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ON THE MIT BAG MODEL IN THE NON-RELATIVISTIC LIMIT

N. ARRIZABALAGA, L. LE TREUST, AND N. RAYMOND

ABSTRACT. This paper is devoted to the spectral investigation of the MIT bag
model, that is, the Dirac operator on a smooth and bounded domain of R? with
certain boundary conditions. When the mass m goes to +00, we provide spectral
asymptotic results.
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1. INTRODUCTION

1.1. The physical context. In elementary particle physics [12], the strong force
is one of the four known fundamental interaction forces along with the electromag-
netism, the weak interaction and the gravitation. It is responsible for the con-
finement of the quarks inside composite particles called hadrons, such as protons,
neutrons or mesons. Its force-carrying (gauge bosons) particles are called the glu-
ons (the force-carrying particles of the electromagnetism are the photons) and they
carry together with the quarks, a type of charges called the color charges. Their
interactions are detailed in the theory of quantum chromodynamics (the theory of
electromagnetism is called quantum electrodynamics).

1.1.1. The standard model. Following the work of Gell-Mann and Zweig and the deep
inelastic scattering experiments held at the Stanford Linear Accelerator Center in
the 60's, some physicists introduced in the mid-70’s the standard model [17] in an
attempt to give an unified framework for the elementary particle physics. It turned
out that this model has been very fruitful since it allows to predict the existence of
many particles. Despite of its success, the confinement of the quarks remains badly
understood because of the complexity of the associated equations.

1.1.2. An attempt to understand better the confinement of quarks. In parallel to the
introduction of the standard model and relying on the work of Bogoliubov [5, Section
IV], Chodos, Jaffe, Johnson, Thorn, and Weisskopf [9, 8, 7, 19, 17], physicists at the
MIT, developped a simplified phenomenological model to get a better understanding
of the phenomenons involved in the quark-gluon confinement. Following the results
of the experiments held at that time, they chose to include several qualitative prop-
erties of the quarks:

- the perfect confinement of the quarks inside the hadrons?,
- the relativistic nature of the quarks?.

The region of space €2 where the quarks live is called the bag and the model is called
the MIT bag model. Let us remark that the MIT bag model can also be viewed as
a model for a relativistic particle confined in a box. In the non-relativistic setting,
the Dirac operator is replaced by the Dirichlet Laplacian and the associated model
appears in many courses of introduction to quantum physics [24].

This model has been successfully used to predict many properties of hadrons (see
for instance [10]).

Let us also mention that the equivalent of the MIT bag model in dimenssion two
appears in the study of the graphene and it is referred to it as the infinite mass
boundary condition (see [4, 30] and the references therein).

1.2. The MIT bag Dirac operator. In the whole paper, ) denotes a fixed
bounded domain of R? with regular boundary and m is a real number. The Planck’s
constant and the velocity of light are assumed to be equal to 1.

Let us recall the definition of the Dirac operator associated with the energy of a
relativistic particle of mass m and spin } (see [31]). The Dirac operator is a first

INo isolated quark has been observed yet.

2For light quarks, the non-relativistic approximation E = mc? is not valid and the Schrédinger

operator —A has to be replaced by the Dirac one to describe the kinetic energy.
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order differential operator, acting on L*(€, C*) in the sense of distributions, defined
by
(1.1) H=oa-D+mpj, D = —iV,

where @ = (o, ag, a3), § and 75 are the 4 x 4 Hermitian and unitary matrices given

by
o 12 0 o 0 12 o 0 O o
B_< 0 _12>7’YS_<12 0 >,Oék—<o_k 0 ) fOI'k—]_,Q,?).

Here, the Pauli matrices o1, 05 and o3 are defined by

0 1 0 —1 1 0
Ul_<10>7 0-2_<Z. 0>7 03_<0_1>7

and a - X denotes 2221 a;X; for any X = (X, X, X3). Let us now impose the
boundary conditions under consideration in this paper and define the associated
unbounded operator.

Notation 1.1. In the following, I' := 0Q and for all x € I', n(x) is the outward-
pointing unit normal vector to the boundary.

Definition 1.2. The MIT bag Dirac operator (HS!, D(H{})) is defined on the domain
Dom(HE) = {¢p € H'(Q,C") : By =1 on T}, with B = —if(a-n),
by H = Hi for all 1 € Dom(HS!). Observe that the trace is well-defined by a

classical trace theorem.

Notation 1.3. We will denote H = Hf! when there is no risk of confusion. We
denote (-, -) the C* scalar product (antilinear w.r.t. the left argument) and (-, ),
the L? scalar product on the set U.

Remark 1.4. The operator B defined for all x € I' is an Hermitian matrix which
satisfies B2 = 14, so that, its spectrum is {£1}. Both eigenvalues have multiplicity
two. Thus, the MIT bag boundary condition imposes to the wavefunction 1 to be
an eigenvector of B associated with the eigenvalue +1. This boundary condition is
chosen by the physicists, [19], in order to get a vanishing normal flow at the bag
surface, —in - j = 0 at the boundary I', where the current density j is defined by

i=W,a).
The opposite boundary condition ¢ € ker(14 + B) is discussed in Section 1.3.2.

The following theorem gathers some fundamental properties of the MIT bag Dirac
operator that are related to its self-adjointness.

Theorem 1.5. Let ) be a nonempty, bounded and reqular open set in R and m € R.
The following properties hold true.
i. The operator (H,Dom(H)) is a self-adjoint operator with compact resolvent.
ii. Let us denote by (pn(m))ns=1 < R% the non-decreasing sequence of eigenval-
ues of |H| counted with multiplicity. The spectrum of H, denoted by sp(H), is
symmetric with respect to 0 (with multiplicity) and

sp(H) = {£pn(m), n > 1}.

iii. Each eigenvalue of H has even multiplicity.
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iv. For each v € Dom(H), we have

(1.2) ||H¢H%2(Q) = |a- Vw“%?(m + mWH%?(aQ) + WQWH%?(Q)
and
2 2 1 2
(1.3) la - VY [izg) = V|72 + B m“W ds

where Kk is the trace of the Weingarten map:

dng: T,0Q — R?
v —  Opn(s).

Remark 1.6. This theorem is a special case of results in spin geometry (see for
instance the survey [2]). Let us comment the different points.

i. The proof of the self-adjointness can be found in [3, Theorem 4.11]. Note that
self-adjointness results have also been obtained in the case of C*-boundaries
in [6] through Calderén projections (see [25] where these projections are used
in relation with the MIT bag) and sophisticated pseudo-differential techniques,
and in two dimensions, with C2-boundaries by using Cauchy kernels and the
Riemann mapping theorem, [4] (see also [30]). Let us also mention that more
general local boundary conditions are considered in [4, 6]. The compactness of
the resolvent follows from a classical embedding theorem (see also [3, Corollary
5.6]).

ii. The results about the symmetry of the spectrum and the multiplicity follows
from the symmetries of the operator.

iii. The formula for the square of H is a particular case of a more general formula
in [16, p.379]. Basic properties about the Weingarten map may be found in [29].

