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Computer-assisted Existence Proofs for
One-dimensional Schrodinger-Poisson Systems

Jonathan Wunderlich® and Michael Plum?

Abstract

Motivated by the three-dimensional time-dependent Schrodinger-Poisson
system we prove the existence of non-trivial solutions of the one-dimensional
stationary Schrédinger-Poisson system using computer-assisted methods.

Starting from a numerical approximate solution, we compute a bound for
its defect, and a norm bound for the inverse of the linearization at the approx-
imate solution. For the latter, eigenvalue bounds play a crucial role, espe-
cially for the eigenvalues “close to” zero. Therefor, we use the Rayleigh-Ritz
method and a corollary of the Temple-Lehmann Theorem to get enclosures
of the crucial eigenvalues of the linearization below the essential spectrum.

With these data in hand, we can use a fixed-point argument to obtain
the desired existence of a non-trivial solution “nearby” the approximate one.
In addition to the pure existence result, the used methods also provide an
enclosure of the exact solution.

Keywords: computer-assisted proof, existence, enclosure, Schrédinger-Poisson
system

1 Introduction and Basic Notations

Motivated by the three-dimensional time-dependent Schrodinger-Poisson system
appearing in quantum mechanics, more precisely in modeling effects occurring in
todays semiconductor technology, we are interested in non-trivial solutions of the
time-independent stationary system

—Av+ (V4 ¢y)v = f(v)} o B?

Ao ) lim v(z) =0, lim ¢,(z)=0 (1)
“Ad, = v

considered in many papers, e.g. [2], [13] and [6], where (1) can be derived from
the time-dependent system via a standing wave ansatz if the non-linearity satisfies
f(el¥z) = el?f(2) for all z € C, o € R. More details about the physical background
are to be found in [9].
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In [5] and [6], the energy functional associated with (1) is minimized over the
Nehari manifold to prove existence of positive solutions of (1) (with V' =0, f(v) =
|o|P~1v for some ranges of p). In [13] the author derives ranges for p in which
positive radially symmetric solutions of (1) with V' = 1 do exist or not, i.e. for
p € (1,2] no positive radial solution exists and for p € (2,5) (including the case
p = 3) there is a positive radial solution. Moreover, in [5] non-existence results
for p < 1 and p > 5 are proved by using suitable Pohozaev identities. Multiplicity
results in a radially symmetric setting can be found in [1]. In [15] the authors use
variational methods and morse theory to prove existence of multiple non-trivial
solutions of (1) if the potential V' is continuous and bounded from below and the
non-linearity f satisfies the growth condition |f(z,v)| < const - (1 + |v|P), where
p € (1,5).

As a test problem for computer-assisted proofs we consider the one-dimensional
stationary Schrodinger-Poisson system

—u + (V + ¢u)u = u?
" 2 on R,
_¢u + Cd)u =u
where V' is a positive and constant potential and ¢ > 0.
To prove non-trivial solutions of (2) we first “solve” the second equation using
the corresponding Green’s function I': R — R, T'(z) := %ﬁexp(—\/a:d), and
insert the result into the first one:

—u" + (V4T xu?)u = u®. (3)

The second order problem (3), with the boundary condition u(x) — 0 as
x — 400 modelled in an appropriate way, will be formulated weakly in the H'-
space of symmetric functions H}(R) := {u € H*(R): u(z) = u(—=z) for a.e. z € R}
endowed with the inner product

(u,v) 1 = (W', 0") 2 + 0 (u,v) . for all u,v € HY(R),

where (-, ), denotes the usual inner product on L*(R) and o > 0 is a constant to
be specified later (see Subsection 2.3).

The weak formulation of problem (2) respectively (3) now reads:
Find u € H}(R) such that

/u’gp’d:er/ (V+(F*u2))ucpdx:/u3<pdx for all p € HX(R).  (4)
R R R

Moreover, we will need the topological dual space of H}(R) denoted by H; *(R),
which will be endowed with the usual dual norm ||-||;—.. Functions u € LZ(R) :=
{u € L?*(R): u(x) = u(—=z) for a.e. x € R} can be identified with elements in
H7Y(R) via

S

ulg] == / updr for all o € HX(R)
R
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and we define their first derivative v’ € H;*(R) by

U] == —/ugo' dr for all p € H!(R).
R
Riesz’ Representation Lemma for bounded linear functionals implies that
®: HY(R) — H; ' (R), ®(u) := —u" + ou, (5)

ie. (Pu)[p] = (u, ) for all u, € HY(R), defines an isometric isomorphism.
Since the proof of the central Theorem 1 is based on a zero finding problem
formulation of (4), we define the operator

F: HYR) — H;7Y(R), Fu:= —u" + (V 4+ T *u® — u*)u, (6)

ie. (Fu)lp] = [ [w¢ + (V4T *u? —u?)up| du. Obviously, u € H!(R) solves
Fu =0 if and only if u solves (4).
Moreover, let L: H!(R) — H;!(R) denote the linearization of F at w, i.e.

