicular to it. Those are
given respectively by

1
(us — uf, uy)us = —§||u(; —uilPuy  and  ws — (us,uf)ul € uit.
Then,
* * * 1 * (12 *
(ws, us —uz) = (ws, us — (us, uz)uz) — 5 llus — usl*(ws, uj)
* kY ok 1 * *
= ((B5 (u) = A}) s us — (us, ug)us) — L usl|* (ws, uj)
* * 1 * *
= (B (w) = A3) (us = ug), hus) = 5llus = ugl|P (B (w) = X) ug, Puy)
(27)

1 * *
- §HU6 - u5||2(w5a U&)
=«wwww@m—@xmawm—@wéfwm%wm
1 2 *
— 5 lus — s, ).

We consider the first term:
((B§ (w) = A3) (us — ug), hus) = ((A§ — A5)us, Yuy) + 2/Qf'(u2)u2ww5 (us — uj)
= [ #wshus = Flayus = 24 ) s = )] o
)‘5 - /\5)(U5 u57 wwa)
+2/f Vs (U — uf).

(28)
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Thanks to (6d), combining (21), (27), and (28) we can infer that

Yusllpa + [As = A5ll[us = ul[|tbw,s || + llu = u][[[4w,

+ flus = u§\|2/9 | () uPusibus | + llus — usl|? [(ws, u5)]

ws, us — ug)| S llus — usllpor/ s

which gives the thesis. [

3.3. Basic convergence. At this stage, we are able to prove the first convergence result for the
numerical eigenfunction and eigenvalue. We work mainly in the discrete setting, in order to
avoid the issues due to the nonconformity of the method. The analysis is carried out for the
symmetric interior penalty discontinuous Galerkin method, but it holds for any nonconforming
symmetric method, as long as the results of Lemma 3 hold for such a method. Furthermore, the
remark made at the beginning of Section 3 still holds, in that the result can be adapted with few
modifications to a classical h-type discontinuous Galerkin finite element method.

In general, the goal is to prove that the numerical eigenvalue-eigenfunction couple obtained
as solution to the nonlinear problem converges as fast as for linear elliptic operators. In this
section, we obtain this result for the eigenfunction, which is shown to converge quasi optimally.
The hypotheses on the function F' are instead not strong enough to prove that the eigenvalue
converges twice as fast as the eigenfunction in the || ||pg norm. We can nonetheless prove that the
eigenvalue converges at least as fast as the eigenfunction; the doubling of the rate of convergence
is deferred to the later Proposition 7, where we will have introduced additional hypotheses on F'.

The following theorem gives then the above mentioned estimates on the convergence of the
eigenfunction and eigenvalue. We start by showing the convergence to zero of the error, and
use this result to show that the estimate is quasi optimal. We then show that the eigenvalue
converges, with the basic rate mentioned above, and conclude by showing an estimate on the
L?(Q2) norm of the error.

Theorem 1. If the hypotheses (6a) to (6d) on F hold and the hypotheses on the potential V (7a), (7b)
hold, then

(29) ||U_U6HDG — 0.
In particular, we have the quasi-optimal convergence
30 - < inf — .
(30) lu —usllpe < inf flu—vsling
Furthermore,
A—Xs| S inf -
A=Al inf lu—vsllpg
and
[ —usl| S llw = wsllZor/e—o + 1w = uslpors—a) + lu = uz]-

where r is defined in (6d) and uj} is the solution of the linear eigenvalue problem defined in (15).
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Proof. We start by proving (29), i.e. the convergence of the numerical solution towards the exact
one. We have

2 (E5(us) — E(u)) = (Afus, us) — (A"u, u) + /Q (F(u3) = F(u®) = f(u?)(uj —u?))
= (A5 = A5) (us — ug), us — uz) = A+ A;

+ / (F(uf) = F(u?) = f(u?)(ug —u?))
Q

2 llus = u3llba — 1A = A5l + /Q (F(uf) = F(u®) = f(u?)(ug —u?)).

Therefore, exploiting the convexity of F' and the convergence of A towards A}, we have that
lus — u3llbe < Es(us) — B(u) + A = Xj]

< Es(Ilsu) — Es(u) + |A = A5 — 0.
Considering that u} converges towards « in the DG norm, (31) implies (29). Note then that

Mo — X = (Alug, ug) — N + /Q [F(u2) — F(u?)] 2

(31)

(32)
— ((A¥ — N3) (s — uf) 5 — uf) + / [F(u2) — f(u?)]

Q
Remarking, as in [CCM10, Proof of Theorem 1], that

/Q [f(ug) = f(u?)] ug < 11+ us® | por@arn yllu — uslpa
and using (21) and (29), we can conclude that
(33) A=Al S IA= N3]+ flus — uslpe + llu — us|pe-
Now, from (19a) we have
lus = u3llba < (5 () = A3) (us — ug), us — us)
= (A5 = A5) (us — u5), us — ug) + 2 /Q F1w?yu® (us — uj)?
= ((AF = As)us, us — uz) + (s — A3)llus — uj|* + 2/Qf’(u2)u2(uzs —u3)°

= [ 1) = ™) us + 26 (0 s = 3)] s = 5) + (s = A)lfus = w51

Consider the first term: hypothesis (6¢) gives

/ F'(u?)u? (us — ug)* < / P (u?)u? (us — ) (us — uz) + lu—uj||us — ug]l-

Q Q

The two above equations and (6d) thus give

lus—u5lba < 11+ us|* | pors oy s —ull o 5o gy s =15 e+ X5 = A5 |1t 5 ||+l =5 | s 5|
and, since » > 1 and 67/(5 — s) < 6, we can conclude that

|u —uslpa < v —ulpa-

The quasi optimality of u} then implies (30). Additionally, we can use this estimate in (33) and,
considering that

2 . 2
A= X5 S lllu—ullpe S inf [lu—vsllpe
vs€Xs
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we conclude that
A= Xs| < inf — )
| PSS v512>r5 1w v5|”DG

Note that this result can be a bit sharper if ¢ in (6b) is significantly smaller than 2; we write it
this way for ease of reading. As already mentioned, we will prove a sharper result under some
additional conditions in the following sections.