We refer to Appendix A where, for the convenience of the reader, we recall the proofs
of some points.

1.3. Results. Let us now describe our results which are of asymptotic nature. They
describe the limiting behavior of the eigenvalues of the MIT bag Dirac operator as
m tends to too.

1.3.1. The MIT bag model with positive mass. As we can guess from the expressions
(1.2) and (1.3), when m — +o0 the operator H* —m? tends, in some sense, towards
the Dirichlet Laplacian on €2. From the physical point of view, this limit is called
the non-relativistic limit since it relates the MIT bag model (relativistic particles in
a box) to the model for non-relativistic particles in a box.

From the spectral point of view, we have the following asymptotic result.

Theorem 1.7. Let —AP" be the Laplacian with domain H*(2,C*) n H(Q,C*),
and let (uP"),=1 be the non-decreasing sequence of its eigenvalues. For alln > 1,

we have
1 Dir _ 1
(M) — (m + 5 Hn ) WO (m) :

It is actually possible to describe the next term in the expansion of the first
positive eigenvalue.
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Theorem 1.8. Let uy € HY(Q,C) be a LQ—normal_ized eigenfunction of the Dirichlet
Laplacian associated with its lowest eigenvalue uP". We have

1 Dir 1 2 1
,ul(m) — <m + %Ml - w L |@nu1| dF) m—>:+oo 0 <7’nz> .

Remark 1.9. This asymptotic expansion of p;(m) coincides with the one of the first
eigenvalue of the operator 4/m? — AR where —AR°P is the Robin Laplacian of mass

2m, i.e., the operator of L?(Q2, C) whose quadratic form is defined for u € H'(£2,C)
by

u— J |Vu|? dx + 2mf lu[?dl.
Q r

1.3.2. The MIT bag model with negative mass. Let us now describe our result re-
lated to the MIT bag model with “negative mass”. This “negative mass” may be
understood in two equivalent ways.

i. When we investigate the case 0 = R3, the Dirac operators o - D + mf3 and
« - D —mf are unitarily equivalent. Thus, in the case of a general {2, one may
be tempted to consider o - D — mg with the MIT bag condition B.

ii. Since we have

s (- D+mpB)ys =a-D—mf, By = =B,

we notice that « - D — mf with boundary condition B is unitarily equivalent
to a - D + mf with boundary condition —B. In this case, the flux —in - j also
vanishes at the boundary and the justification given by the physicists [19] of the
MIT bag boundary condition can also be applied here (see Remark 1.4).

Of course, these changes of signs have no effect on the self-adjointness.

Remark 1.10. From the physical point of view, the fact that H§' does not commutes
with the chirality matrix s (see [31]) is called the chiral symmetry violation [32, 17].
The chiral symmetry is supposed to be a property approximately satisfied by light
quarks and exactly satisfied for quarks of mass 0.

In this paper, we will show that the limit m — —oo for the operator H turns
out to be a semiclassical limit and not of perturbative nature as when m — +oo. It
will be shown that the boundary is attractive for the eigenfunctions with eigenvalues
lying essentially in the Dirac gap [—|m/|, |m|] and that their distribution is governed
by the operator

Iiz

(1.4) E—Z+K

where k and K are the trace and the determinant of the Weingarten map, respec-
tively, and where L' is defined as follows.

Definition 1.11. The operator (L', D(L")) is the self-adjoint operator associated
with the quadratic form

Q'(v) = f Va?dl, Ve H'(T,C)* nker(B —1y4).
T

As a consequence of our investigation, we will get the following lower bound of
the quadratic form QF.
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Proposition 1.12. We have
2

Vi) € Hl(F,C)4 Nker(B —1,), QF(’/)) ;J (2 _K> W‘ZdF.
r

Taking advantage of semiclassical technics, we will establish the following uniform
eigenvalues estimate.

Theorem 1.13. Let g € (0,1) and
Neym := {n e N*: p,(—m) < my/1—¢gp}.

There exist positive constants C_, C,., mq such that, for all m = mg and n € Ny 1,

f, (M) < pro(—m) < py (M)
with p(m)being the n-th eigenvalue of the operators L1+ of L2(T',C)* defined by
1
2

2
Lh- = <[1 —C_m2)L" - % + K — C_m_1>

)

+
1
2

2
Lot = <[1 +Com2)L" — % + K+ C+m_1>
Remark 1.14. By Proposition 1.12,

2
[1+Com2]ch — % +K+Cim™ >0,

I—

so that the square root is well-defined. In the expression of £,;~,

take the non-negative part.

we are obliged to

Rewriting the previous theorem in term of asymptotic expansions of the eigenval-
ues, we get the following result (see for instance [20, Corollary 3.2]).

Corollary 1.15. For all n € N*, we have that
1
pn(=m) = Jii +O(m"2),
m——+00

where ([in)nen= 1S the non-decreasing sequence of the eigenvalues of the following
non-negative operator on L*(I',C)* n ker(1, — B):

I€2

-+ K.
4+

Let us describe the spectrum of the effective operator on the boundary in the case
when ) is a ball (see [31, Section 4.6]).The proof of the following proposition just
follows from straightforward computations.

Proposition 1.16. Assume that 2 = B(0, R) with R > 0. Let A = 5(1+2S-L) be
the “spin-orbit” operator where S = %75(041, ag,a3) and L =x x D. We have
AB = BA,
K2
£F*1+K:R_2A2,
and its spectrum is {n*/R? n e N*}.

1.4. Remarks. Let us conclude this introduction with some comments related to
Robin Laplacians, d-interactions and shell-interactions.
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1.4.1. Comparison to Robin Laplacians. Theorem 1.13 shares common features with
the known results about the Robin Laplacian in the strong coupling limit (see [26]
for the asymptotic of individual eigenvalues and [20] in relation with the spectral
uniformity and the semiclassical point of view). But two major differences have
to be emphasized. Firstly, the effective operator is not semiclassical in our case
(it looks like the effective operator in the case of a Schrodinger operator with a
strong attractive d-interaction on I', see [11]). Secondly, the effective operator in
our case is a quadratic function of the principal curvatures (and not a linear one as
in the Robin case). These differences are crucially related to the vectorial nature
of the Dirac operator with the MIT conditions: they lead to a kind of semiclassical
degeneracy. It is also rather surprising that the order of this degeneracy is still
less than the order of the famous Born-Oppenheimer correction. Here, by the Born-
Oppenheimer method, we mean a semiclassical method of reduction to the boundary
explained in Sections 3 and 4 (see also [22], [18], [27, Chapter 13], and the references
therein).

