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ABSTRACT: We consider the Skyrme model in the near-BPS limit. The BPS part is made
of the sextic term plus a potential and the deformation is made of the standard massive
Skyrme model controlled by a small parameter ¢ < 1. In order to keep the perturbation
under theoretical and computational control, we find a model for which BPS Skyrmions
have compact support, henceforth denoted as compactons, and the spherically symmetric
B =1 Skyrmion represents the most stable solution. We use the e-expansion scheme to
systematically calculate the corrections to the energy and compare with the exact numerical
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bound state of two B = 1 Skyrmions and its binding energy, which corresponds, prior to
quantization, to the deuteron in our model.
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1 Introduction

The Skyrme model [1, 2] is a field-theoretic approach to nuclear physics based on the sym-

metries of the strong interactions and the topology of chiral symmetry breaking, providing

the stability of the baryon as a topological soliton. The topological soliton, also known

as the Skyrmion, is exactly the baryon of large-N. QCD [3, 4]. A similar correspondence

between the baryon and the instanton is realized in holographic QCD models, such as the
Witten-Sakai-Sugimoto model [5, 6]. In most varieties of the Skyrme model, the bind-

ing energies come out too large by roughly an order of magnitude with respect to the



phenomenological ones. This not only has the effect that the ground state energies are
imprecise, but also leads to the illusion that the Skyrmions in each topological sector are
well separated in field space by an energy barrier, which in turn validates the rigid-body
quantization [7] and harmonic vibrational quantization [8, 9] approaches to the quantum
problem of nuclei — although this turns out not even to be true for the standard Skyrme
model with a massive pion for large baryon numbers [10].

The main approach to lowering binding energies in the Skyrme model is to find a
suitable BPS! limit of the model, since in such a limit the energy or mass is directly
proportional to the topological degree or baryon number, thus yielding vanishing binding
energies at the classical level. The idea is then that a suitable small perturbation around
the BPS limit would be the right place to look for a phenomenologically viable model.
There are several known BPS versions of the Skyrme model: 1) The mode expansion of
5D Yang-Mills theory in flat space as the Skyrme model coupled to an infinite tower of
vector mesons — this model is called the Sutcliffe model [24]. 2) The replacement of
the standard Skyrme model with a sextic derivative term, which is the topological charge
density squared, and a suitable potential — this model is often called the BPS-Skyrme
model [25, 26]. 3) The exclusion of the kinetic term and the altercation of the pion mass
term from the first to the fourth power — this model is called the lightly-bound Skyrme
model [27]. 4) The promotion of the coupling constants to being functions of the isospin
conserving part of the chiral Lagrangian field (i.e. the sigma field), which is inspired by
the dielectric deformation of Maxwell theory — this model is called the dielectric Skyrme
model [28]. 1) The near-BPS limit of the Sutcliffe model is made by truncating the infinite
tower of vector mesons; this truncation breaks conformal symmetry and introduces a scale
in the model and numerical computations suggest that two or three vector mesons are
needed to reach phenomenologically viable binding energies [29, 30]. 2) The near-BPS limit
of the BPS-Skyrme model is taken by adding the standard massive Skyrme model to the
BPS-Skyrme sector with a suitably small coefficient, which however complicates numerical
computations because very large field derivatives are naturally occurring in this limit [31]. A
reason of interest in the BPS-Skyrme model is due to the fact that solutions appear as liquid
drops of incompressible baryonic matter sharing, therefore, the same features of real nuclei.
3) The near-BPS limit of the lightly-bound Skyrme model is taken by adding the kinetic
term and the pion mass term to the model; the resulting Skyrmions become point-particle
like [31] and are hence quite different from ordinary Skyrmions with larger symmetries [32].
4) The near-BPS limit of the dielectric Skyrme model is taken by altering the form of the
dielectric coupling constant (function) [28], but the Skyrmions again become point-particle
like in the limit where the binding energies become phenomenologically viable [33].