Lu = (F'w)(u) = —u" 4+ (V +T * w? — 3w?)u + 2(T * (wu))w. (7)
Hence, we get (Lu)[g] = [ [/¢" + (V + T *w? — 3w?)up + 2(T * (wu))wyp| da.
To improve readability of the proof of Theorem 1, some of the technical estimates
needed are discussed in advance in the subsequent Proposition.
Proposition 1. The following identity and inequalities hold true:

(@) llullp> < 75 llull g for all u € H(R),

() Nullg-r < 5 lullpe for all u € LY(R),

(©) llulloe < Vllullpz w2 < ﬁ [ull g2 for all uw € H{(R),

(d) Flw+v) — Flw+w) — Llv—w) = — [(w+v)? — (w+ w)* — 3w?(v — w)]
+(T*(w+v)?) (w+v) — (T (w+w)?) (w+w) — (T*xw?) (v—w) —2(x (w(v—w)))
for all w,v,w € H:(R),

() [ +v)* = (w+w)? = Bw2(v—w)| -y <
v—w 2 2
L=l T3 ool o (ol + ol o) + el + Boll o ool + ol

for all w,v,w € H:X(R),

() [|(T* (w+0)?)(w +v) = (T * (w+ w)?)(w + w)
—(T*w?) (v —w) = 2(T * (w(v —w)))wl|, + <

Bt [3 el o ol + 0lars) + 5 (0ls + Nollgs ol + i)

for all w,v,w € H:(R).
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Proof. (a) Since o is positive, we obtain
1 1
2 2 2 2
lullze < — Ml + llullze = — i -

(b) Using Cauchy-Schwarz’ inequality, (b) follows from (a) by the dual estimate:

1
lull j-» = sup /WD dr| < sup  lullpe loll e < —=llullg2 -
per! (®) /R peHI(R) Vo
loll =1 ol =1

(c) By Sobolev’s Embedding Theorem H'(R) embeds continuously into the space
of bounded continuous functions on R endowed with the usual sup-norm ||-|| .
Thus, we only have to verify the asserted embedding constant.

First, for fixed z € R, we get

T x
u(z)? = 2/ wu' dr < 2/ |uv'| da,
—0o0 — 0o

u(z)? = —2/ wu' do < 2/ lun| dz.

Adding both estimates and applying Cauchy-Schwarz’ inequality we obtain
@) = [ ful|do < fuls o]

Taking the supremum over z yields [|u]|”, < |lul| .2 ||| > and thus, applying
Young’s inequality,

2 1 lw'||7- ol | = 1 2

(d) Using the definitions of F' and L respectively we obtain

v) — F(w+w) — L(v —w)
= (WH0)" +(V4+T*(w+v)? = (w+v)?)(w+v)
I w) + (V+T#* (w+w) — (w+w)?)(w+w)]
[—(v—w)"+ (V4T xw? —3w?) (v —w) +2(T * (w(v — w)))w]
=— [(w—&—v)?’ — (w+w)? = 3w (v —w)]
(
(

&
+

I (w4 0))(w+v) = (T (w+w)?)(w+w)
I'*w?) (v —w) —2(T * (w(v —w))).
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(e) We note that

(w+)3 = (w+w)? —3w(v—w) = 3/ [(w+tv+ (1 —thw)® — w?] (v—w)dt.
0

Multiplying by a test function, integrating over R and exchanging the order
of integration yields, together with (a) and (c),

H(w + v)3 — (w+ w)?’ — 3w2(v — w)H

1
<3 sup /
peH(R) /0

H‘PHH1=1

1
Sl [+ o+ (= =] e
0

H-1

[l o+ (0=t =) 0~ w)pds| a

IN

IA

53 10~ @l {3 [l (ol + 1wl )

2 2
o+ Nl + Noll o el o + ol ]

(f) Since T is bounded by z%ﬁ’ Cauchy-Schwarz’ inequality and (a) yield

/R(F * (urug))ugpdr < ||T| (/R U U dy) (/R U3<pdx>

1
SN [l g2 luzll g2 lusl 2 ol g

for uy,uz,us,p € HY(R). Using this inequality together with similar argu-
ments as in (e), we obtain

(T (@ + 0)*) (@ +0) = (T (w0 + w)*) (w + w)
— (T *w?)(v—w) —2(T % (w(v — w)))wHH,1

1

su * (W v — wszz v —w
< s [ [0 @risa-gur-et)w-w
leell g1 =1
+2(T* (w+tv+ (1 —t)w)(v —w)))(tv+ (1 — t)w)ep