1.4.2. Shell interactions. There is a close relation between the MIT bag model that
we study in this work and the shell interactions for Dirac operators studied in [1]. In
[1, Theorem 5.5], the authors prove that H + V., generates confinement with respect
to ' for A2 — A2 = —4, where

Vit = 5 O 4 M)W +p )T,

Aes As € R, 94 are the non-tangential boundary values of ¢ on I' and dI" is the
surface measure on I'. By using [1, Proposition 3.1], it is possible to see that the
existence of eigenvalues for H + V., is equivalent to a spectral property of some
bounded operators on I'. More precisely,

(1.5) ker(H + Ves — p) # 0 <= ker(A;f — A +4C,,,) # 0,

where C,, is a Cauchy-type operator defined on I' in the principal value sense.
In the regime A\? — A2 = —4, the right hand side of (1.5) is also equivalent to the
existence of a solution ¢ € H'(2,C*) of the boundary value problem (H — p)¢ = 0
in Q and ¢ = £ (Ac — Ay8)(a- m)1p on . Observe that when A, = 0 and Ay = 2 we
recover the MIT bag model given in Definition 1.2. It is worth pointing out that the
right hand side of (1.5) does not hold for A\; > 0 if u € [—=m, m]. So the eigenvalues
must belong to R\[—m,m] for Ay > 0, as we already know from [23, Section 5] in
the case A, = 0 and )\, = 2.

1.5. Organization of the paper. Section 2 is devoted to the proofs of Theorems
1.7 and 1.8. The remaining sections are concerned with the case of the large negative
mass. In Section 3, we explain the main steps towards the proof of Theorem 1.13.
In Section 4, we prove the propositions and theorems stated in Section 3.

2. LARGE POSITIVE MASS

This section is devoted to the proofs of Theorems 1.7 and 1.8. For that purpose,
one will work with the square of the Dirac operator H? appearing in Theorem 1.5
and determine the asymptotic expansion of its lowest eigenvalues.
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For m >0 and ¢ € D = {sp € H'(Q,C*), ¢ € ker (B — 14) on T'}, we let

K
Qu(w) = [Vuf? + [ (m+ 5) o ar.
r
In addition, we also define, for v € H}(Q, C*),

Qu(v) = [V*.

Let us denote by (A;(Qy)) 1 and (A;(Qx));=1, the ordered sequence of eigenvalues
related to the operators associated with the quadratic forms Q,, and Q.. Their
respective L2-normalized eigenfunctions are denoted by t;,, and ¥; .

2.1. First non-trivial term in the asymptotic expansion. Theorem 1.7 is a
consequence of the following proposition and of Theorem 1.5.

Proposition 2.1. For all j > 1, we have

lim A (Qm) = A (Qu) -

m——+00
Proof. Since H}(Q2,C*) = D, we have, for all n > 1,
An (Qm) <A (Qu) -

Let us fix N > 1 and consider an orthonormal family (4;,,)1<j<n such that ¢}, is an
eigenfunction of the operator related to Q,, and associated with its j-th eigenvalue.
We set

En(m) = span (¥j.m)1<j<n -
We easily get that, for all ¢ € Ey(m),

Qun(¥) < AN(Qum)[U* < An(Quo) 9]

Let us first prove that A\;(Q,,) converges towards A\;(Q). For that purpose, let us
establish that the only accumulation point of (A1(Q))m=0 15 M (Qw). Since (¢1 )
is bounded in H'(2), we may assume, up to a subsequence extraction, that vy,
converges weakly to ¢ ., € H'(2). But, we have

J |¢1,m|2 dl' = O(m_l) )

r

and by the Fatou lemma, 11 ,» = 0 on I so that ¢ ., € Hj(2). Then, we get
A (Qw) = ml_i}}rloo A(Qm) = %H_{Egof IVrm|? = [V = A(Qx) -

We deduce that v o is an eigenfunction of the Dirichlet Laplacian associated with
A (Qy). Therefore, we obtain the convergence result for the first eigenvalue. We
also get that (11,,) converges strongly in H'(2) to ;.

Let us now proceed by induction. Let N > 1. Assume that, for all j € {1,..., N},
(A;(Qn)) converges to \;(Qy). Assume also that, up to a subsequence extraction,
(¢jm) converges to an eigenfunction associated with A\;(Q), ¥ . As above, we
may assume that (¢ny1,,) converges weakly to some ¥y, € H'(Q) and that its
trace on T is zero. We also get, by convergence in L*(), that

L
77Z1N+1,oo € (span wj,oo> .

1<j<N
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By the min-max principle, it follows that
ANi1(Qy) = mlinfw An41(Qm) = %LIERE HVl/JNH,mHQ = ”va+1,00”2 > Av+1(9Qw) -

From these last inequalities, we infer that {11 o is an eigenfunction of the Dirichlet
Laplacian associated with Ay 41(Qyx), that (An41(Q,n)) converges to Ay;1(Qo) and
(¢¥N11.m) converges strongly in H'(Q) to Y1100 O

2.2. Asymptotic expansion of the first eigenvalue. The following lemma will
be used in the proof of Theorem 1.5.

Lemma 2.2. Let ue H}(Q,C) be an L*-normalized eigenfunction of the Dirichlet
Laplacian on Q. Then

f |Oqu|*ndl = 0.
r

Proof. We have Vu = (d,u) n so that by integration by parts, we get

f |Oqu/*ndl’ = J |Vu[*ndll = f V|Vul? dx = <J 2Vu - V&kudx>
T r Q Q k=1,2,3

=2 (f (—Au)dpudx +J OnUOkU dF)
Q r k=1,2,3
=2 <)\j(QQO)/2f O|ul dx + f ﬁnuﬁkudF>
Q r

k=1,2,3
= 2f OnuVudl = 2f |Opul*ndl,
r r

and the conclusion follows. d
Theorem 1.8 is a consequence of the following proposition and of Theorem 1.5.

Proposition 2.3. Let u; € H}(Q) be an L*-normalized eigenfunction of the Dirichlet
Laplacian associated with its lowest eigenvalue \1(Qw). We have that

1
A (Qm) = Mi(Qw) — QJ |Onur|?dl + O(m™?).
m Jr
Remark 2.4. In the case of the Robin Laplacian, we obtain
1
AIROb(Qm) = Al(Qoo) — mf |8nu1|2d1“ + O(m_g),
r

and we recover asymptotically the fact that AR(Q,,) < A\ (Q,,).

Proof. The proof of this result is divided into three steps:

(a) we perform a formal study of the asymptotic expansion of A\;(Q,,),
(b) we build rigorously a test function based on Step (a) to get the upper bound,
(¢) we study the lower bound.

Step (a). We look for quasi-eigenvalues and quasi-eigenfunctions in the form

a A -
Alpp(an) = Al(QOO) + E + O(m 2)7
=10 + m~ o+ O(m™?),

where A and ¢ are unknown.
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We recall that v, ,,, and 1y o, satisfy
- Awl,m = )\I(Qm)wl,mv on Qa
Y1m € ker(B—14), on I',
(On + K/2 + M)y, € ker(B+ 14), on T
and
- A'(/)l,oo = Al(QOO)wI,wa on {2,
wl,oo = 0, onlI'.