In this paper, we will study the case 2), i.e. that of the BPS-Skyrme model and its near-
BPS deformation. For the BPS part, we will take a potential providing no contribution to
the pion mass, whereas the perturbation is chosen to be the standard massive Skyrme model
— i.e. with the kinetic, the Skyrme and the pion mass terms — all multiplied by a small

!Note that the BPS limit studied in this paper is drastically different from the gauge theory BPS limit
occurring in supersymmetric field theories, see the discussions in refs. [11-22]; see also the discussion in
ref. [23].



control parameter, e. This work is a continuation of the e-expansion scheme that we have
developed for the case of the baby Skyrme model in the case of compactons (Skyrmions
with compact support in the BPS limit) [23] and in the case of baby Skyrmions with
exponential (or rather Gaussian) tails [34]. In the baby Skyrme model case, we were able
to check the precision and validity of the e-expansion scheme as a perturbative approach
to near-BPS solitons by performing very large brute force numerical computations — only
possible in the 2-dimensional case. We also found in the previous work, that the precision
of the e-expansion scheme is better in the case of compactons as compared to the solitons
with tails [34]. Using this result as a guideline, in this paper we search for a viable BPS
model with compactons. Due to the BPS solution for compactons having a discontinuous
derivative at the compacton boundary, as opposed to the true near-BPS solution, we found
in ref. [23] that a certain cusp condition must be imposed at the compacton boundary,
making the total field smooth there. This becomes highly nontrivial if the compacton has
a complicated shape and we thus limit our search to stable B = 1 compactons with spherical
symmetry. These criteria limit our model to a rather specific choice, with essentially only
one parameter to dial — namely €. Finally, we compute the bound state of two spherically
symmetric B = 1 compactons by performing PDE solutions within the framework of the
semi-analytic e-expansion scheme and compute the binding energy.

The analysis of the near-BPS Skyrme model has been performed in the literature firstly
in the series of works [31, 35-37]. Various difficulties emerged from these studies, so that
only a partial exploration of the model could be carried out. In refs. [35, 36], a first attempt
of an analytic approximation for the near-BPS model has been made using an axially
symmetric BPS solution. Then, once inserted into the Lagrangian, a first approximation of
the near-BPS energy can be evaluated. Starting from that result and after an appropriate
quantization procedure, the binding energies for the various nuclei have been obtained,
showing a reasonable agreement with experimental data (mostly for large nuclei). Despite
this result, the validity of the entire analysis is questioned in refs. [31, 37]. In fact, as it was
proven in the latter references, not all the BPS solutions can be used as first approximation
to the near-BPS field. The proper BPS solution must, in fact, respect a mathematical
criterion called the restricted harmonic criterion [37]. As that theorem is not respected
by the choices made in refs. [35, 36], the entire work must be revisited. Generically, the
moduli space — present in the BPS limit — is lifted by a shallow effective potential
and as long as the perturbation parameter is sufficiently small, the near-BPS solutions
reside close to the BPS solutions in field space. In the case of the BPS-Skyrme model,
however, the moduli space is that of volume preserving diffeomorphisms and is infinite
dimensional, drastically complicating the problem — both mathematically and numerically.
A rigorous mathematical formulation of the variational approach to the problem with
volume preserving diffeomorphisms has been studied in ref. [37] and the case of adding
the kinetic term to the BPS-Skyrme model is dubbed the restricted harmonic problem.
Restricted refers to being in the infinite moduli space of volume preserving diffeomorphisms
and harmonic is the minimizer of the kinetic term. In the lack of a better term, we will
denote the perturbation by further terms than the kinetic term as generalized restricted
harmonic (GRH).



Attacking the problem from a different angle, in ref. [31] a full numeric attempt of
solving the near-BPS equations of motion has been performed. In that work, exact near-
BPS solutions have been found, pushing the parameter € to a small value, around € ~
0.2. On the contrary, for smaller values of € (¢ < 0.2), all results are so far numerically
inaccessible. In that range, indeed, the numerical solutions developed unwanted spike-like
singularities. Such limitation was unfortunate for the study of the binding energy of the
system. In fact, a proper estimate yields € ~ 0.01 for fitting the physically small binding
energies of nuclei. Again, that analysis is carried out without a full understanding of the
near-BPS system — we will comment more on this in the conclusion.