We finish by showing the estimate for the L? norm of the error. This follows from Lemma 4,
since (26) implies
(34)
lus — u5]1* S llus — w511 5or oo 1us—us e + X5 = Ajlllus — w5l Ius gl + llu = w511 -l

+ s = w31 s -y | + s — w5

for 1y, —u; € Xs defined as in (25), with ws = us — uj. Now, the coercivity of ((E"(u) — A})-, ")
over X; shown in (19a) and a Cauchy-Schwartz inequality imply
(35) [Pus—u;

Hence, from the combination of (34), (35), and the convergences of A\; towards A} and of us
towards u} in the L?({2) norm, we derive

pa S llus — ugll-

lus = usll S llus = usllZor/s—o) + llu = usl-
Noting that
[ = us| < flu = ugl| + flus — u5ll

we conclude the proof. O

3.4. Pointwise convergence. We now wish to recover the doubling of the convergence rate
normally obtained for the eigenvalue error, with respect to the eigenfunction. We need to
introduce a conjecture on the local norm of discrete solutions to problems with localised right
hand side, which will influence the convergence of the error |[u — us|| L (q).

Assumption 1. We assume that, if g5 € Xs is the solution to

(36) (E"(u) — X5)gs,v5) = (p,vs) forall vs € X5
with p such that

supp(p) = I?fora KeT

di=r
pllLe(y =hz" forallp e [1,2]
then,

¢
7) Zh;/QHWHDG(QJ) <C,
j=1

where the constant C' does not depend on h g and the sets Q; have been introduced in Section 2.3.

We furthermore introduce us € X; as the discontinuous Galerkin projection of u for the
operator A, i.e., such that

(38) (ASus,vs) = (A%u, vs) for all vs € Xs.

Denote also

Pmax = MaX Px .
max KET
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Proposition 5. Suppose that the hypotheses of Theorem 1 hold. Furthermore, suppose that (37) holds
and that at least one of the following is true: either

(39) Pihaxllu = us|pg = 0,
or
(40) s<4-—r,

where s and r are defined in (6d). Then,
[ — s L () S Plhax (1w — usllng + llu — usllL2g@) + I = As| + 1A = Aj| + llu — Usll L) »
where us € X; is defined as in (38).

Proof. We prove the theorem assuming that (39) holds; at the end we will delineate the necessary
modifications in case only (40) holds. The L>°(2) error between us and u can be split in two
parts, as

(41) lu — us|| oo (@) < llu—UsllLo (@) + [|us — Usl| Lo (o)

The first term of the right hand side of the inequality above is the L°°(§) norm of the error for a
linear problem. We now consider the second part of the right hand side of (41),

s — usllzee (o) = s — usll o )
fora K € T. An inverse inequality gives
~ —d/2 ~
i — ws| oo (@) S B "Il — usl o )
= p%(pa ats - Ué),
where we have chosen p as

—d/2 Us —Us
p:h~ ~—]l~.
K ||“5_U6HL2(1~() K

We now introduce the finite element function g; as the solution of (36).
Then, we have

(42) (0,5 —us) = ((A§ = A3) g5, Us — us) + 2/ ' (u?)u?gs (s — us).
Q
Due to the definition of us and the symmetry of the bilinear form,
(43) (A5 = A5) g5, s — us) = Mu —Us, g5) + (A = A5)(Us, 95) — (A5 = A5) g5, us)
We can treat the second term by noting that
(44) (43 = X5 ussgn) = [ [F05*) = £ g+ (35 = As) s )

We want to use (6d) on the integrals containing f and its derivative in (42) and (44). We start by
noting that

2 / 1 (u)2gs (s — ug) = 2 / £ (4P g — ug) + 2 / £ (u2)u2gs (@5 — u)
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Therefore, by the equation above,
[f(us®) — f(u®)] gsus +2 | f'(u®)u’gs(ts — us)
Q Q

= [ Lfs)us = £ yus = 26 () s )] g5 +2 [ F(0)ulgs(s —
Q Q
and by (6¢), (6d), and the Cauchy-Schwartz inequality,

/Q [£(us?) — £(u?)] g5 +2 / P () giis — us)

S [ @ st sl g
Q

+ llgsllllw — as]l.
Combining (42), (43), and (44) with the above equation gives

(45) (pyus—us) S /Q(l + [us| ) [u — us|"|gs| + |95 ]| L2 (o llu — sl + (A5 — As)(us, g5)
+ AMus — us, gs)-
A Holder inequality and the condition s < 5 — r imply that there exists an

15—=3(s+7r)

0<a<
R p—-

such that
(o5 = us) S (14 sl oy ) e = sl 95l oo oy 1w = wsll <o)
+ 195l 220 (llu = Usllz2 () + llu — usllL2(0) + X5 = Asl) -
Consider now that
(46) T () = H'272(Q) < L37(9),

with o/ = a/(3 — @), see [Nic97] for the first embedding; the second one is classical in Sobolev
spaces. The double embedding (46) then implies

lgsllz3-o () < Cllgsll 71 (o)

1/2
1/2

2
<C Z ||96\\j11/2(9j)
J

1/2
<c (Z hjnggn%pmj))

J

where the second inequality follows from the fact that Tla, /h; < Cforall j =1,...,¢ Therefore,

using (37) and noting that the ¢2({1,...,¢}) norm is bounded by the ¢! ({1,...,¢}) norm with
constants that do not depend on ¢, we conclude that ||gs|.s-~ o) < C for any positive a, thus,

(p, 15 — us) S llu—usl|7o(o llu = us Los () + llu = s 20y + 1w = usllL2() + (A = Asl + A = A3].

If hypothesis (39) holds, we can conclude with the thesis. If (39) does not hold, then hypothesis
(40) is necessary: the proof follows the same lines, though at (45) we use the inequality

/Q(l + lus|®)fu = us["|gs| < Clluslzooyllv — usllzs ) llgsll s ()
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for an
12 —3s— 3r

6—s5—r
Note that such an « exists thanks to (40). In this case we conclude

I<a<

(pyus —us) S llu—us||zoq) + llu —Usllzz) + lu — usllz2() + |A = As| + A = A3,
hence the thesis. O
The following statement is then a direct consequence of Proposition 5.

Corollary 6. Under the hypotheses of Proposition 5 and if the following hold:

47 e nf [lu—

( a) pmaxvlgxé_”u ’U‘SHDG - 0
(47b) Panascllt = sl o= @) = 0,
then

||U — u(;HLoc(Q) — 0.

Remark 5. We remark that (47a) depends on the reqularity of u (which in turn depends on the reqularity
of F).

Furthermore, in the case of isotropically refined hp methods, assuming (47b) is pleonastic, as it is a
consequence of (37), by a similar argument to the one used in the proof of Proposition 5.

3.5. Convergence revisited. In this section we finally show that, if the solution converges in the
L*>(£2) norm, we can prove that the eigenvalue converges with the same rate as the square of the
eigenfunction.