Then, we want that

<_A - Al(Qoo)) Y= )‘1/}1,007 on €2,
(2.1) peker(B—14), on T,

OnV1,00 + @€ ker(B+14), onT'.

Denoting for all se I', P, (s) = %M, the orthogonal projection on ker(B — 14), we
get that

0= P+ (anwlpo + (P) = P+(9n¢1,oo + .

Taking the scalar product of equation (2.1) with ¢4 5, and integrating by parts twice,
we obtain that

A= _||P+an1/11,oo||%2(r)
and
(A = X(Qw)) ¢ = MP1o0, On £,
o =—Py0n10, on I
Let us now consider A. Note that for the eigenfunction v o, of the Dirichlet Laplacian

in L?(2,C*) associated with its lowest eigenvalue \;(Q.), there exists a € C* such
that |a| = 1 and ¢4 o = auy. Then, we have

(2.2)

. —;f O] (1 + (a, Ba)) dT
I

1 1
= —f |Ouq |2 AT — = {a, —iBa - <J |0nu1|2ndF> ay .

Finally, using Lemma 2.2, we obtain that

1
A= —J |Oqus|?dl.
2Jr

Step (b). Let ¢4 o = auy be an eigenfunction of the Dirichlet Laplacian associated
with A\ (Qy) and w € H?*(Q) be such that w = —P;dyt14. Let us study the
existence of a solution ¢, of equation (2.2). We denote by (—A)~! the inverse of the
Dirichlet Laplacian and v = ¢; — w so that

(Id = M (Qu)(=A) ) v = (=A) Mo — (=A) 7 (A = Mi(Qu)) w
By the Fredholm alternative, there exists such a function v if and only if

(=) (Moo — (A — Ay (Q00)) w) € ker (Id — Ay (Q) (—A) 1)
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Let ¢ € ker (Id — A;(Qu)(—A)~1)". We have by integrations by parts that

(
W, (=A)7T (Moo = (A = M (Qx)) w))g
= AI(QOO) ! (<¢7 /\11/}1 OO>Q <(_A - Al(QOO)) w? w>Q - <anw7 w>F)
= M1(Qu0) ™ (W, Mtbro)g + (O, Pantireo)y) -

Hence, we get

0= (W10, (=A) 7 (M1 — (A = A ) )
provided that
(2.3) A=— L |Py (Onth1,0) |*dL.

Let a,b € C* be such that {(a,b) = 0, |a| = |b| = 1, V14 = auy and ¢ = bu;. We
have

0=, (=A) " Mth10 — (A = A\ (Qs)) w))q

0= <6n¢1, P+(’/3n’(/)1’30>r = %<b, —’iBOK . (J |anU0‘21’l dF) a> .
r

Hence, assuming that (2.3) is true, we get that system (2.2) has a solution ¢;.
V1,00 + m ™1y, can be used as a test function and we have

(V1,00 + m o)) = M (Qyp) +m™ <2Re V1,00, Vor)q + f 1 |? dF) +0O(m™?)
r

= (@) e — ! f P, (2uthr.0) P T + O(m™),
r
so that

(2.4) M(On) < M(Q,) —m! L Py (Onthr) AT + O(m2).

Step (c). Let us now study the lower bound. The sequence (¢ ,,) is uniformly
bounded in H'(€). We extract a subsequence (my)rey such that

liminf m (Aym = Aveo) = Hm 72 (Arm, — Aveo)

and (1, Jken converges strongly in H(Q) to ¢y € H}(Q) and (Ont1,m, ) converges
0 (On100) in H~Y2(T). Integrating by parts yields

(25) ()\1,m;c - )\1,0()) <w1,mk7 1/)1,OO>Q = _mk_l <(H/2mk + 1)_16n¢mk,ooa P+an77/}1,oo>[‘ )
thus, by Step (a),

m——+00

1
liminf m (A1, — AMo) = —HP+(3nw17ooH%2(p) > —3 L |Onuy |* AT

and the result follows. O
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3. LARGE NEGATIVE MASS: MAIN STEPS IN THE PROOF OF THEOREM 1.13

In this section, we study the non-relativistic limit m — +o0 of the nonnegative
eigenvalues of the MIT bag Dirac operator H® . For the sake of readability, we
present the main ingredients used in the proof of Theorem 1.13. Part of the ideas
are related to recent results about the semiclassical Robin Laplacian (see [15, Section
7], [14] and [20]). The detailed proofs will be given in Section 4.

3.1. Semiclassical reformulation and boundary localization. The main ob-
jective of this section is to get boundary localization results of Agmon type. For that
purpose, we will rather consider (Hg_lm)2 and introduce the semiclassical parameter

h=m=2-0.

3.1.1. The semiclassical operator. In order to lighten the presentation, it will also
be more convenient to work with the following operator

(3.1) L =W ((HS,,)? —m’1y),
whose domain is given by
Dom(.%,) = Dom((H®, )?)
- {w e H*(Q) : ¥ € ker(B — 1), (an + g - h’%> e ker(B + 1), on r} .

The associated quadratic 2, form is defined by

(32)  VeDom(2y),  2uw() = h’|VY[Taq + L (giﬂ - h) [y|?dr,

where
Dom(2;,) = Dom(H?,)) = {¢€ H'(Q) : ¢ e ker(B—1,) on '} .

In other words, the operator .%, is the semiclassical Laplacian with combined MIT
bag and Robin conditions on the boundary.

3.1.2. Relations between the eigenvalues of &, and H® . Let us describe the rela-
tions between the spectra of our operators. Let us recall that the spectrum of H®
is discrete, symmetric with respect to 0 and with pair multiplicity. The spectrum of
H®  lying in [—m,m] is given by

{i h=2An(h) + h1 : ne N\{0}, —h < An(h) < o} 7

where A, (h) denotes the n-th eigenvalue of .%,. Therefore, we shall focus on the
study of the negative eigenvalues of .Z.

3.1.3. Agmon type localization estimates. The estimates given in Proposition 3.1 are
a consequence of the fact that the Laplacian is a non-negative operator.

Proposition 3.1. Let ¢y € (0,1) and v € (0,/29). There exists C' > 0 such that
for any h € (0,1], any eigenvalue X < —eoh of £, and any eigenfunction ¢y, of £,

associated with A, we have
di, D\ |? ~ d(.,T
wew (T )| w2 (vnew (25552) ) < Clunr
L2(Q)
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3.2. The operator near the boundary. Relying on Proposition 3.1, we introduce
the operator near the boundary. Given 6 € (0,dy) (with dy > 0 small enough), we
introduce the d-neighborhood of the boundary

(3.3) Vs = {xeQ : dist(x,I") < d},

and the quadratic form, defined on the variational space
Vs = {u e H'(V5) : u(x) =0 for all x €  such that dist(x,T) = &
and Bu:uonF},

by the formula
VueVs,  2%u) = |hvu|2dx+f (fif—h%) |u|?dT".
Vs r 2

We denote by 3’;{5} the corresponding operator.