Since the full numerical approach is extremely difficult, in this work we propose a
semi-analytical method for exploring the near-BPS Skyrme model, building on the work of
refs. [23, 34]. The strategy is based on the expansion of the near-BPS field around a BPS
solution, however, with respect to refs. [35, 36], two more steps are considered. Firstly, we
face the problem of the restricted harmonic map. Secondly, once that problem is resolved,
we explore the system at the next orders of the expansion. As we will see, the results from
the next-to-next-to-leading order (N2LO) are necessary for extracting the binding energy
of a multi-Skyrmion configuration. In light of the previous works in the literature, in
order to implement our analysis, we have anticipated various technical and methodological
difficulties. Moreover, without the possibility to perform numerical checks, it is even more
difficult to establish when, and under what circumstances, a given approximation method
could fail. To this end, instead of considering immediately the complicated 3D analysis, we
previously performed our investigation in the 2D near-BPS baby Skyrme model [23, 34].
For the 2D case, we were able to implement a new semi-analytical method for the near-BPS
analysis and, simultaneously, check it with full numerics. The knowledge acquired from
those studies serves as a guide in the 3D case studied in this paper.

In light of our previous works, we have chosen the model in such a way to possess
the best features of both the previous 2D cases. This means that, for what concerns the
BPS sector, we choose a compacton-type BPS model. In this way, we can easily guess
the restricted harmonic maps we need for both the cases of a single and multi-Skyrmion
configurations. On the other hand, the BPS-deformation is taken to be the original Skyrme
model with the pion mass potential. With this choice, a physical pion mass (not depending
on €) is included in the system. In this work, we apply the successful techniques developed
in refs. [23, 34]. In particular, applying the perturbative scheme to the case of a single
near-BPS Skyrmion, we find very good agreement with the exact full-numerical solution.
This achievement confirms again the accuracy of our method. Such a result, however, has
been obtained only for the topological sector B = 1 due to the mathematical difficulties in
finding the restricted harmonic solution for B > 1.

The paper is organized as follows. In section 2 we set up the model and notation, find
the BPS solutions and calculate the generic energy bound. In section 3, we calculate the
corrections to the energy of the Skyrmions in the near-BPS limit within the e-expansion
scheme to leading order (LO), next-to-leading order (NLO) and next-to-next-to-leading
order (N2LO). The latter two orders utilize a linearized perturbation field. We finally
compute the explicit energy corrections to the B = 1 spherically symmetric compacton. In



section 4, we set up the calculation of the bound state between two spherically symmetric
B = 1 compactons in the attractive channel and perform the numerical calculations of
the perturbation fields, yielding the binding energies of the bound state. In section 5, we
convert the physical quantities to physical units. Finally, we conclude with a discussion in
section 6.

Details of the calculation of the generic energy bound in section 2 are delegated to
appendix A.

2 The model

The model is based on the BPS Skyrme model [25, 26] with small non-BPS deformations
with a coefficient ¢ < 1. The deformation-part of the Lagrangian is taken, generically, to
be the massive [38, 39] Skyrme model [1, 2]. We thus have

L = Lps + €Lgcform + L

= (C@CG + M2£0) +e€ <02L2 +calLy — m72rV171(U)) + Ly, (2.1)
with the kinetic (Dirichlet) term, the Skyrme term, sextic term and Lagrange multiplier
term?