—2(T* (tv+ (1 = thw) (v — w))wgp} dx|dt

< ! || H /1 [ ” ”[ ||t (1 — t) Hl/
v w 6 ||w v+ w
- 2\/50 Y 0 2 :

+3to+ (1 — tywl[7. ] dt

1
3 lv—wlm [3 ol g2 (vl e + [[wll 1)

S -
2./co

1 2 2
+ %(HUHHI vl g lwll g+ (w0 |-
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2 Existence and Enclosure Theorem

In this section we will describe the main steps of our computer-assisted existence
proof for the Schrodinger-Poisson system (2), or (4) respectively. Essentially we
follow the lines in [4], [11] and [10]. What is new here is the non-locality of the
Schrodinger-Poisson problem (cf. (3)) which requires new techniques for the com-
putation of the defect bound and the eigenvalue bounds addressed below. We also
refer to [17], where several issues studied here had been addressed already.

First, let w € H!(R) be an approximate solution of (4) of the following form:

B {wo, in (—R, R),

0, iR\ (-R,R), ®

for some suitable R > 0 and symmetric wy € Hg(—R, R). Hence, w has compact
support in [—R, R]. We note that (8) is no strong restriction on the numerical
method used to compute w, since most of the common methods yield a compact
supported approximate solution anyway. Moreover, we note that w can be com-
puted via usual (i.e. non-verified) numerical algorithms, e.g. a Newton method
(see Subsection 2.1). We only have to make sure that the numerical method used
yields an approximate solution in the space H}!(R).

The following central Theorem 1 requires the computation of the following two
crucial constants which will be addressed in Subsection 2.2 and 2.3 below.

(a) Suppose a bound § > 0 for the defect (residual) of w has been computed, i.e.
[Fwllg-r = |-+ (V+T *w? —w?)w||,_, <46 (9)

(b) Assume a constant K > 0 is in hand such that
Jullyn < K [Lully- for all ue H(R) (10)

with L defined in (7).

We note that K satisfying (10) is actually a norm bound for the inverse of L.
For the computation of K a substantial use of computer-assisted methods is needed.
A manner of computing such constants ¢ and K will be described in Subsections
2.2 and 2.3.

Theorem 1. Suppose some o > 0 exists such that
o2

o 1 o
3 = 2 (3l +at 72 (30l + 52 )) )

3a 1 «
K- — (2 — | 2 — 1. 12
e (2l ot = (2l + ) < (12)

Then there exists an ezact solution u* € H}(R) of the Schridinger-Poisson system
(2), or (4) respectively, satisfying the enclosure

and

[u” = Wl < o
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Proof (see proof of Theorem 1 in [11]). Clearly, L is bounded and, due to assump-
tion (10), one-to-one. Next, we will prove that L is onto as well. Therefor, we
first show that the range of L is closed. So let (uy), be a sequence in H.(R)
and w € H;'(R) such that Lu, — w as n — oo in H; }(R). Since (Luy), is a
Cauchy sequence, by (10), (uy), is a Cauchy sequence in H2(R) converging to some
u € H}(R). By the boundedness of L we obtain Lu, — Lu as n — oo in H; }(R)
and hence Lu = w, i.e. the range is closed.

It remains to show that the range of L is dense in H;1(R). Since ® is an
isometric isomorphism it is equivalent to show that {®~1Ly: p € H}(R)} is dense
in H!(R). Now, let u € H}(R) be an element of its orthogonal complement, i.e.

(u, <I>*1ch>H1 =0 forall p € H(R).

Using (5), we obtain (u, <I>_1Lap>H1 = (L)[u], and hence by Fubini’s Theorem we
obtain

0= (Ly)u] = / [u + (V +T xw® — 3w?)pu + 2(I * (wp))wu] dz
R
= /]R [u'¢" + (V +T xw® — 3w?)up + 2(T * (wu))wy] dz = (Lu)[y]

for all ¢ € H}(R), implying Lu = 0. Therefore, applying (10), we get u = 0
deducing the asserted density and thus, proving that L is onto. Altogether, L is
bijective.