3.2.1. The operator near the boundary in tubular coordinates. Let ¢ be the canonical
embedding of I in R? and g the induced metric on T'. (T, g) is a C* Riemannian
manifold, which we orientate according to the ambient space. Let us introduce the
map ¢ : I' x (0,0) — Vs defined by the formula

O(s,t) = 1(s) —tn(s).
The transformation ® is a C* diffeomorphism for any 6 € (0, dy) provided that dy is
sufficiently small. The induced metric on I' x (0, ) is given by
G =go(ld—tL(s))*+ dt*,
where L(s) = dny is the second fundamental form of the boundary at s. Let us now

describe how our MIT bag - Robin Laplacian is transformed under the change of
coordinates. For all u € L*(Vs), we define the pull-back function

(3.4) u(s,t) := u(P(s,t)).
For all ue H'(Vs), we have

(3.5) u|? dx =f (s, t)[*adl dt,
Vs I'x(0,0)

(3.6) |Vul?dx = f

[<vsa, GV + |ata|2] Gdrdt.
Vs I'x(0,0)

where
§=(d —tL(s))?,

and a(s,t) = |g(s,t)|z. Here (-,-) is the Euclidean scalar product and V, is the
differential on I' seen through the metric g. Since L(s) € C**?, we have the exact
formula

(3.7) a(s,t) =1 —tr(s) + 2 K(s)

where

k(s) = Tr L(s) and K(s) = det L(s).
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The operator ,,5,”,1{6} is expressed in (s,t) coordinates as
L = _p2a'V,(ag V) — h2a oy (ad)) .
In these coordinates, the Robin condition becomes
h*0,u = (ghQ — h%) w on t=0.

We introduce, for d € (0, &),
(3.8)
Vs ={(s,t) : sel’ and 0<t<d},

Vs = {ue H'(V;), u(-,0) € ker (B — 1,), u(-,0) = 0},

Dy = {ue H(V5) Vs + du(-0) = (5= hF) u(-0) e ker(B+ L)},

D (u) = fw (h2<vsu, gV + Ihétul2)&dF dt + J

(fh2 - h%) lu(s, 0)[2dr .
Vs I 2

The operator Zf?,?(;} acts on L2(1~)5, adtdr).

Let us denote by )\if} (h) the n-th eigenvalue of the corresponding operator j;é}.
Using smooth cut-off functions, the min-max principle and the Agmon estimates of
Proposition 3.1, it is standard to deduce the following proposition (see [13]).

Proposition 3.2. Let ¢y € (0,1) and v € (0,+/€). There exist constants C > 0,
ho € (0,1) such that, for all h € (0, hg), 6 € (0,00), n = 1 such that \,(h) < —€h,

(3.9) An(h) < AP (R) < Au(h) + Cexp (*’Y(WL_%) .
In the following, it is sufficient to choose

(3.10) §=hi.

3.3. The rescaled MIT bag operator in boundary coordinates. Looking at
the rate of convergence obtained in Proposition 3.1, we perform a change of scale in
the normal direction that allows us to see something at the limit. We introduce the
rescaling

(s,7) = (s,h731),
the new semiclassical parameter h = hi and the new weights
(3.11) an(s,7) = a(s, h27),  Gals,7) = G(s, h27).
We also introduce the parameter
(3.12) Tp=6h2=h"i=h"
(see (3.10)). We consider rather the operator
(3.13) Ly =h"1Z,

acting on L2(V, @ dI d7) and expressed in the rescaled coordinates (s, 7).
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As in (3.8), we let
(3.14)
Vi={(s,7) : seland 0 <7 <h'},
Vi = {ue H'(Vy;ap,dldr), u(-,0) € ker (B — 14), u(-,h™") = 0},

Dy = {ue H*Vpandldr) n Vi ¢ dyu(-,0) — (grﬂ - 1) ul-,0) € ker(B + 1)},

Dn(u) = L (W90, 5"V + 0,0l )T dr + f (582 =1) fu(s, 0)ar.
h

T

- 4~—1 ~ A1 P IPNPN
L, = —h'a, V(ang, V) —a, 0050, .

3.4. Contribution of the normal variable. Notice that the first order terms in
(3.14) are related to the normal variable. Hence, we are naturally led to introduce
the following quadratic form gathering all the terms acting in the normal direction:
V! = {ue L*(Vy; 4, dU d7), 0ru e L*(Vy; ay AT dr),

u(-,0) € ker (B — 14), u(-,hi~") = 0},
—~ nt
Di(u) = L (J 0rulPandr + (51 1) Jufs,0)) T

0

(3.15)

The goal of this section is to study the lowest part of the spectrum of the operator
2 associated with the quadratic form 2.

3.4.1. Diagonalization of the boundary condition. Without the gradient term in the

s-direction appearing in Z;(u), the MIT bag boundary condition can be diagonalized
for every s € I'. Let us introduce for all s € I', the unitary 4 x 4 matrix

P'—L 12 101N
"2 \doon 1 ’

P7'BP, =3,

We have

thus, for all v € V!,
p=Pipef{ue LQ(IA);L;&\;[ dI'dr), d,u € Lz(ﬁh;&h dI'dr),
<u('70)7 €3> = <u('70)a €4> =0, u('a hil) = 0} )

where (u, e}, is the k-th component of the vector v € C*. Since P, is unitary and
does not depend on the variable 7, we get that

23(u) = 23(Pyu).
Up to this change of variable, the first two components satisfy the following Robin

boundary condition
h2
(aT +1- “2> u(-,0) =0,

whereas the last two satisfy the Dirichlet boundary condition.
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3.4.2. The Robin Laplacian on the half-line. Let Cy > 0, k, K € (—Cy,Cp) and
iy > 0 such that for all & € (0, Ay),

e (7) = 1 = W2Rr + BT € (<1/2,1/2).

We introduce the following operator in one dimension (and valued in C), defined on
the Hilbert space L*((0,A™'); ap e A7) by

2, 2 4K
(3.16) HEP e = —ah ()0, (annrc (7)) = —2 4 O 2RT S
Y T ah,K,K(T)
with domain
2
Dom(#fi2) = (6 & H(O7).C) s v™) = (o, +1- ) wio) = o).

For the associated quadratic form QF°®,  we have,

Dom(Q5x) = {v € H'((0,n7"),C), ¢(h™") = 0},

Rob " o) 2 hQK 2
R0 () = | lortPancdr + =1+ 25 ) [0 (0).
0

Let us notice that our Robin Laplacian H,Ff",’gK on a weighted space looks like the one

introduced by Helffer and Kachmar in [14]. But, here, we have an additional term

”777'2 in the boundary condition which will have an important impact on the spectrum

in the limit A — 0. We can also observe that (H,ffij
type (B) in the sense of Kato (see [21]).

)m . 1s an analytic family of

Notation 3.3. The function uy,,x denotes the first positive eigenfunction of HRP

normalized in L2((0, A1), ap . x d7).

Let us now describe the bottom of the spectrum of H,?;EK when A goes to 0.