1
Lo = 1 tr(L, L"), (2.2)
1
Ly = 32 tr([Ly, L|[L", L"]), (2.3)
1 T, Al !
L = mnw/e“””ge” VP tr(LyLyLg) tr(Ly Ly Lo ), (2.4)
A

where L, = U TﬁuU is the left-invariant chiral current and U is the Skyrme field, related
to the pions as

U=o0ly+ir%n%, a=1,2,3, (2.6)

and the potential Ly, written in the form

o= Vo) = = (1 (7)) (2.7)

sp
that should not contribute to the pion mass, whereas V1 1(U) = (1— 3 trU) is the standard
pion mass term. The metric convention we use in this paper is of the mostly positive
signature, the spacetime indices run as u,v,p,0 = 0,1,2,3, 7, is the flat Minkowski

0123

metric and we take € = 1. The BPS sector consists of a sixth-order derivative term,

which is the topological current squared, as well as a potential term which we take not to

2The Lagrange multiplier term vanishes exactly since U is an SU(2) field, but we include it here so that the
vector formulation of the Skyrme model restricts the four-vector ® to the 3-sphere, where U = ®°1,+ir*®?,
a=1,23.



be the pion mass term. The deformation sector, on the other hand, consists of the normal
Skyrme model with a pion mass term.
The potentials are consistent with the boundary condition

lim U =1, (2.8)
|z| =00
which effectively point compactifies 3-space to a 3-sphere: R? U {oo} ~ S3. The nonlinear
sigma model constraint det U = 1 makes the target space SU(2) which as a manifold is also
a 3-sphere; this is imposed in the model via the Lagrangian multiplier term L£y. A static
configuration, U : S3 — S3, is thus characterized by the topological charge B € 73(S%) = Z,
where B is called the baryon number and can be calculated as

1
B= —7/%1@ tr[LiL; Ly d’x. (2.9)
/I

Using the parametrization

1
U=cos flyirtatsing, =i (wt @, —i(w—u),1 = [u?), (210)
with f a real function and u a complex function of spacetime, the Lagrangian components
read
1 2sin? f
=—= Hf— —— = Ha 2.11
Lo 28uf8 f i+ |u|2)2(9uu8 U, ( )
2sin? f U b
£4 = —W (Qufa“f&,ua - 8uf(9yf6“u6 U)
2sint f 2 _ v
- m ((8#118“11/) - 8uuayu3“u8 ’LL) s (212)
4Sil’l4f voo u'v' oo’ _ _
L¢ = _an,eu Pe VP T 0y fO,ulstuly fOyuly. (2.13)
The static energy reads
E = Epps + €Edeform
= <C6E6 — /LQ /3 Lo d3x> + € (CQEQ +caEy + 77172r /3 V171 d31'> , (2.14)
R R
with the components
4sin4f . _\2 3
E¢ = /11{3 (ESTBL (i€ 0; fOjudpu)” d°x, (2.15)
2sin? f
)2+ 2| 13
= ————|Ou|*|d°z, 2.1
/ [ ( +|u‘2)2|8u| ] x (2.16)
2sin? f 9 2 _
5= [ | e (0210, =010, ro0u0y)
2sin’ f 4 9 )2 3



In this paper, we consider BPS potential leading to compacton-type solutions of the type

—Lo=Vs,(U) = slp (1 - (tr2U>S>p = Slp(l — cos® f)P, (2.18)

with (s,p) = (1,2), (2,1) and (2,2) (see the next subsection). Obviously, also the pion
mass term, given by (s,p) = (1,1), generates a compacton-type soliton but such a potential
is already included in the BPS perturbation.

The topological charge in the parametrization (2.10) reads
1 2sin? f _ .3
2.1 BPS solution

Taking the limit € = 0, we can write the static energy as

- 4egsint f eaa N2y 2 3
FE = s ((1—+—u|2)4 (lemk({)@fajuaku) +,Uz ‘/571) d°zx

2
2sin? f . _
= /R3 (@(1 n |u|2)216ijk8if8ju8ku + m/Vw) 3z

sin? f . _ 3
— 4“\/% - mlﬁjkalfajuaku V:s,p d Z, (220)

where we have performed a Bogomol’'nyi trick in the second equality. The BPS equation is

2sin? f

and the Bogomol’'nyi mass is given by the last line of eq. (2.20).