Introducing the error v := u — w, problem (4) is equivalent to the fixed-point
equation

v=—-L"-w'+(V+T*w’—w)w— ((w+0v)° —w’® - 3w)

+ ([ (w+0)*)(w+v) — ([ xw?)(w—+v) —2(T * (wv))w] = Tv, (13)
where the right-hand-side defines a fixed point operator T: H!(R) — HL(R) (cf.
(19) in [11]). Let V :={v € HX(R): ||v]| 5 < a} with « satisfying (11) and (12).
Using (13) and (10), (9), Proposition 1 (e) and (f) (with w = 0), and (11) we obtain
forv e V:

ol < K[+ (V4 T =+ (400 = = 3020)
+ ||(T o (w + v)?)(w +v) — ([ * w?)(w+v) — 2(T % (wv))(.uHH_1 ]

o] 7 1 0]l 1
0+ 201%{ Bllwllga + vl g + 7 3lwllpe + \/g
0[2

1 «a
<K|[d+—7 (3w 1+a—|—(3w 2—|—>>}§a,
5+ 5 (3l +at 72 (31wl + 2

implying T (V) C V. Moreover, by (13) and (10), Proposition 1 (e) and (f) we
deduce for v,w € V:

<K
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|Tv — Tw| - < K| ||(w +0)% — (w4 w)? — 3w (v — w)HH_1
+ ||(F $(wHv))(w+v) = (T (w+w)?)(w+w)
— (T *w?) (v —w) —2(T * (w(v — w)))wHH,1
3o 1 «Q
e (2l et = (20t 52 ) ) o=l

and hence, by (12), T is a contraction on V. Therefore, Banach’s Fixed-Point
Theorem yields a fixed point v* € V of T and thus, v* := w + v* is a solution of
problem (2), or (4) respectively. Moreover, u* satisfies the asserted rigorous error
estimate ||u* — w|| g1 = [[v*]| g < . O

<K

Remark 1. (a) Since we are interested in non-trivial solutions of (4), we addi-
tionally have to check that ||w]|| 1 is strictly larger then «, since otherwise
the solution u* provided by Theorem 1 could be the trivial one.

(b) Using Proposition 1 (a) and (c) respectively, we also get the following error
bounds:
o — w2 € — and |Ju* —w|_ < —=r.
= o * = 201
(¢) Suppose (10) is satisfied for some K which is not too “large”, i.e. L is not
close to being non-invertible. Then assumptions (11) and (12) hold true for
some “small” « if § is sufficiently small. Hence, by (9), condition (11) is
a demand on the accuracy of the approximate solution w (measured by its
residual).

To get a better understanding, let h: [0,00) — R be defined by the right-
hand-side of (11), i.e.

t 2

1 t
h(t) == K 257 (3 llwl| g+t + 7 <3 lwll 2 + ﬁ)) for all ¢ € [0, 00).

Obviously, condition (11) is satisfiable if and only if the defect bound ¢ is
less or equal t0 dmax = max{h(t): t € [0,00)}. In the affirmative case «
can be choosen between some values iy and amax (see Figure 1). Since we
are interested in a small error bound, we select a close to ayin. A possible
procedure to compute « is described in Remark 2 (b) in [4].

2.1 Computation of an approximate solution w

We compute an approximate solution w of (4) in the finite dimensional subspace
Vi :=span{¢y: k=1,..., M} C H}(R), where

sin ((2k — 1)7r%) , x| <R,

o R =R, ¢p(z) = {0 o > R
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6m ax

Qmin Qmax \ t

Figure 1: Possible choices of

with R > 0 chosen suitably to obtain an error bound as small as possible. More
details about the choice of R are mentioned in Subsection 2.2.
To calculate w we consider the operator family

F,: HY(R) — H;Y(R), F,(u) := —u" + (V +p(T *u?) — u*)u

parametrized by p € [0,1]. Clearly, u € H!(R) solves (4) if and only if Fj(u) =0
(cf. (6)), i.e. we can compute w € HL(R) satisfying Fj(w) ~ 0 via a Newton
iteration.

First, we note that ug(z) = v/2V/ cosh(v/Vz) for all z € R solves Fy(u) = 0

exactly. Thus, we compute an approximation wéo) € Vi using a least squares

method. Starting a Newton iteration (for the problem Fy(u) = 0) at wéo), we obtain

improved approximations w(()l), w((f)

5

,..., and stop this iteration at some index ng

where Fy(w is below some prescribed tolerance.

Next, we perform the usual path following algorithm, i.e. we increase p in
small steps (up to p = 1) by a step size ,, where J, = 0.5 turned out to be
sufficient in all our applications. Here, to compute an approximate solution of
Fyy5,(u) = 0, we start a Newton’s method at w;gr)ép = wl(jn”)7 with wl(yn”) denoting
the final approximate solution of the previous problem Fj,(u) = 0. Finally, when p
is equal to 1, we get an approximate solution w € H}(R) with Fy(w) ~ 0.

As mentioned earlier, non of those Newton iterations has to be done using
verified numerics, i.e. no errors need to be taken into account at this stage. Thus,
it is sufficient to use (non-verified) quadrature formulas to compute the integrals
needed in the Newton steps. In all our numerical examples the chained Simpson’s
rule is used. More details about the choice of R and M can be found in Section 3.