Proposition 3.4. The lowest eigenpair (A (HPy)  unex) of HRy satisfies the
following. Let g € (0,1). There exist hy,C > 0 such that for all h € (0,h), there

holds
/€2
A (HRoPy) — (1 + Kt (K — 4))

th e — %HHl((Oﬁfl);ah,H,K dr) S Ch*,  where Yo(T) = V2e
The constants hg, C > 0 do not depend on k, K but depend on Cjy.

SCOR®, A (HR%k) = —20/2,

and

Notation 3.5. In the following, we use k = k(s) and K = K(s) and we let
Up(s), K (s)(T) = UR(S,T) A (HS;‘;S),K(S)) = /\;{(s, h).

The asymptotic expansion of the eigenfunction in Proposition 3.4 leads to the
following remark (vs(s,7) does not depend very much on s in the semiclassical
limit).

Remark 3.6. We introduce the “Born-Oppenheimer correction”:
Ri(s) = HvSUh”%z((O,h*l);aﬁdT)'
It can be shown that

(3.17) | Rallo=(ry = O(RY),
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by using straightforward adaptations of [15, Lemma 7.3]. By using (3.17) and an
induction procedure, it is also possible to show the same estimate for the second
order derivatives:

Sup |V 20nl 2 (0.0 1ysn ar) = O(R?) -
se

3.4.3. Spectrum of D@ Since the spectrum of the Dirichlet Laplacian is non-negative,
Proposition 3.4 gives us immediately the following result.

Proposition 3.7. Let gy € (0,1). There exist C, hy > 0 such that for any h € (0, hy),
we have

sp(Z)) < (=1 — Ch*, —1 4+ ChY) U [—e0, +0).
The LQO/};L; @, AU d7)*- spectral projection I1;, := X(_l_cﬁ47_1+0h4)(.,@) satisfies
Ranll, = {(s,7) € Vy — f(s)on(s,7), f € L2(T; dT)* A ker(1, — B)}.
Remark 3.8. Since, s — v;(s, ) is regular, we also have
Y € H' (Vy: dp dl dr)?
for any ¢ € XA/h Actually, we can give an explicit expression of II; by using the
diagonalization of the MIT condition of Section 3.4.1:

1, 0
(3.18) ) = vp Py ( 02 0 > Prb, vp)r2(0.h-1,6p dr) »

.....

of (3.18) with respect to s, by using the Leibniz formula and (3.17), we get the
commutator estimate, for ¢ € Vj,

IV, Ua]e 2, aarary < ClYl 2w, aarar) -

3.5. Effective operator on RanlIl;. In this section, we compare the lower part

of the spectrum of the operator .%, with the one of the operator Z£ acting on
RanII; , whose quadratic form gathers all the terms of orders lower or equal than 4
and which is defined by

(3.19)

Ve = {ue H' (Vy;apdLdr)?, u(-,0) e ker (B — 1), u(-,h™") = 0} n RanTl,,

Vi

2 (1) = D (u) + h4f |V,u|2a, AT dr .

We get the following result.
Theorem 3.9. Forege (0,1), h > 0, we let
Nogn = {n e N*: A, (h) < —e0} .
There exist positive constants hy, C, such that, for all h e (0, hy) and n € /\750%
(3.20) () < Aa(R) < AH(R),

n

where X:—[(h) is the n-th eigenvalue of .,?;‘ff’i whose quadratic form is defined for all
ue \/}fﬁ’i = Vef by

G () = DL (u) + A f

Vi

Vh

(1 + Ch)|Vul*a,dl dr + Chﬁf lu|?a, dl dr .
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3.6. Effective operator on the boundary. The aim of this section is to exhibit
an effective operator on the boundary I'. To do so, we will have to study the Born-
Oppenheimer correction terms. The effective operator up to the order 4 on the
boundary has the following quadratic form:

Ve — HY(T) A ker(1, — B),

ST e
D) = <\l 1 | (197 + (-
More precisely, we obtain the following result.

Theorem 3.10. Foreg e (0,1), i > 0, we let

A~

Nogn = {ne N*: M, (h) < —eo}.
There exist positive constants hy, C' such that, for all h e (0,hy) and n € ./\750,5,
(3.22) AT (R) < Au(B) < X (R,

where Xg‘—“(h) is the n-th eigenvalue of ,Q?’eff’i

Vr,eff,i _ ‘/'l—‘,eff7

(3.21)

whose quadratic form is defined by:

2
FEE(f) = =y + 0 [ (0 OmIVagP+ (= 65+ K 2 Cn) 7P ar

Theorem 1.13 is a consequence of the semiclassical reformulation in Section 3.1,
Proposition 3.2, the rescaling of Section 3.3 and Theorem 3.10.

4. PROOF OF THE RESULTS STATED IN SECTION 3

4.1. Proof of the Agmon estimates of Proposition 3.1. Before stating the
proof, let us recall the following lemma.

Lemma 4.1. Let x and 1) be Lipschitzian functions on €, we have
Re (VY, VOC¥)) = [V(xy)[* = [0 Vx*.

Let us now give the proof of Proposition 3.1.
Proof. First, we notice that by (3.2),
(4.1) %y = —h.

Let us denote by a(-, -) the sesquilinear form associated with 2;, defined in (3.2).
Let us define the following Lipschitzian functions

x € 0 — d(x) = ydist(x, Q) e R

and
x € Qs xp(x) = e e R,

Since xj is real-valued and Lipschitzian, we get that x7ty belongs to D(2;,). We
have that

an(Vn, Xaton) = Re (Lbn, Xatbn)g

K 3
= Re {h2 (Vo V(Xin))g + L <§h2 - hz) \Xh¢h|2d1“} :
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By Lemma 4.1, we get that
an(Vn, Xizthn) = Ln(xntn) — B[ ¥nV xnl72(0) -

Recall that v, is an eigenfunction of .%, associated with the eigenvalue A, so that
(4.2) 21 (xnton) = P |onV xal2@) = Mxatnl7 ) -
Let R > 1 and ¢ > 1. We introduce a quadratic partition of unity of €,

X%,h,R + X%,h,R =1,

in order to study the asymptotic behavior of ¢y, in the interior and near the boundary
I' separately. We assume that xi ; r satisfies

1 if dist(x,T) = h'2R
X1.hR(X) = o "
0 if dist(x,T") < h'?R/2,
and that,
max(|Vxinr(X)|, [Vxonr(X)]) < 2687 V%/R,
for all x € Q. Using again Lemma 4.1, we get

Pn(xnibn) = Z 2 (X mX00n) = W2 XR RV X, Rl T2

k=1,2

We have 25, (x1.4.rXn%Yn) = 0 because of a support consideration. Let us also remark
that