When dealing with h type discontinuous finite element methods, pm.x is bounded by some
global constant, thus (47b) translates into the requirement of simple L>°(Q) convergence for the
linear problem. Furthermore, if the mesh is globally regular, (47b) and (37) can be proven if the
solution is sufficiently regular, see [CC04]. Therefore, the following theorem can be extended to
h-type finite element methods too, as long as the solution is sufficiently regular. We will not treat
this case, as it it outside the focus of our analysis.

Under the forthcoming additional hypothesis (50) on the regularity of ', we prove that the
eigenvalues converge as the square of the eigenfunction.

We introduce another adjoint problem: let ¢ € u* such that

(48) (B (w) = N9, 0) = (f'(u*)u’,v)
forallv € {v € X(0) : (u,v) = 0}.
Remark 6. v satisfies the equation

(49) (A" +2f() 2—A)w:2( / f’(uQ)u?’w)u+f’(u2)u3—(f’(u2)u37u)u.

The reqularity of v depends therefore on the reqularity of f, f', and u.

Proposition 7. Suppose that the hypotheses of Theorem 1 and Proposition 5 hold, and that conditions
(47a) and (47b) hold. Furthermore, suppose that (6d) holds with r = 2 and that

(50) F € C*((0,+0),R), and F"'(t)t* is locally bounded in [0, +00).
Then

A= % lhu = sl (nt, 10 = vsllo + = usll )

Vs

where 1 is defined in (48) above.
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Proof. The proof begins similarly to (32):
Ao = A= (A5 =) (= us) = us) + [ [F() = £
Q

(51a) = ((A5 = A) (us — u) , us — u) +/Q [£(u3) = f(u?) = f'(u®)(us® — u?)] w3
(51b) / ' (u (u+ us) — 2u®] (u — us)
(51c) —&—/Q2f’(u Y (u — ug).

We consider the three integrals in the last equation separately. Firstly, considering term (51b),
we have

/f u5 u+u(;)—2u}(u—u§ /f +2UU§+2U52)(U—U§)2

Thanks to the Cauchy-Schwartz inequality, to the assumed L>°(2) convergence of us towards u
(see Corollary 6), and to the fact that there exists umyi, such that u > uy,in > 0, see [CCM10], the
above inequality implies that (after a certain level of refinement)

(52)

52 (u + us) —2u3} (u—us)| < Jlu— us|*.

Integral (51c) is then treated by using (48)

L

Fru?)u?(u —us) = (f (u?)u?, (u = ug)"™) + (f' (W), (u — us, u)u)

(53) o X
= ((E"(u) = X, (u —us)"") + llu— us [ (u®)u? L2
Consider the first term above: for any 75 € uéL,

4

(54) ((B"(w) = Ao, (u—us)"") = ((B§ (u) = A) ( = s), (u = us)"")
+ (B3 (u) = A) Bs, (u — us)"),

Now,

(B (w) = N) Bs, (u—us)™ ) = —((AY — N ug, B5) +2 f’(UQ)U2(U —us)" Vs
Z/ (f(us®) — f(u? ))Uavﬁ-(/\ As)(us, Us)
(u — ug)v u — ugl? "(u?)ud
2 [ P s+ =l [ £

thus
((B5 (u) = A) B, (u—us)™ ) < llu— us*[|9s | 2o (@) + llu = usll?,
where we have used the fact that (6d) holds with r = 2, the orthogonality between @5 and s,

condition (6¢), and the L>°(€2) convergence of us towards u. We now turn to the first term at the
right hand side of (54). We have

(B () = X) (& = Bs), (= us)" ) S (e = usllpg + llu = sl llullng) 1 = sl -
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Note that the term in ||u — u;]|? is of higher order, so we can omit it from the following estimates.
We have therefore, from (54),

L . . ~
((E"(u) = N, (u—us)" ) S inf [Ilu —us|® (15| o= ) +1) + llu — usllpg v — U5|||DG:|
VsEU

5

< inf {Hu - U5||2 (||v5 — (vs, us)us|| o= () + 1)
v5E€Xs

Tl — wsllpg I — v + <v5,u5>uanm],

where we have replaced 05 by vs — (vs, us)us, thus being able to extend the inf over all vs in X.
Now,

I = w5 + (vs, us)usllng < v = vsllng + M1, us)usllng + (> —vs, us)usling

(55)

S = vsllpg + v — vsll + 19lllw — usl|-
Furthermore,
(56) [vs — (vs, us)us|| Lo () < Vsl Lo (@) + lusl o llvs]|-

The norm ||us|| . ) is bounded due to the assumed L>°(Q2)-convergence of us towards u. The
best approximation vs to 1 in the |||, norm is such that ||1) — vs|| L~ — 0: this follows from
an inverse inequality and from (47a). Furthermore, the norm |[¢|| ) can be bounded by a
constant depending on u by Remark 6 and elliptic regularity, hence |[vs — (vs, us)us| L) < C.
Using these remarks, (55), and (56), inequality (54) can be rewritten as

(5 = 20 (0= 1)) 5 D=l (int, 10 = vsllp + 1u =)

vs

where, once again, we have omitted the higher order terms. Going back to (53) we obtain

(57)

/ ' (u®)u? (u — us)
Q

S llu = usllp < inf ¢ — vslllpg + flu— U5||>
€Xs

Vs

We finally consider the second term of line (51a). Under the additional hypotheses F' € C® and
t2F""(t) locally bounded in [0, o0), denoting w = [f(u?) — f(u?) — f'(u?*)(us* — u?)] and recalling

that u > umin > 0,
1
/ wus® = / (/ tf" (u® + tus® — UQ))dt> us®(us® — u?)?
0 o \Jo

. /ﬂ (/o1 (u? + t(u; - uz))zd'f) us? (us® — u?)?

u2
= / us? log (2) + us? — u?
Q Us

Under the hypothesis of L>°(£2) convergence given in Proposition 5, then,

Jus® — |

(58)

[ [7) = 5(0) = £ 0w = )]

< llu— s,

The thesis follows from (51a)-(51c), (52), (57), and (58). O
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4. WEIGHTED ANALYTIC REGULARITY ESTIMATES FOR POLYNOMIAL NONLINEARITIES

This section is centered on the proof of analytic-type estimates on the norms of the solution to
nonlinear elliptic problems. Specifically, we consider the nonlinear Schrédinger equation and
prove that, under some conditions on the coefficients of the operator, the solution belongs to
J7(Q), for the same 7 as in the linear case seen in [MM19]. Since the singularities we consider
are internal to the domain, we suppose that the domain 2 is a compact domain without boundary,
e.g., 0 = (—1,1)%/27Z. The extension of the theory to the case of a bounded domain with smooth
boundary can be done using the classical tools used in the analysis of elliptic problems in Sobolev
spaces, as long as |, ~ 1, i.e., the singularity is bounded away from the boundary.