Using the axially symmetric Ansatz for u:

u = tan (g) N, (2.22)
the BPS equation reads
sl (), = 2 (223
and for the potential (s,p) = (1,p), we have
cos? <f> sin?? <f> fr= —M. (2.24)
2 2 N /pcs

Integrating with respect to r yields

_ 1—
22-Ptan (£) 7 {22}71 (1_p 2_p-ﬂ'—tan2 (f))
b ) ) 4

(p—4)(p—2) 2 2 .
+ (p —4—2(p—2)cos (J;) + (p — 2) cos f) sec?P—4 (i) ] = _?N_j//zg + K, (2.25)



where o F} is the standard hypergeometric function and « is an integration constant. If the
limit f — 0 of the left-hand side of the above equation diverges, then the soliton has a
tail that tends to infinity. If not, the soliton is of compacton type. Taylor expanding the
left-hand side yields

—92 3—
_2pp ;fg " +O(f>7P), (2.26)

which reveals that the soliton is indeed a compacton for p < 3. The constant s of the
eq. (2.25) must be chosen so as make f respect the boundary conditions

f0)=m  f(R)=0, (2.27)

that guarantee that the soliton bears a nontrivial topological charge (2.19).
For p = 1, which corresponds to the standard pion mass term, the left-hand side
of (2.25) is invertible

gcos3 (g) = 6]\'7\7;;76 - K, (2.28)
yielding the explicit compacton solution
f = 2arccos (r) , (2.29)
R
where we have defined the compacton radius
R= ¢ M, (2.30)

7

and set k := 0.

For other values of p (with s = 1), the potential does not give an invertible function
that enables us to write explicit solutions for f. It will be useful, however, to consider the
p = 2 solution, for which the BPS solution reduces to

r

f+sinf—7r<1—Rz>, (2.31)

with the compacton radius defined by

3/ 3m\/2c6 N

L

R

, (2.32)

and we have set x := 5. The solution is implicit but still simple.
Considering instead the potential (s, p) = (2, 1) in the axially symmetric Ansatz (2.22),
the BPS equation reads

pur®
V2c6N’

sin(f) fr = (2.33)



Integrating with respect to r yields

2 3
f = arccos <};3 - 1) , (2.34)
where the compacton radius now is

R o 2Nv2e

P (2.35)

where we have set x := 1.
Finally, let us consider the potential (2.18) with (s,p) = (2,2) in the axially symmetric
Ansatz (2.22), for which the BPS equation reduces to
2

_
fr= NG (2.36)

Integrating with respect to r gives

7"3
f=m (1 - R3> : (2.37)

where the compacton radius is

5/ 6 N
R= i/l (2.38)

and we have set k := 7.

2.2 BPS energy

The Bogomol’'nyi mass is given by the total derivative

which is the lower bound for the static energy
E > MEY. (2.40)

Considering the potential (2.18) with s = 1 and using the axially symmetric Ansatz (2.22),
the Bogomol'nyi mass reads

M](;P’g = +3,uN1/c647r/ cos ( )sm2+p (f> frdr

3+P
= 25T, / (2.41)

where we again have used the boundary conditions

fO0)=m  f(R) =0. (2.42)



Notice that the Bogomol’nyi mass is proportional to the degree N as it must. For p =1, 2
we have

1287r

MY = =" aceuN, MY = 27%/2cuN. (2.43)

Considering instead the potential (2.18) with s = 2, p = 1 and using the axially symmetric
Ansatz (2.22), the Bogomol’'nyi mass reads

R
ME%IS) = —,uN\/20647r/ sind(f) f, dr
16—7T\/26 uN, (2.44)

where we have used the boundary conditions (2.42).
Finally, let us consider the potential (2.18) with (s,p) = (2,2) with the axially sym-
metric Ansatz (2.22), for which the Bogomol'nyi mass reads

(2.2 -
Mggs = —,LL\/CGI,L47T/(\) sin®(f) f dr
3
= §7r2\/c6uN, (2.45)
where we again have used the boundary conditions (2.42).