W2 Xnon N X,k T2y < P4G /R X720
and
W2 nV Xl T2y < 72 Ixntn72(q) -
We deduce from (4.2) that
AMxntnlZ2) = 2n(XanmXxntn) = Mlvnxnlie) (Y2 +8FR7?)
thus,
(4.3) h(go —7* — 8FR™? 2o < —2
: 0o—7 ¢ )HXhl/)hHLz(Q) S n(X2.0,RXBUR) -
By Lemma 4.1, we get that
D1 (X2 rX0WR) = an(Vn, (XanrXn) Un) + B[00V (XanrXR) |20
= Axanrxntnl720) + P2 10nXxaV x2nrl72) + I Unx2nmXA VP72
+ h¥?2Re <¢h62¢h71/2 VXM,R, whx2,h,qu)>L2(Q)
> Alx2nr X0 YR T2y — 74E/ RY [ Xn¥n[ 720y -
Hence, we obtain by (4.3) and (4.1) that
(20 —7* = 8FR7? — 42R™Y) |xnthnli20) < IX2mrXnUn]72(0)
< [nl720)e™ -
Let us fix R > 0 so that
(e0 =7 —8FR 2 —4¢R7'y) = (e0 —7%)/2 > 0.
We get that

Ixntnlz2@) < Clnlia @) ,
and the conclusion follows by (4.2). O
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4.2. Proof of Proposition 3.4.

Proof. The proof follows from the method used in [14] by Helffer and Kachmar. Let
us recall the strategy. The operator is

o Pk —2R'KT

HS,T:K = *a{i,K(T)af (ahw i (T)07) = =0 + mam
2
<aT+1 ’f) u(-,0) = 0.

We look for quasi-eigenvalues and quasi-eigenfunctions expressed as formal series:
A= X+ B2\ + B, Y = Yo + By + By .

By writing the formal eigenvalue equation, expanding the operator and the boundary
condition in powers of h?, we get the following equations. In the following, the
integration interval is (0, +00). The first equation is

—29 = Aoto , (07 + 1)tho(0) = 0.
We get that the solution is Ag = —1 and () = v/2¢~". Then, the second one is
K
(—672_ + 1) ¢1 = ()\1 — KJ&T) wo, (67 + 1)1ﬂ1(0) — gwo(O) =0.

By taking the scalar product with )y, we find (by the Fredholm alternative) that
there is a solution if and only if

<(—53 + 1) 1, ¢0>L2(0,+oo) = <()\1 - Har) o, ¢0>L2(o,+oo)
holds. Note that {0-v0,%0)12(0,+%) = —1 and that, by integration by parts,
(=02 4+ 1) Y1, Y0)r2(0.400) = (- + 1) 1(0),40(0)) + (1, (=07 + 1) o) 12(0,+0)
K
= Eo(O)F = .

so that Ay = 0. We may actually give an explicit expression for a function v,
satisfying

(=024 1) = kv, (O + L)er(0) = St(0) = 0.

The functions & <% + c) e~ 7 are a solution for all ¢ € R. We choose ¢ = 0, so that

(1) = %e”. We can now consider the crucial step. We write

K
(=02 + 1) thy = Mathg — Oy — T(—2K + £*)00, (- + 1)102(0) — 5¥1(0) = 0.
As in the previous case, it is sufficient to find Ay such that

(=02 4+ 1) Yo, Yo)r2(0,400) = (Matbo — KOrth1 — T(—2K + K%)0r0, Yo 12(0,400) -
holds. We have

(=024 1) U)oy = (6 + 1) (0), 0(0)) = 5 (41 (0), 40(0)) = 0,
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and

<—"far¢1; w0>L2(07+OO) = H<¢1> aTwO>L2(07+OC) + K’<w1(0)7 77Z]()(())> = —H<¢1> wO>L2(0’+oo) )
) +00 ) K./Z

=—K L Te dT:—Z,

+00 2

KR
(~7(=2K + §)3, 00, 60) 120 ) = 22K + 1) f re e = K+
0

Hence, it follows that

l{2

)\2 - K - Z .
By using convenient cutoff functions (to satisfy the Dirichlet condition near h™')

and the spectral theorem, we easily get that

2
dist <—1 + Bt <K — ’1) ) (H?;%K)) < CORS.

Then, by using straightforward adaptations of the results in [20, Appendix| (we deal
with the additional term in the boundary condition as a perturbation), we get the
lower bound for A, (H,’??K)

Therefore, the only eigenvalue in the spectrum of 7—[2‘,’51( that is close to —1 +
n (K - %2 is the first one. The approximation of us, x follows from elementary

arguments and the Agmon estimates (to deal with the cutoff functions). ]
4.3. Proof of Theorem 3.9. Let us denote

I = Id — II,.
4.3.1i Aﬁaz’n Lemma. The proof of the theorem relies on the following lemma (see
also [20]).

Lemma 4.2. There exist C,hy > 0 such that the following holds for all h € (0, hy)
and all u € Vy,

2,(yu) < 2} () + K4 (1 + Ch) f |V Il %G, dT dr
Vi

and

Dn(u) = D (Iyw) + K1 — Ch) L VTG, AU dr = CRO a2, 5, 2 v

+ 2} (Iyu) + A*(1 — Ch) J VIl ul?ay dr dr — CR* Iy ul 7o, o grar) -
Vh )

Proof. Let us remark first that there exist C, hig > 0 such that for all i € (0, hg),
H (I9.uln — (V0 @35 V) dr dT’ <Ch f IV, ul?a, AT d7
Vi Vi

since 0 < 7 < A~'. Then, the upper bound follows. Let us now focus on the lower
bound. Since IIj, is a spectral projection of %!, we get that for all u € V,

D} (u) = 2(u) + 21(TT}u).
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We also have

ﬁ |V ul?a, dI dr = f Vs (Iyu + My u) *a, dT dr = f |V (u)|*a, AT dr
Vi Vh Vh

+ f \Vs(Il;w) @, AU dr + 2Re | (V,(Ilyu), V(Iu))ya, dl dr .
Vi

Vi

Let us analyze the double product. We have

(Y, (), V(T u)y @y dT dr = ; (Vo ()2 w), Vo (1) )y @y dT dr

Vh

- f (Vo (), I ()Y @y, AT dr + J (V5 (M), [V, T ] T u) @y T dr
Vh Vh

[V, ] Wy, Ty V(M w)y @p AU dr + | [V, ] My, [V, | My uy @y dU dr
V}L vh

Since IIj is an orthogonal projection of LQ(I’}h, apdI’dr), we get that
e | LV (Iw), Iy V,(Tyu)) @z dldr = 0.