First, in Section 4.1 we prove the local elliptic estimate in weighted Sobolev spaces that will
allow for the derivation of the bounds on higher order derivatives from those obtained on lower
order ones. Then, in order to estimate the norms of the nonlinear terms, we follow the proof
technique used in [DFAJSS12]. The idea is to proceed by induction and to consider LP norms
in nested balls and with a big enough p. Let Ly;, be an elliptic linear operator and consider the
operator L,u = —Ljinu + |u|°~u, where § = 2,3,4: the L? norms of the nonlinear terms can
then be broken up into products of L°? norms by a Cauchy-Schwartz inequality. In order to
get back to L? norms, in [DF@SS12] the authors use an interpolation inequality where L°P is
contained in an interpolation space between L? and W'P. Since in our case we need to deal with
weighted spaces, in Section 4.2 we derive the weighted version of this inequality, via a dyadic
decomposition of the domain near the singular points.

The proof of the analytic bound on a nonlinear scalar elliptic eigenvalue problem is then given
in Section 4.3, in the case of the nonlinear Schrodinger equation up to a quartic nonlinear term.
Starting from a basic regularity assumption, we are able to treat the potential and the nonlinear
term thanks to the results presented in the preceding sections.

We suppose, for the sake of simplicity, the presence of a single point singularity, i.e., that
¢ ={c}.

We denote the commutator by square brackets, i.e., we write

[A,B] = AB — BA.

4.1. Local elliptic estimate. We start by proving a local seminorm estimate in weighted Sobolev
spaces. This has been already established in [CDN12], as an intermediate estimate leading to the
proof of another regularity result. We restate it here fully, in the specific form that will be needed
in the sequel. The goal is to control the weighted norm of a higher order derivative of a function
with the weighted norm of its Laplacian and of lower order derivatives in a bigger domain, while
giving an explicit dependence of the constants on the distance between the domains.

Proposition 8. Let 1 <p < oo, R>0,k € Nand p € (0, Q(TIL)) Furthermore, let v € Rand j € N
such that 1 < j < k. Then,

(59) Z ”rk+1_vaau””(BR—u+1>p) < Creg Z Hrk-’_l_vaﬁ(Au)”L”(BR—a‘p)
lal=k+1 |81=k—1

+ Zp—lHr\al—vaauHLp(BR_jp)+ Z p—2HT\aI—Vaau”LP(BR_W) 7
|a|=k la|=k—1

with Cyeg independent of u, k, j, and p.
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In order to prove this Proposition we introduce a smooth cutoff function ¢ € C§°(Bg—;,) such
that for any o € N%, |a| < 2,

(60) 0<¢ <1,  ¢=1onBr (i 0% <Cp
and we derive an auxiliary estimate.

Lemma9. Let 3 € N, 1 < p < oo, R > 0,and p € (0, 2057%>' Then, for any j € N such that
1<j<|B|+1, there exists C' = C(R)

(61) Z I [8a’rlﬁ|+277} ¢aﬂu||LP(BR,,-,,) <C Z p72+‘a|||T‘B‘+|a‘7waa+ﬁuHLP(BR,jp)

la|=2 lal<1

82

Proof. First, let us fix i,k € {1,...,d} such that 9% = Soda ~ Ok = 0;0. In the proof, we
10Tk

indicate by a < b when there exists a constant C' independent of u, j, | 3], and p such that a < Cb.

Then,

[3a’rlﬁ|+27'y] Y0Py = (3@.krlﬁ|+27v) VOPu + (@,TWH%'V) O (¢8ﬁu)
+ (Or71+277) 0, (w0 )
Writing () = || [0%, 71817277 90%u|| 1o (p,,_, ), we have that

() < I (Dr!277) 007l Lo, + 1 (8r'71277) 4 (00°0) s
+ 1 (96r17427) 01 (60%0) 1o (8.0
< (I8P + 0| B1) X900 ull o5,y + 1BIIIFH 770 (00°0) Lo (Ba_ )
+ BP0 (00%u) [l (5,

where 0;;, = 1if i = k, d;; = 0 otherwise. Now, for ¢ € {i, k},

BllIrPH =70, (40%u) llur5r_s,)
S Bl 90,07 ull Lo ey, + 1B [0,0]0%ul| o5y,
SIBIAPH90,0%ull 1o (5, + 1BIIPITT (0,40) 0%ull Lo 8 -
By the definition of 9 given in (60), we obtain
() S (181 +8al8]+ 1810~ 170 ul oy + S 1BIIAPH 08Dyl
vefi,k}
Summing over all multi indices |a| = 2,
S o w0 uln ) < (8P + 18107 10 ul )
|a]=2

+ S 18I T -

lo]=1

1

Since p € (0, 2(|/371\2+2)) implies |3| < Rp~', we can conclude with (61). O

We can now prove estimate (59).
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Proof of Proposition 8. Let us consider a multi index § such that | 5| = k — 1. We indicate by a < b
when there exists a constant C independent of u, j, k, and p such that a < Cb. First,

(62) Z ||r|5|+27’>'8a+ﬁu”Lp(BR_(].H)p) < Z {”3& <r|5|+27’>’6ﬁu) ||LP(BR_(_7+1),,)
|a]=2 |a|=2
[0 71727 0oy -

We consider the first term at the right hand side: using (60)

Z Haa (r\5\+2—765u) HLP(BR,(]-H)/J) < Z Haa (T‘B"ﬂ_v(baﬁu) ”LP(BR_J,,)

|a]=2 || =2
and by elliptic regularity and using the triangular inequality

Z ||50z <r|5‘+2*71/}3BU) ||LP(BR—jp) S C”A (r|ﬂ|+2*7'¢)aﬁu) ||LP(BR7jp)

ol =2
< CIrP 1A | 1o,
+ 0| [A, 72 Yo ull o)
+ O[T (A ) 0%ull o)
Combining the last inequality with (62) we obtain
D IR0 ) oy, S IPPET907 (AW) o8y,
lof=2

d
+ Z {”Tlﬁlﬂﬂ (0s) 3ﬂu\|Lv(BR,jp) +[|r P2 (95) aﬁaiu”Lp(BR—jp)}
=1

+ Z H |:aa77a|/8|+2—’yi| ’L/}aBuHLP(BR—]‘p)'

|| =2

The bounds on the derivatives of 1 given in (60) and (61) then give

Z ”TWHQ_W(Q)QHE“HL”(BR—(HU/J) S ||7"B|+2_7¢aﬁ (Au) ”LP(BR—J‘;»)

|a|=2
+ Z p—2+|a\||T|ﬂ|+\a|—73a+6u||Lp(BR_Jp).
laf<1
We can now sum over all multi indices /5 such that |5| = k& — 1 to obtain the thesis (59). O