2.2.1 Energy bound

The general bound for the total energy as a function of {«ag, e, ay, ag} is:

AN
—
<
N
~

V2) + 2y/fi(asecs) T (2(1 - ap))

t\.’)\»—‘

E >2r? 2M(aoagc6)%<

el
ST

+3e((1— a)esancs)t +4((1 — ag)e) (;(1 _ ag)ecQ> ] B, (2.46)
where

~ em2

V() = VaylU) + Vi (0), (2.47)

is the combined potential of the pion mass term (a perturbation to order €), V; ,(U) is the
potential of the BPS sector, B is the topological charge or Skyrmion number and (---) is
defined as the target-space average of a generic quantity X as

(X) = — 247'('23 / Xeintr[LiL; Ly] dz (2.48)
The bound is obtained by numerical optimization with respect to a; € [0,1]. For details
on the derivation, see appendix A.

As a consistency check, we can set t =cg = a4 =0, ag = e =1 and ¢ = ¢4 = 2, for
which we obtain E > 127%|B|, which is the standard topological energy bound in Skyrme
units [1, 32]. Notice that when m; > 0, the integral (V) depends on ¢, see eq. (A.2).

~10 -



3 Perturbation in €

In this section we consider the e-expansion scheme around the BPS solution. This technique
has been developed and tested in the previous works on the baby-Skyrme model [23, 34],
where comparison was made with full brute-force numerical computations, hence estab-
lishing the accurateness of the framework. Here we adapt it to a more complex model;
the idea remains the same but various modifications have to be made. The solution at
zeroth order is just the BPS solution. The leading-order correction to the mass is given
by the perturbation minimized and evaluated on the BPS solution. This can be done if a
certain finiteness condition applies and for the present paper we restrict to this case. The
minimization problem of the perturbation is the so-called generalized restricted harmonic
problem. We briefly review the conditions and the solutions that are known so far, es-
sentially the B = 1 Skyrmion and non-overlapping multi-compactons solutions. We then
discuss an approximate criterion, using as a test the axially symmetric solutions, to test if
other preferred restricted harmonic solutions could exist. Once we have selected the candi-
date model for which the B = 14+1+... is the most probable restricted harmonic solution,
we consider the expansion to higher order in € and the modifications to the leading-order
solution.

3.1 Zeroth order

We will now consider perturbing the BPS sector (i.e. the model (2.1) with e = 0) with a
small perturbation, 0 < ¢ < 1. The deformation adds interactions among the Skyrmions
leading to bound states with low binding energy (as long as ¢ < 1). In this so-called
near-BPS limit, the field U can be written as

U(z) = Up(x) + 0U (e, z) with oU(0,z) =0, (3.1)

where Up(zx) is a BPS solution and §U is a perturbation that depends on €, but not nec-
essarily in an analytic way. Expanding the static energy in €, the zeroth order is simply
given by the BPS mass
0 9.
E® = MG, (3.2)

where M](;l;g) is given by eq. (2.39).

3.2 Leading-order correction

The leading-order (LO) correction to the energy, is linear in e and is given by the pertur-
bation part of the Lagrangian, Lgeform, evaluated on the background BPS solution

Mo =~ [ Lacorm(UF) &'z, (3.3)
R

where U] is the BPS configuration that minimizes the above integral. This solution is
required to be generalized-restricted harmonic (GRH), using the definition of refs. [34, 37].

Before analyzing this point, it is necessary to check the finiteness of the LO energy
contribution. For instance, the compacton solution (2.29) gives a divergent contribution

11 -



to the LO energy, since the integral (3.3) diverges if co > 0. In this paper, in order to
consistently implement the perturbative method, we consider only the cases (the potentials)
that lead to finite contributions at every order in the expansion. In the following, we provide
a criterion for the LO finiteness, valid for BPS solutions of compacton-type.