Vh

Moreover, by commuting I} and V, by using an integration by parts and Remark
3.6 (see also Remark 3.8), we have

‘ R <[V57 Hh] Hhuv H#{Vs (H#{U)>ah dr dT‘
Vi
(HHWHL? Vs dT dr) + Vs HEUHH (Vr;dp AT dr) ) HH “”L2 (Vp;apdldr) ©

Using the inequality |2ab| < h?a® + h=2b?, we obtain that

J IV u|%ay dT dr
D

>ﬁ |vs(Hhu)2ahdrdr+ﬁ |V, (Il w)|?a, AT dr
Vn Vi

2 2 I
-C (HHhuHLQ(ﬁh;ahdFdf) + HvsHﬁuHL?(%;&mFdﬂ) HH&UHLZ(%;andFdT)

> (1—CR) f IV, (TTyu) Py AT dr — CH2| T2

L2(Vnsan dT dr)
Vi

+ ﬁ |V (Il w)|2a, AT d7 — Ch™2|T5ul?
Vh

L2 Vr ar,, dar d‘l‘)
and the result follows. O

4.3.2. Proof of Theorem 3.9. The upper bound of Theorem 3.9 follows immediately
from the min-max principle. Let us focus on the lower bound. By Proposit/i\on 3.4,
we have that there exist fig, C' > 0, such that, for all i € (0, ) and all u € Vj,

é}l(nﬁu) + k(1 — Ch) f |V IThul?a, AT dr — CR? | ul?

L2 Vh ap, dr dT)
Vh

3
= *150“1_[ UHL2 (Vnsap dTdr)
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Hence, Lemma 4.2 ensures that

—~ ~ 3
ff,—
Dyw) = B (W) — ool Thulas, o vy

Since Il is an orthogonal projection of L2()A)ﬁ; apdI'dr), we get that the spectrum
of %, lying below —g; is discrete and coincides with the one of f;ff’f.

4.4. Proof of Theorem 3.10.
Proof. We first notice that, by definition of v;, (see Propositions 3.4 and 3.7),

Bi{ o) = [ Ml BlFo)Par.
I
Then, we have

ﬁ |Vs(fvh)|26hdFdTﬁ st|2|vh|26hdFdT+ﬁ (V0021 f[26, AT dr
Vi Vi Vi

+ 2Re R <thsf, stvh> ah dl'dr.
Vi

By Proposition 3.4, we get that |vp(s, -)Hig((o h-1)an(s)dry) = 1. for all s € I'. Hence,

ﬁ Vs f 2l dD dr = f VLT,
Vi T

ﬁ \sthF]anhdFdrzfRﬁf\QdF,
T

\Z3
and

1/2 1/2
‘2Re (VLf, fvsvﬁ,>aﬁ,drdr‘ <2 <J Rh\deF) (J \vsf|2dl“>
Vi I T

< h‘QJ Rhf|2dr+hQJ V2T,
r r
where Rj, is defined in Remark 3.6. The result follows. O

APPENDIX A. ABOUT THEOREM 1.5

In this appendix we discuss some aspects mentioned in Theorem 1.5. Since the
formula for the square of the MIT bag operator plays an important role in this paper,
we recall its proof.

A.1l. Elementary properties. Let us recall the following elementary algebraic
properties.

Lemma A.1. For all x,y € R?, we have
(a-x)(a-y)=(xy)ls+ira (xxy),
Bla-x)=—(a-x)B, By =10,
15( %) = (%)%,

Proof. We refer to [31, Appendix 1.B]. O

Points ii and iii of Theorem 1.5 are immediate consequences of the following lemma,
(see [31, Section 1.4.6] and [28, Section 10.4.5]).
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Lemma A.2 (Discrete symmetries). Let us introduce three operators defined for
e Ch by

Cv = iBagp, Charge conjugation operator,
Ty = —ivsasth,  Time reversal-symmetry operator,
CTY = Bystp,  CT-symmetry operator.

The operators C' and T, resp. C'T' are anti-unitary, resp. unitary transformations
that leave Dom(H) invariant and satisfy C* = —=T? =14, CT = TC,

HC = -CH, HT=TH and H(CT)=—(CT)H.
Moreover, for any v € C*, we have that {3, Tv) = 0.

We can relate the mean curvature to the commutator between the boundary
condition and a Dirac derivative parallel to the boundary.

Lemma A.3 (Mean curvature as commutator). We have
[a-(nx D),B] =—kvsB.
Proof. Let s € 0f). By anticommutation between a and /3, we have
o (nx D)BY = fa-(nx V)a ny),

Let n’ and n” be two eigenvectors of the Weingarten map dn,, whose respective
eigenvalues are denoted by (N, \”) and, such that, (n,n’,n”) is an orthonormal
basis of R3. We have

a-mxV)=a n"dy —a -ndy.
Then, by the Leibniz formula and Lemma A.1, it follows that
(a-nxV)(a-ny)=—-a-n(a-n"dy —a -n'dy)y
+ ((a-n")(a-dyn) = (a-n')(a- dwn))i),
and thus, again by Lemma A.1,
(a-nxV)(a-ny)=—-a-n(a-n"dy—a -n'dy)—i(N +\N)ya-n.
We deduce that
a-(mx D)By = B(a-nx D)y —i(N +N)Bysa-n,

and the conclusion follows. O

A.2. Formula for the square. Let us finally consider Point iv in Theorem 1.5.
In the following lines, we assume that ¢» € Dom(H). First, we expand the square
to get
| H|2() = (- D, Dby + m? (B, Bibyg + 2mRe (B, - Dip)g,

Since the a-matrices are Hermitian and thanks to the Green-Riemann formula we
have:

(A1) VYeo,ve H(Q,CY, {a- D, yg = {p, o Dby, + {(—ia-n)p, ),
Then, we use (A.1) with ¢ = 81, and by using that a anticommutes with /3, we find

2Re <B77ZJ7 « - Dw>ﬂ = <ZOZ : n6w7 1/}7>6Q = <—7/60( ' n¢; ¢>ag = H¢”i2(69) :
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It remains to use that § is unitary to deduce
(A.2) HH1/)H%2(Q) = |- Di/’”%?(ﬂ) + mQWH%%m + mWH%Q(aQ) :

Moreover, assume that ¢ € H?(Q). Then, we use again the Green-Riemann formula
(A.1) and we get

<a ’ Dl/J,Od : D1/J>Q = <’l/17 (Od : D)2w>ﬂ + <(_Z'Oé ’ Il)?ﬂ,a ’ D¢>6Q :
By noticing that (o - D)? = 1,D? and by using integration by parts again, we find

(- Do Dipyg = (Dp, Do + i, (- m)(a- D) = (n- D)) ) -

Since H?(2) is dense in H'(2), we get that this formula holds for any v € Dom(H).
We shall now investigate the boundary term by using the first algebraic relation in
Lemma A.1:

i@, ((a-n)(a-D)—(n- D))y, = — @,y (nx D))y
= — (Y, a- (nx D)), -

It remains to study the term (51, - (n x D)1)),,. Since 1 belongs to Dom(H ), we
have

(Y1), - (m x D>1/’>asz = (51, [ (m x D)vB]w>aQ + (59, Ba - (n x D)w>aQ )

and, since B is a symmetric operator, we get

(s, Ba - (n x D)) g = Bys,a- (nx D)hq = — (v B, a- (nx D)ib)yg

Hence, we deduce that

Gt (% D) = 3 (st o (0 x D), Bl

Finally, by using Lemma A.3, we get

i, (@)@ D) = (0 D) )z = =5 Gty —m15000

and the conclusion follows.
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