4.2. Weighted interpolation estimate.

Lemma 10. Let R > 0 such that Br C Q, 3 € N¢, u € ICL,mH’p(BR), d§>1,v—d/p>2/(1-9),
and p > d(1 — 1/9). Then, the following “interpolation” estimate holds

2—~ _ — —
(63) Ir™= H190%u| 1wy < CllFPT=7 0% 50, {(ﬂl + 1707

+ Z HT‘B'H_”(‘)BHO“u\lgp(BR) ,
|a]=1

with ¥ = £ (1 -
p

SAE
~
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Proof. Consider a dyadic decomposition of €2 given by the sets
Vi={zeQ:277 <|g| <279} j=1,2,. ..

and decompose the ball By, into its intersections with the sets belonging to the decomposition,
i.e., into B = Br N V7. Let us introduce the linear maps ¢; : V1 — VJ and write with a hat the

pullback of functions by ¢; ', e.g,# = r o ¢, " and Bi = ©; ' (B7). Then,
2—y I(y—2— 2
5710 oy 1) < 24 T il 5
We can now use the interpolation inequality
ollzsn ) < Cllvll (s 113 (s).

for B C R%, v € W1P(B) and with 9 defined as above, see [DFJSS12]. Therefore,

(64) HTZ’T”HBIaﬂuHLJP(Bj) SCQO(’Y 2— d/p)”,r H—Iﬂ\@BuH Z Héaﬁ%ﬂﬁléﬂ@”i})@)
|a|=1

Lr(BJ)

Let us now consider the first norm in the product above. Since 7 € (1/2,1), we can inject in the
norm a term #7(1=1/9) < max(1,2M11-1/9)) = O(, ), i.e.,

2=y

A8 10
3 Hm@ﬁ“”ip(q < C||r1P1= vaﬁu”l 1BJ)

We now compute more explicitly the second norm in the product in (64):

9
A441 + 2—y an
S 1T B, 5, < (1814 250 ) I, g T, g

=1 la]=1

and we may adjust the exponents of 7 and the term in 252 introducing a constant that depends
on v, §, d and p, obtaining

ST 0TI, o, < C 181+ D) A2, 5+ ST A Y

|a|=1 |a|=1

Scaling everything back to B? and adjusting the exponents,

HT Ea +\B|al3u||L5p(BJ < 02((v=d/p)(1-8)- 2| |rlF1= ”65ullm BY) {(|B|+1)ﬁ ||T|ﬂ|_736u||12p(3j)

+ Z [ 7+13ﬁ+(’“”m(33)

le]=1

If v —d/p > 2/(1 — §) and therefore 25 (7=4/P(1=6)=2) < | we can sum overall j = 1,2, ... thus
obtaining the estimate (59) on the whole ball Bp. O

4.3. Analyticity of solutions. We now consider the nonlinear Schrodinger eigenvalue problem
(4) with polynomial nonlinearity, given by

(65) Lu = —Au+ Vu + |ul’tu = \u.

We suppose that the potential V' is singular on a finite set of discrete points and consider the case
of an up-to-quartic nonlinearity (i.e.,§ € Nand § < 4). We show, in the following theorem, that
the results on the regularity of the solution that can be obtained in the linear case [MM19] can
be extended to the nonlinear one. We recall that ¢ € (0,1) so that V € KZ'5°(©2) and we suppose,
from now on, that ¢ € {2,3,4}.
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Theorem 2. Let u be the solution to (65), let ¢ € (0,1) such that V€ KZ°5 (), and 6 = 2,3,4. Then,
(66) u € J7 ()
forany v <e+d/2.

In order to prove the analyticity in weighted spaces of the function « we need to bound the
nonlinear term. We will introduce some preliminary lemmas and proceed by induction: let

us specify the induction hypothesis. We suppose, here and in the sequel, that we have fixed a
nonempty ball Br C €.

Induction Assumption. Fork € N, 1 < p < oo, Cy, Ay, > 0, v € R, we say that H,(k,p,~, Cy, Ay)
holds in B if for all p € (0, R/(2k)], u € T¥?(Bg) and

(67) > 0 oy, < Cudd(kp) 57 forall |y —d/p) +1<j <k
|| =5

Lemma11. Let k € Nand let H,,(k, p,~, Cy, Ay,) hold for p, v such that 2/(1—-§) < y—d/p < min(e, 2)
and p > d(1 — 1/6). Then, there exists C > 0 dependent on C,, and independent of A,,, j, k, and p such
that

ST O Lo,y < CAPIF (Rp) 101871 (18] + 1)°
|Bl=j

forlgj§k—1andwith19:%(1—%).

Proof. First, we use (63) in order to go back to integrals in L?:

2—y

I 5 P ul| yov ) < ClPPIT0Pull 5 0, {(5| + 1)l

d
+3° ||rﬁ+17353w2p(BRkp)} :

=1

Then, hypothesis (67) implies, for j =1,...,k — 1,

2\ J(1=9)
- _ i(1—9) —j(1—9) (J
Z (|81 vaﬁu||ipz93mkp) < CAI=) p=i (=) (k)
18]=7

and

d
> 181+ D PPl g, + D IO 0
|8]=3 i=1

4 ) ] 7o ) ] ]+ 1 (F+1)v
<O +1)7Ap7 7 (k) + A=Y (k,) :

Therefore, multiplying the right hand sides of the last two inequalities,
Z HT%TVHB@EUHL&P(BR_M) < CAIF (kp)=i=05iA=9) (j 4 1)+,
1Bl=3
We finally need to bound the last two terms in the multiplication above. By Stirling’s formula,
jj(l—ﬂ)(j + 1)(j+1)19 < Cj!j_l/er(j + 1)19/2j19/2

and another application of Stirling’s formula gives the thesis. O
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In order to estimate the L? weighted norms of derivatives of u° we will use Leibniz’s rule and
break the L? norms into multiple L°? norms. Lemma 11 then allows to go back to the induction
hypothesis. We continue by estimating the weighted norms of u? through the procedure we
just outlined. For two multi indices a = (ay,...,a4) € NYand 8 = (B1,...,84) € N, we write
al=a!l g, a+ = (a1 + f1,...,aq + B4), and