3.2.1 Finiteness of LO energy

Using as a test the axially symmetric Ansatz (2.22), the LO energy of a compact solution
with radius R reads

EMLo(N) = —€Co Lo d3$ — 604/ L4 d3.%' + emfr/ V1,1 d3ZE‘
R3 R3 R3
R
= 271'662/ (r2f,? + (1 + N?)sin? f) dr
0
R N2
+27T604/ (1+N2)sin2(f)ff+—2sin4f dr,
0 r
R
+ 47rem72r/ r2(1 — cos f) dr. (3.4)
0
For several classes of BPS solutions, we find that the divergence is due to the term 72 f>
that tends to infinity at the border of the compacton (in the limit » — R). We therefore
reduce the finite LO energy condition to requesting that
R
/ r2f2 dr < oo, with J < R. (3.5)
R—6
Note that in the Lagrangian £4 the quantity f? is multiplied by sin? f, which alleviates

the divergence of the integral since f — 0 for r — R (see eq. (2.27)). Using the BPS
equation (2.23) and the boundary condition (2.27), we can manipulate the condition (3.5) as

[ = [ensar-ghe [Ty g ar<s @0
r-s 5 dr |Nlcs Jo sin? f ’ '
with 0 < f(R—0) = ¢ < 1. Now, it is useful to expand the function r(f) around f =0 as

dr(f)
df

Every positive power of f in this expansion improves the convergence of the integral and

IUR4 /5/ Vip
— —d .
|Nlcg Jo '\ sin? f oo (38)

then the condition (3.6) consequently holds true. Considering a class of potentials Vj,, of
the type (2.18), for which V;, =~ f? near f = 0, then we have

r(f) ~ R+ f2+0(f%). (3.7)

thus if we have

6/

< oQ.

:U’R4 /6/ V97 df NR45p/2 /E/fp2 f= MR45p/2 fp_l
[Nlcs Jo | sin® f 2°/2|N|cg\/5p Jo 20/2|N|cg\/sp |p—1],

(3.9)
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In order for this condition to hold true, we deduce that p must be greater than 1, i.e. p > 1.

Once this criterion is defined, it is an easy check to verify that only the combinations
(s,p) = (1,2) and (s,p) = (2,2) of the potential (2.18) lead to a finite LO energy. Hence,
we will discard the choice (s,p) = (2,1) that, analogously to the pion-mass potential
(s,p) = (1,1), generates a divergent LO energy for co > 0.

3.2.2 Generalized-restricted harmonic

The generalized-restricted harmonic (GRH) solution Ug in eq. (3.3) represents the BPS
configuration that extremizes the LO energy within the whole (BPS) moduli space. In
particular, to implement the perturbative expansion of the field, we need Uj to be a
minimum (at least locally) of the LO energy. In ref. [37], a criterion for the choice of
these GRH solutions is discussed for a perturbation of the type Lo and Lo + £4. The
validity of that criterion is not spoiled by the presence of the pion-mass potential V1,
due to the volume-preserving diffeomorphism invariance of the potential energy. In this
section, we analyze the GRH problem following different steps. Firstly, we use the theorem
developed in ref. [37] to identify the BPS configuration that extremizes (and minimizes)
the perturbation energy due to Lo. Then, using again the results of ref. [37], we check
if such a configuration is a minimum even for the combination Lo + £4. In the end, we
comment on the trivial role of the potential V; ; in this context.

We briefly review the criterion of ref. [37]. Given a smooth map ¢ from the manifold
M to the manifold AV, the Dirichlet energy is generally defined as

1 g
B= / hay 97 8;6°0;6"/det g di, (3.10)
M

where g = g;; dz' @ dz? and h = hgp d¢® @ d¢? are the metrics of the manifold M and N,
respectively, and d is the number of (spatial) dimensions (ignoring time here). Using the
map ¢, the pull-back ¢*h of the metric h to M is defined as

a b . .
gb*h = hab %% d$z®dl‘j. (311)