2.2 Computation of the defect bound o

In contrast to the determination of w, in the context of the defect bound all errors
have to be taken into account using interval methods, e.g. INTLAB (see [14]).
Obviously, w, computed by the method described in Subsection 2.1, is a function
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in H%2(—R, R) after restriction to (—R, R). Thus, using integration by parts and
Proposition 1 (¢) and Cauchy-Schwarz’ inequality (with some 1 > 0), we get for all
p € HIX(R):

‘/[wltpl + (V+T*w® — w?)wyp| do
R

<

R
+/ | [-w” + (V4T *w?® — w’)w] ¢| da
~R

ol

< b0 lell 19/ + 62 ol
1
625 2%
< (84 2) (hollas 0e'lsa + el

with 61 := [w/(R)| + |/(—R)| and &3 := ||—w” + (V + T x w? — wg)wHLz(_R,R).
Applying Young’s inequality gives @]l [¢/[l.2 < 35(1&' 172 + A [loll72) for

any A > 0. Choosing A < /o and 7 := U;/\)‘z, we obtain

|[—w"” + (V4T xw?® —w?)wl|,

1
1 63\ ? 3
< swp ( <5f+2)> (172 + (0 +200) Dl )
perl(®) \2A "

lell g1 =1

1/, 55))5 52 862 \?
= s (5 (%4 2)) el = (55 + 5
peH (®) \2A Loy H 2N o — N2

llell =1

Therefore, the computation of § requires a rigorous evaluation of w’ at =R (for
computing d1) and a verified computation of an integral (for obtaining d2) which can
be done by quadrature formulas with verified remainder term bounds, or explicitly
(as in our case). Finally, we can (approximately) minimize over all possible A to
obtain a defect bound as small as possible.

We close this subsection by giving a short remark on the choice of R. Since we
expect the solution of (4) to decay “fast” for |z| large, J; becomes “small” if R is
chosen sufficiently “large”. However, a “moderate” R is needed to minimize the
computational effort for the computation of d; and K. Hence, we need to balance
both effects.

2.3 Computation of the norm bound K

Using the isometric isomorphism ® defined in (5), we get || Lul| ;- = ||® 7' Lul| ,,
for all w € H(R). Since ®'L is symmetric with respect to the inner product
(-,) 1 and defined on the whole space H!(R), ®'L is selfadjont. The spectral
decomposition of ®~1L implies that assumption (10) holds true if and only if

k := min{|\|: X is in the spectrum of ® 'L} > 0, (14)
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and in the affirmative case is satisfied for any K > %

Thus, the remaining task is the computation of a positive lower bound for the
spectrum of ®~1L (implying (14)). We divide the computation into two steps:
First, we compute the essential spectrum oess of @ 'L. The second step treats the
remaining part of the spectrum, i.e. the isolated eigenvalues of finite multiplicity.

Essential spectrum

Oess = {min{l,v},max{l,v}] =:1.
o o

Proof. As a first step, we show that ® 1L is a compact perturbation of ® 1L with

Proposition 2.

Lo: HY(R) = H;7Y(R), Lou:= —u" + Vu.

Let (un)n be a bounded sequence in H!(R) and € > 0. Since w is of the form (8),
i.e. w has compact support, we obtain for all |z| > R:

~Vels| R
(T * w?)(z) = ¢ S @V, ()2 dy — 0 as z — +oo. (15)

2ve J_r

Using Proposition 1 (a) we note that (uy), is a bounded sequence in LZ(R) and
thus, using (15), there exists R > R such that

3

H(F*wZ)(un— 5

(16)

um)||L2({|w\>R}) < sup |(T *wz)(z)| llun — Um||L2 <

{lz|>R} 2C
(with C independent of n and m). o

Since (un)n is also bounded in H}(—R, R), Sobolev-Kondrachev-Rellich’s Em-
bedding Theorem yields a subsequence (up, ) converging in L2(—R, R). Thus, we
find | € N such that

£ ~
130 (tmy, = )| o = [[30% (e = un)) || 2o oy < 3 forallkl>1,
and (using (16) and the boundedness of (un, )r)

g 13
||(F *W2)(unk - unz)HL2 < g and ”(F * (w(unk _unz)))w”L2 < 6

for all k,1 > I, where the second term is treated similarly to the first one.
Summing up, we obtain

||(L - LO)(U’TLk - um)”L2 < H3w2(unk - unz)||L2 + ||(F * w2)(u7lk - um)HLz
+ 2[[(T % (w(tn, —un,)))wll2 <€
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for all k,1 > I. Therefore, (L — Lo)un, ) is a Cauchy sequence in L2(R) and
thus, convergent in L2(R) and, by Proposition 1 (b), convergent in H; 1(R). Since
® is an isometric isomorphism (®~1(L — Lo)u,, )k is convergent in H!(R), hence,
®~1(L—Ly) is a compact operator and therefore, since ®~! L is bounded, we proved
the asserted compact perturbation.