(a) B al
B)  Bla—pB)
Furthermore, recall [Kat96] that

= ()-()

18l
JEAN

Note also that for k£ € N and two quantities a, b depending on a multi index,

k‘

-1

(69) S 3T aB-0=>3 > a <>:§Z )

|Bl=k 0<C<p J=1|¢= Jfﬂf>€ J=1[¢|=5 [§|=k—j

Lemma 12. Let k € Nand let H,(k,p,~, Cy, Ay,) hold for p, fy such that 2/(1 — §) < v — d/pe and
p>d(1—1/6). Then, forall1 < j < k—landforall0 < p< £,

-\ J
(70) Z ”7,22 w+\a|8a( )||L5p/2 (Br_s, < CA%+219p7j7219 <i> j1/2.
lal=3

Here, C depends on C,, and is independent of A,, j, k, and p.
Proof. By Leibniz’s rule and the Cauchy-Schwartz inequality,

27 t|a| qa
1) > 5 0% W) o sy

la|=3
it 4 “—7
Z Z ( )|r = +|B|al3u||LJP (Br_ kp)”r L+l =18l ga— ’BU||L5P(BR_kp)

|al=j 0<B<a
24
+2 Z ||7«2 57+|a\80¢u|\Lap/z(3R%p)||u||Loo(BR_kp)
loe|=3

Considering the sum over 0 < 3 < «, Lemma 11, (69), and Stirling’s inequality give

'Y o'l o o—
DS ()| B oy I

|la]=5 0<B<

j—1 . . I 9
< CAiJrQﬁpijiZﬁZ (])Z'(] o i)!ej (Z + 1) (.7 L+ 1) 1

i\ ke i =1
< CAIFP p=i= 219J'6J

kJ
< QA2 =520 (j>] :1/2
> u P L J.

The second term at the right hand side of (71) is controlled using Lemma 11, since v — d/p < 2,
and the injection jdg/%n(Q) — L (9), valid for any n > 0 [KMR97]. O
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With the same proof as above, we can deal with a cubic nonlinear term, as we show in the
following lemma.

Lemma 13. Under the same hypotheses as in Lemma 12, forall 1 < j < k —1and forall 0 < p < 2—}};,

-\ J
2-9 1 o] g J —j— J .
S I T s,y < CAL 50 (2
le|=j

C depends on C,, and is independent of A,,, j, k, and p.

Proof. We have

-
Z HrS%Ha\aa (u3) HL“P/3(BR_;C,J)

lo=j

a 2—y 2=9 4| a|—18] aa—
e X Z( )IIr A P { Cp | [TV

Using (70) we follow the same procedure as in the proof of Lemma 12. When 0 < 8 < « in the
sum above,

« 2—y 2-7y — —
D S (A L L PR
la|=7 0<B<a

i-1 . N p—

ke i(j =)

i=1

.| J g
j+39 —j—39J-€ Vi
< CATp 7

N
. o J .
< CA == (k) J

As before, the terms in the sum where 5 = 0 and 5 = « give the same bound. O

The proof of the next lemma, in which we control a quartic term, amounts to a repetition of
the arguments above; we show its proof for completeness.

Lemma 14. Under the same hypotheses as in Lemma 12, forall 1 < j < k — Land forall 0 < p < £,
N\ J
Z H7’27’Y+|a‘8a(u4)HLP(BR,;CP) < CAJ+419,07]7419 (2) j3/2-
lo|=7
C depends on C,, and is independent of A,,, j, k, and p.
Proof. There holds
Z Hr27’y+la|aa(u4)”LP(BR,;W)

lov|=3

« - -
<c> > ( >||r24+58ﬂuL4p(BRkp)||T324+al—lﬁlaa—ﬁ(u3)||L4p/3(BRkp).

la|=j B<a
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We can now use the result of Lemma 13 with 6 = 4. When 0 < 8 < « in the sum above,

Z Z ( )||r wHB\aﬂuHLM(BR%P)Hrsz%ﬂal—lﬁlau—,@(u%||L4P/S(BR7W

la|=3j 0<B<a
<CAJ+419 —j— 4192( ) )leJ(Z_‘_l)ﬁ(] ;92+ ) Vi—1t
i=1 ki Z(] - 7’)
40 —j—av (] ’

< CA] B R

comrmn (2
The direct application of Lemmas 11 and 13 let us obtain the estimate for the terms in the sum
where § = aand 8 = 0, respectively. O

The proof of (66) is now complete: we just need to bring the estimates together.

Proof of Theorem 2. The operator Ly, = —A + V is an isomorphism
TEFHQ) = TELH(Q)

forany 0 < £ —d/2 < eand all k € N, see [MM19]. Since we can also show that © € L*°(2)
[Sta65], the solution to (65) is such that u € Jg(Q). Iterating this line of reasoning, we can show
that u € .,753(9) forall 0 < £ —d/2 < e. We now claim that, by injection, for all p > 1 and all
0 <y —d/p < ¢ there holds u € J;”(Q). Remark that, since u € J2(1), we have [CDN10b]
that u — u(c) € KZ(Q). Then, by [MR10, Lemma 1.2.2], u — u(c) € K}?(Q) for all p > 1 and for
v =¢{—d/2+ d/p. Since furthermore |u(c)| < Cl|ul| 72() for a C independent of u and for any
1 > d/2 [KMRI7], we obtain that u € J(Q2).

Therefore, for all p > 1 and all respective 0 < v — d/p < ¢, the induction assumption

H,(1,p,v,C,,A,) is verified for some constants Cy,, 4, > 0. We proceed by induction and
impose a restriction on p; specifically,

(72) p > min (2 2d5 (13>
The role of this condition on p will be clearer in the sequel. Let us now fix v € (d/p,d/p + ¢),
suppose without loss of generality that C,, A, > ||ul| 717 (o) and that

(73) Cu > Creg(4+ |A[R?),

where C\g is the constant in (59).