Hence, since the essential spectrum is invariant under relative compact pertur-
bations [7, Chaper IV, Theorem 5.35], the essential spectra of ®~!L and ®~ 1L,
coincide. Thus, we now compute the essential spectrum o0, of ®~1 L.

Therefor, we consider the polynomial family

pa(s):i= (1 =Ns*+V — Ao forall s € R\ e€R.
We note that for all A # 1 we have the following equivalence:
py has real zeros & A€l (17)

To show ¢, C I, let A € R\ I. We will prove, that X is in the resolvent set, i.e.

for every r € H(R) there exists a unique u € H!(R) such that (®~1Ly — N)u = 1.
Using the definition of Ly this equality is equivalent to

pa(8)Ful(s) = (s> + o) F[r](s) for all s € R, (18)

with F denoting the Fourier transform.
A ¢ I implies that py is of order 2 and has no real zeros by (17), therefore

q(s) :== ;i—(:; is bounded on R and thus, u := F~1[qF[r]] solves (18). |Flu](s)| <
const - | F[r](s)| yields v € H'(R) and, since r and ¢ are symmetric, we get u €
H(R) by the symmetry preserving property of F. Furthermore, u is a unique
solution of (18), since py has no real zeros and thus, r = 0 implies v = 0. This
proves that A is in the resolvent set of ® 1Ly and hence not in o¥,,.

Now let A € IT'\ {1}. Due to (17) py has at least one real zero so. We consider
a function § € C*°(R) such that § =1 on (—o00,0] and § =0 on [1,00). Moreover,

we define

Up(x) := cos(sox)d(z —n)f(—x —n) forallz e R,neN.
Clearly, u,, is smooth with compact support in [-n—1,n+1], and u,(z) = cos(spz)
on [—n,n] implying
(Lot — APuy)(x) = [(1 — N)so® +V — Ao cos(sox) = pa(s0) cos(sox) =0
for all € [—n,n]. Applying Proposition 2 (b) we get

1 ) n+1
| Lotn — Aup||3-1 < — I Loun — ADu,,|[3, = ;/ | Loty — A®uy|? dz, (19)

implying that ||Lou, — A®uy ;-1 and thus, ||®~'Lou, — )\unHHl is bounded as
n — oo. Furthermore,
n

||un||§{1 >0 ||un|\2L2 > O’/ cos2(sox) dr — oo

—-n
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as n — oo, which together with (19) yields that \ is in the spectrum of ®~1Ly. We
note that ®~' L has no eigenvalues since all solutions of Lou — A®u = 0 are linear
combinations of terms e¥* with ¢ € C and thus, not in H!(R) (except 0). This
yields A € o2 .
Finally, we prove that A = 1 is in o0,,. Again, ® 1Ly has no eigenvalues,
wherefore it is sufficient to show that A is in the spectrum of ®~'Lg. If we suppose
that X is in the resolvent set, then ® 'Lgu — v = r would have a unique solution
for all r € H(R), implying 7"’ = or — (V — o)u € L%(R) for all r € H}(R), which
obviously cannot be right. O

Isolated eigenvalues

To compute bounds for the isolated eigenvalues we first restrict the possible choices

for ¢ > 0, i.e. we choose o such that o >V + 2\3/5 ||w||iz Since I' is bounded by

2%/5, this choice, together with (5) and (7), yields
(u—® 'Lu, w) = (Pu — Lu)[u]

= /R (0 =V =T *w” +3w’)u® — 2(T * (wu))wu| dz  (20)

3 2 9
> -V - — d
/R |:(U 2\/6 ”W”L? Y z>0

for all u € HY(R) \ {0}, implying the positivity of id — ®~*L on H!(R), and hence
it is one-to-one. Since ®~!L is symmetric on H!(R) (see the proof of Theorem 1)
and defined on the whole Hilbert space it is selfadjoint and therefore,

R:=(id—®'L)"': H{(R) D D(R) — H}(R) (21)

is selfadjoint. Due to (20) all eigenvalues of ® 'L are less then 1 and hence, by
(21), we obtain

\ is an eigenvalue of ®7'L &

y is an eigenvalue of R. (22)

Moreover, the spectral mapping theorem [8, Chapter 4, Theorem 4.18] yields an
analogous relation for the complete spectra, and thus especially for the essential
spectrum:

1
Ufssu{oo}:{1_/\:)\60655}7

with o denoting the essential spectrum of R. Applying Proposition 2 and by

ess

the choice of o we note that mino.ss = % and therefore, using that V and o are

. —mingR — @
positive, we deduce o := mino g, = % > 1.

Using (21), (5) and (7) the following equivalences hold true for x € R:
u € D(R), Ru=ku<uc HX(R), u=k(id— ® 'L)u
& u € HY(R), du=rxdu— Lu
s u e HAR), (u,9) 1 = kM (u, ) for all o € HY(R),
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with M: H}(R) x HY(R) — R defined by
M(u,p) == / [(c—V —T=x w? + 3w up — 2(T * (wu))wep] dz.
R

Thus, we consider the eigenvalue problem
(u, @) ;1 = KM (u, ) for all p € H(R). (23)

Now, we need to compute bounds for the eigenvalues neighboring 1 instead of
eigenvalues neighboring 0 in the case of the eigenvalue problem for ®~1L (cf. (22)).

To calculate upper bounds the Rayleigh-Ritz method based on Poincaré’s min-
max principle is used (see [16, Chapter 2], [12, Theorem 40.1 and Remarks 40.1,
40.2, 39.10]):

Theorem 2 (Rayleigh-Ritz). Let n € N and v1,...,v, € HX(R) be linearly inde-
pendent. Moreover, define the matrices

AO = (<vi’vj>H1)i,j:1,...,n’ A1 = (M(U“’Uj))i,j:l,.“,n

and denote the eigenvalues of the matrixz eigenvalue problem Agxr = KA1z by k1 <
-+« < Rp. Then, if Ry, < 0y, there are at least n eigenvalues of (23) below og, and
the n smallest of these, ordered by magnitude and denoted by K1, ..., Kn, satisfy

ki <k; (j=1,...,n).

Lower eigenvalue bounds can be computed via the Lehmann-Goerisch Theorem
(see e.g. [18, Theorem 2.4], [4, Theorem 3]), an extension of the Temple-Lehmann
Theorem (see e.g. [3]), which requires as a priori information a rough lower bound
for the (n+1)st eigenvalue if it exists below the essential spectrum. In the following
we will explain how to compute such a rough bound for the (n + 1)st eigenvalue
via a homotopy method (see [4, Subsection 4.2]).

As a first step, we consider the base problem

(u, ©) i1 = KO Mo (u, ) for all p € HL(R), (24)

with Mo: H}(R) x HY(R) = R, Mo(u, ) := [zlo — V + 3a?|up dz and

: . [ull s |2 <R,
a: R =R, d(z) = {0 | > R

Then, Mo(u,u) > M(u,u) for all v € H}(R) and the minimum of the essential
spectrum of the base problem is again og. Let pg < g9 be a lower bound for the
essential spectrum. Since @ is piecewise constant, we can enclose all eigenvalues
of (24) below py using fundamental solutions on (—oo, —R], [ R, R] and [R, o0),
respectively, and considering the corresponding matching conditions. This leads to
the computation of zeros, which can be realized for example via a verified interval
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Newton method or a verified bisection method (as in our case). Note that in this
context it is also important to ensure that there are precisely N eigenvalues of (24)
below pg, i.e. we also need an index information for the N smallest eigenvalues.
By the interval Newton/bisection method we indeed obtain these information.

To compare problems (23) and (24), we consider the family of bilinear forms
M;: HY(R) x HX(R) — R for t € [0, 1] defined by

My (u, @) := (1 —t)Mo(u, @) +tM(u,p) for all u,p € HX(R)
and study the corresponding family of eigenvalue problems (¢ € [0, 1])
(U, @) g = kO M, (u, ) for all p € HX(R). (25)

Moreover, we note that M;(u,u) is non-increasing in ¢ for fixed u € HL(R).
Therefore, since the essential spectra of (25) coincide for ¢ = 0 and ¢ = 1, Poincaré’s
min-max principle implies that the minima of the essential spectra of the eigenvalue
problems (25) coincide, i.e. min a(()t) = oy for all t € [0,1]. Moreover, for 0 < s <
t <1 we deduce:

H;S) < th) for all j such that li;t) exists below oy,
with th) < ﬁét) < .-+ denoting the eigenvalues of (25) for fixed ¢ € [0, 1].

The following Corollary ([4, Corollary 1]) is a crucial part of the homotopy

which allows us to transfer the index information from (24) to (23):

Corollary 1. Lett € [0,1] and X := L*(R) x L2(R). Moreover, we define the
bilinear form b on X by

b: X x X >R, b <<w1> , (”1>) i= (w1, v1) 2 + 0 (W, 03) 5 .

w2 U2

Furthermore, T: HX(R) — X, Tu := (v, u)T satisfies b(Tu,Tv) = (u,v) g for
all u,v € HX(R), i.e. T is isometric. Additionally, suppose that for a given v €
HYR)\ {0} a w € X is in hand such that b(w, Typ) = M;(v, @) for all p € H(R).
Finally, let p € (0, 00] such that there are at most finitely many eigenvalues of (25)
below p, and