Suppose now that H,,(k, p,~, Cy, Ay,) holds for k € N, with p subject to (72), C,, such that (73)
holds, and a constant A, independent of £ whose lower bound will be specified throughout
the proof. We will show that H,(k + 1,p,~, Cy, A,) holds. Start by considering that, for all
p € (0, 2(%}1)] there exists p = 1 p such that p € (0, ££] and

Z HT'M_WaauHL”(BR—(kﬂ)p) = Z Hr‘al_’yaauHLP(BR—kﬁ) i=L....k

la|=j lal=j
Hence, since H,(k,p,~, C,, A,,) holds, we have that

> 0 Loy g,y < CuAl(kp) 57 < CuAL((k+1)p) /47 foralll < j <k,

|er|=3
forall0 < p < 2(k+1) It remains to prove that, forall 0 < p < 2(k+1),
(74) Z ”Tla‘778&“””’(312—(1«%—1);)) < CuA5+1((k +1)p)” k+1)(k + 1)k+1

la|=k+1
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holds for |a| = k + 1 under condition (72). From (59) and (65), there exists a constant Ci.cg
independent of v, k, and p such that

(75)

Do IOl S Crea | D IOVt T e M) ()
|or|=k+1 1B]=k—1

4 Z plo“fkfl||r|a‘7waau||LP(BR,|a\p)
|la|=k—1,k

We consider the term containing the potential V:

(76) j{: Hrk+1_785(V%OH[y(BR7k”
|Bl=k—1

<Y v ( )||r2—f+'<'a<V||Lw<BR_m||r6—7+ﬁ'—<a‘*—<u|Lp(BR_k,»

 si=k-105c<8

2 Vo Bas,) >, Ir PP u) o,
|8I=k—1
+ Z ||r2_€+|ﬂ|86V||Lm(BRfkp)||T€_’Yu||LP(BR—kp)
|l=F—1

Since V € KZ3°(€2), we denote by Cy, Ay the constants such that max|,—; [|71*=5+20°V || o () <

CVAW! for all i € N and suppose A, > Ay. Using (68) and (69), we have, for a constant 6
independent of A,

(77) Z Z ( >|7~2 EHC'@CVHLOO(BR |l Y HBI=1¢ 9B~ Ul Lo (Br_n)

|8]=k—10<(<B

<CZ( )Ak 1 1 (kp)~ (k—j—1) (k — '—l)k_j‘l

k—2
(kp/e)
< CAk 1 k (k— 1) k: 1
(kp)™ Z JE—1-j
< AL (kp)" "D (R — 1)
where we have concluded supposing, without loss of generality, that A,, > C and kp/e < 1. The

bound on the second to last term in (76) is straightforward, while for the last term we note that
€ — > —d/pthus |[r* Vu| pr) < C.

We now consider the nonlinear term: in the lemmas above we have shown that, for § = 2, 3,4
(recall that ¥ = % (1 — 1)), for C independent of 4,,

_ _ e (B =1\ _
Z ||,r,2 VJF‘ﬂlaBU(S”LP(BR,kp) SCAﬁ 1+619p (k—1) 619( - ) (kfl)(é 1)/2'
|8=k~1

In addition, |3| < Cp~1, therefore, for C independent of A,,

— _ 1y s k _ 1 k—1
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If (72) holds, then 69 + (§ — 1)/2 < 2, hence, since also (%)’c_1 <e,

Z \|T27V+|ﬁlaﬂué||Lp(BR,k ) < C«AﬁflJréﬁpf(k71)76197(671)/2
(78) |Bl=k—1
< ATk +1)p) Y (R + 1),
where we have supposed that A2~°Y > (' (which is possible since 2—§9 > 0 and C is independent
of A,). Note that for all d and ¢ considered, (72) is stronger than the hypothesis p > d(1 — 1/6)
of Lemma 10. The bound on the term in Au and on the second sum of the right hand side of (75)

can be obtained straightforwardly from the induction hypothesis. Hence, from (75), (77), and
(78),

Z Hr’““”c’?“UHLP(BR,(Hl)p)
lof=h-+1
< Creg {Aﬁ(kp)ﬁkfl) + AT (k4 1)p) "D (ke + 1)+ Gy AL (Rp) ~ VRS
+CL AN (k= 1)p)~ D (k= D AR2C, AL (k= )8 (k)"0
< Cheg(4 + [NRH) A ((k + 1)p) ™ (k + 1)+

where C,, is independent of £, p, C,,, and A,,, and we have supposed A,, > C,, to obtain the last
line. Since C, > Creg(4 + |A\|R%),we have proven the induction step, i.e., that for any fixed p such
that (72) holds, and any fixed v — d/p € (0, ¢) there exist C,,, A, > 0, such that for all k € N,

Hu(kap7'77cu7Au) - Hu(k+17p777cu7Au)

Therefore, (74) holds for all £ € N; furthermore, since R — kp > R/2, we can find a covering of
that gives, for a constant C,, > 0,

Z 711770 Loy < Cu ALK",

la|=k
for all |a| > 1. Thanks to Stirling’s formula, this is equivalent to (increasing the constant A,, to
A, in order to absorb the exponential and square root terms)
(79) > T 0%u| gy < Cu ALK

|| =k

Then, let g be such that 1/¢ = 1/2 — 1/p. Forany ¥ < v +d/q = v —d/p+d/2, [|[r" 7| Le(q) is
bounded, and

(80) 0% oy < 177 aey D 170 L2 0
la|=k || =k
From (79) and (80) we infer (66). O

5. EXPONENTIAL CONVERGENCE FOR POLYNOMIAL NONLINEARITIES

In this section, we make the same hypotheses on [’ as in Section 4, i.e., we consider the concrete
case where f(u?) is a polynomial. Let then

(81) Fw?) = Ju’~!

for § = 2, 3,4 (the case § = 1 is the linear one). Remark that this class of functions satisfies (6a)
to (6d), with in particular r = 2 in (6d).
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We also remark that since in this instance f/(u?)u? = §/2f(u?), the non scalar coefficients in
(49) are the same that we find in (4). Hence, using elliptic regularity in weighted Sobolev spaces
and the proof of Theorem 2, we obtain

(CRSIVA(?)
forany v < d/2 + ¢, and in particular for all s > 2, [[¢)[| 7:() < Cllul| 7: (o). Therefore, thanks to
(16),
(82) [l = vslpg < Ce?".
We can regroup the results of the previous sections, applied to the case where (81) holds, in the
following theorem.