(v,v) i1

My(v,v)

Then, there is an eigenvalue r of (25) satisfying

th(U, U) - <U7 U)Hl
pb(w, w) — My(v,v) sr<p (26)

Now we will give a short outline of the homotopy method (for more details see

[4, Subsection 4.2]. We start with computing approximate eigenpairs (/%Ef 1), alt 1))

for n = 1,..., N of problem (25) for some t; > 0, with ngtl),...,n%l) ordered
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by magnitude. If ¢; is not too large, we may expect that the Rayleigh quotient,
formed with ug\il), satisfies <u§\t,1)7u%l)>H1/Mt1(u%1)7u§f,1)) < p. Hence, Corollary
1, applied to v = ug\t,l), implies the existence of an eigenvalue x(1) of problem (25)
(with t = t1) and a lower bound p; defined by the left-hand-side of (26) such that
p1 < k) < p.

Successively, we can continue this procedure with t5 > t; etc. until either ¢y < 1
(i.e. the homotopy cannot be continued) or ¢, = 1 for some 1 < r < N which is the
case in all our examples. Thus, problem (25) with ¢t = ¢, = 1 has at most N — r
eigenvalues below p,.. Using a Rayleigh-Ritz computation, we can finally check that
there are at least N — r eigenvalues below p,. and hence, there are precisely N — r
eigenvalues in (0, p,-). In all our examples only one eigenvalue remained after the
homotopy (i.e. N —r = 1), hence, there is no need for an additional Lehmann-
Goerisch computation and we can compute the desired eigenvalue bound directly

from the Rayleigh-Ritz computation and the homotopy bound p, (see Figure 2).

Tess a0

po = 1.98

f

i =
* P2

e

pgF — 4
0 L P SR
11 p6 .

b

©
7
t

L0 L
*10

4y
tH

p1o = 1.4099

RONE

RONE
7

LD = 0.4480

g
.
;

t=0 t; = 0.1736 tg = 0.3234 tgz = 0.4557 ty4 = 0.5727 tg = 0.623 tg = 0.8885 t =1

Figure 2: Course of the homotopy for ¢ = 50

3 Numerical Results

In this section we will give a short overview about our numerical results with the
specific potential V' = 1.0. Using the Newton steps described in Subsection 2.1 we
compute approximate solutions to the one-dimensional Schrodinger-Poisson system
(2) for different values of ¢ (see Figure 3). For the computation we set R to 10.0
and use between 40 and 50 ansatz functions varying with the value of c. In all cases
the parameter p, used in the Newton methods introduced in Subsection 2.1, passes
the values 0,0.5,1 and the defect bound d computed via the techniques decribed in
Subsection 2.2 is of order 1074,

Using the methods stated in Subsection 2.3 we are able to calculate upper
bounds for the eigenvalues “nearby” 1 in all considered cases. However, the ho-
motopy algorithm und thus the computation of lower bounds failed in cases where



Computer-assisted Existence Proofs for Schrédinger-Poisson Systems 389

25 25 25 25
2 2 2 2

L5 L5 L5 L5

1 1 1 1
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Figure 3: Approximate solutions for ¢ = 1.0, 2.0, 30.0, 50.0 (from left to right)

c is smaller than 30. In the remaining situations we can compute constants K
satisfying (10). Applying Theorem 1 to these approximate solutions we are able to
prove existence of a non-trivial solution (see Table 1).

Table 1: Numerical results in the successful cases
[ c [V o [ & [ oo [p [ K] «
30.0 1.0 2.133 3.085e-4 ~ 1.8826 1.88 3.753 1.17e-3

40.0 | 1.0 1.973 | 3.154e-4 | ~2.0277 | 2.02 | 3.543 | 1.12¢-3
50.0 | 1.0 1.866 | 3.174e-4 | ~ 2.1547 | 1.98 | 3.498 | 1.12¢-3

4 Concluding Remarks and Outlook

Concerning the potential, Theorem 1 can easily be generalized, i.e. we can replace
the constant potential V' by a symmetric positive potential in L (R) satisfying
lim, 00 V() = limg— o V(z) > 0. Additionally, the non-linearity can be re-
placed by a more general function f € C1(R). In this generalized setting Theorem
1 remains valid, however, the proof has to be adapted at some stages. Although,
the computation of approximate solutions is a more difficult task since it is a priori
unknown how to start the Newton iteration (cf. Subsection 2.1).

As written in the beginning, the considered one-dimensional system only pro-
vides as a basis for the three-dimensional stationary version (1). The applicability
of computer-assisted methods in three-dimensional case still remains an open ques-
tion. Furthermore, the time-dependent Schrédinger-Poisson system remains a task
for future research.
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