Theorem 3. Let u, A be the solution to (4) and us, As be the solution to (11). Suppose that (7a), (7b),
and (81) hold. Then, for a space X with N degrees of freedom, there exists b > 0 such that

(83) lu = uslloe < Ce N
and

(84) A= As| < Ce N

Furthermore, if (37) holds, then,

(85) A= Xs| < Qe 2N

Proof. Bounds (83) and (84) are a consequence of the weighted analytic regularity of u given by
Theorem 2, of the exponential approximation properties of X stated in (16), and of Theorem 1.
Equation (85) follows from Proposition 7 and (82). O

6. NUMERICAL RESULTS
In this section, we show some results obtained in the approximation of the problem that, in its
continuous form, reads: find the eigenpair (A, u) € R x H'(2) such that ||u||12(q) = 1 and
—Au+ Vu+ |ulPu = duin Q
u = 0 on 092.

In particular, we focus on the computation of the lowest eigenvalue and of its associated eigenvector,
corresponding, from a physical point of view, to the ground state of the system. The domain is
given by the d-dimensional cube of unitary edge (—1/2,1/2)<.

(86)

Remark 7. We consider different boundary conditions with respect to the setting of Sections 4 and 5, i.e.,
we consider here homogeneous Dirichlet boundary conditions instead of periodic ones. The theoretical
analysis of this case is more complex, due to the fact that the ground state is not bounded from below, but
the behavior of the method with these boundary condition is of computational interest, since homogeneous
Dirichlet boundary conditions can be used to approximate physical systems in the whole space R?. Our
numerical results indicate that the theoretical behavior shown for the periodic case extends to that of
homogeneous Dirichlet boundary conditions.

We take potentials of the form V(z) = —r~%, for « = —1/2, -1, —3/2. We use a SIP method,
and solve the nonlinearity by fixed point iterations. The stopping criterion on the nonlinear
iterations is residual based, i.e., we stop iterating when

(A" = Xs)us, us) < €0l

for a given computed solution us € X; and a given tolerance ¢,;. We will indicate the tolerance
we use, on a case by case basis, in the following sections.
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Ficure 1. Left: mesh for the two dimensional approximation at a fixed refinement
step. Right: Numerical solution to (86) with V (z) = —r—3/2.

TaBLE 1. Estimated coefficients. Potential: —r—1/2,

S bLz bDG bLoo b)\

0.125 0.72 0.73 0.74 1.24
0.25 092 094 094 15
0.5 1.06 1 098 1.25

TasLe 2. Estimated coefficients. Potential: —r—!.

5 brz  bpg bre by

0.125 0.59 0.6 0.58 1.05
0.25 072 0.72 0.7 1.01
0.5 0.68 0.68 0.58 0.65

TasLe 3. Estimated coefficients. Potential: —r~3/2.

S bLz bDG bLoo b,\

0.062 043 045 0.5 08
0.125 0.56 0.52 0.65 0.76
0.25 048 047 043 0.47

6.1. Two dimensional case. In the two dimensional case, we compute the numerical solutions
on meshes built with refinement ratio o = 1/2, see Figure la. A visualization of the solution (in
the most singular problem we analyse) is given in Figure 1b.

Writing V() = —r~%, we plot the curves of the errors in Figures 2 (a« = 1/2), 3 (e = 1), and
4 (o = 3/2). In the case of the approximations with low polynomial slopes, all errors converge
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)
FiGure 2. Errors for the numerical solution with potential V (x) = —r~!/2. Poly-
nomial slope: s = 1/8 in Figure a; s = 1/4 in Figure b and s = 1/2 in Figure

C.

exponentially in the number of refinement steps, with the eigenvalue error converging faster
than the norms of the eigenfunction error. A plateau due to the algebraic error is evident around
10719 When the polynomial slopes are higher, the quadrature error — not analyzed here, see
[CCM10] for the analysis for h-type FE — manifests itself more strongly and causes, in extreme
cases, the total loss of the doubling of the convergence rate.

The coefficients bx, for X = L?(2), DG, L*°(92) and X are shown in Tables 1 to 3. As already
discussed in [MM19], the higher the slope, the biggest the quadrature error and the furthest the
estimated coefficients by is from the double of the one for the DG norm.

6.2. Three dimensional problem. In the three dimensional setting, we consider the domain
(—1/2,1/2)3, and a mesh exemplified with refinement ratio ¢ = 1/2. The numerical solution of
the problem with V' (z) = r~3/2 is shown in Figure 5. The solution shown is obtained at one of
the highest degrees of refinement. The algebraic eigenproblem solver uses the Jacobi-Davidson
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FiGure 3. Errors for the numerical solution with potential V (z) = —r~1. Poly-

nomial slope: s = 1/8 in Figure a; s = 1/4 in Figure b and s = 1/2 in Figure

C.

TabLE 4. Estimated coefficients. Potential: /2.

S bLz bDG by b)\

0.125 0.73 0.74 0.81 1.28
0.25 0.82 082 085 1.3

TasLe 5. Estimated coefficients. Potential: r~!.

S bLQ bDG bLoo b)\

0.125 0.82 0.8 0.83 1.39
025 082 0.81 0.86 1.44
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FIGURE 4. Errors for the numerical solution with potential V (x) = —r~3/2. Poly-
nomial slope: s = 1/16 in Figure a; s = 1/8 in Figure b and s = 1/4 in Figure
C.

TasLE 6. Estimated coefficients. Potential: r—3/2.

S bLZ bDG bLoo b,\

0.125 0.69 0.67 0.71 1.29
025 08 0.73 052 1.3

method [SvdV96], with a biconjugate gradient method [vdV92, SvdVF94] as the linear algebraic
system solver. The fixed point nonlinear iteration are set to a tolerance ey, = 107 ".

The algebraic and quadrature errors are not as evident as in the two dimensional case, and it
can clearly be seen that an optimal slope can be chose to better approximate the eigenvalue. The
nonlinearity does not seem to influence the rate of convergence; this is expected, since the source
of the loss of regularity — the factor that most influences the rate of convergence — is primarily
due to the potential.
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Ficure 5. Numerical solution in the three dimensional case: solution in the cube,
left, and close up near the origin of the restriction to the line {y = z = 0}, right

5.1
37926
25084
11,2642
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5_
10 -4-L? norm
-e-DG norm
L norm
0 — X = A
10°1
10707
10-10 L . L .
0 5 10 15 20
N1/4

Ficure 6. Errors of the numerical solution for V() = r~'/2. Polynomial slope

5 =1/8, leftand s = 1/4, right.
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Ficure 7. Errors of the numerical solution for V(z) = r~!. Polynomial slope
s =1/8, leftand s = 1/4, right.
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FiGure 8. Errors of the numerical solution for V() = r~3/2. Polynomial slope
s =1/8, leftand s = 1/4, right.
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