Among all the maps ¢ with finite Dirichlet energy, connected by volume-preserving diffeo-
morphisms, a map ¢ is restricted harmonic if and only if the one-form

div$*h on M is exact. (3.12)
The divergence div of a symmetric (0,2) tensor n = 7;; dz* ® daz’ on M acts as
divy = D'nijda’ = g™ (Okmij — Thimj — Thyma) da?, (3.13)

where the connection is F;k = %gil (Okgij + Ojqi — O1gji)-

In order to more easily use this criterion, we rewrite the Dirichlet energy for the
Skyrmions in the form (3.10). To this end, the field U € SU(2) can be decomposed in
terms of four scalar fields o, 7!, 72 and 72 as given in eq. (2.6). This relation allows us to

define an O(4) vector field ®* as

= (0,7l 7% 7%)  with PP =1, a=0,1,2,3. (3.14)
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With this notation, the Dirichlet energy Fs> reads
1
/ Lo dz = —1/ Tr[L;L;] / hap g 0;9°0;0%\/det gy d*z, (3.15)

where hgp, = 64 and g9 = 6%,

We now apply this theorem to the case of spherically symmetric Skyrmions. In the
following, we use spherical coordinates (7,6, p) on M = R? and the vector notation ®* for
the Skyrme field with the constraint ®¢®® = 1. Then, we rewrite the spherically symmetric
Ansatz (2.22) for a generic B = N compacton in the form

cos f(r)
o _ | sin f(r)sin(@) cos(N¢g)
*= sin f(r) sin(f) sin(Nyp) |’ (3.16)

sin f(r) cos(0)

where the function f depends only on the radial coordinate, r. The metric A is the standard
Euclidean metric and the pull-back ®*h of h can be written as

0P? 9P°

Bt O

with dz’ = (dr,d6, dy).

Taking the divergence of the tensor (3.17), we obtain the one-form

d*h = Azt @ d#’ = f2dr?® + sin?(f)(d6? + N?sin?(9) dp?), (3.17)

div®*h = D' (0;90;0) dz’

in? f (3.18)

sin” f cot 0 d6.

= <2f/f//+zf/2_(1+N2) )d +( N?)

r2

According to Poincaré’s lemma, if the one-form (3.18) is closed then it is exact. There-
fore, the solution (3.16) is restricted harmonic if d(div®*h) = 0, where d is the exterior
derivative. Explicitly,

d(div®*h) = i(aiwj — Qjw;) da’ A da?

d (sin?f
_ 2
_(1_N)d7“< 2 )CotGdT/\dG.

(3.19)

The ratio S”;# cannot be a constant since that would be incompatible with the boundary
conditions (2.27). The only possibility for eq. (3.19) to vanish is therefore N = £1. We
conclude that a spherically symmetric compacton with arbitrary orientation and topological
charge N = +1 is a restricted harmonic map. The same proof can be trivially extended to
the case of a composition of B=1+4+1+1+--- spherically symmetric compactons placed
in R3 without overlapping one another.

Despite several attempts, we have not been able to analytically find any restricted-
harmonic maps different from the spherical B = N = 1 BPS configuration. Therefore, in
the aim of correctly implementing the perturbative method, in this paper, we will use only
that background solution and a multiple non-overlapping composition of it.
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The use of the spherical N = 1 compacton has an important convenience due to a
relevant result obtained in ref. [37]. In particular, it has been proved that every hedgehog
field is both Lo-restricted harmonic and restricted L£4-critical, and thus restricted (Lo+L4)-
critical. This result allows us to say that the spherically symmetric N = 1 BPS solution is a
stationary point of the LO energy Es+ E4. Moreover, again in ref. [37], such a configuration
has been verified to be stable restricted (Lo + L4)-critical, as we need for our purpose. Once
the spherical compacton B = N = 1 is identified as a GRH solution, we can easily verify
that the presence of the pion-mass potential energy

E, = m%/ (1 — cos f)/det g;; d*z, (3.20)

does not influence that result. The LO energy E is diff-invariant and thus it does not play
any role in the choice of the GRH map.

To summarize, both the single spherical B = 1 BPS compacton and the composition of
non-overlapping B =1+ 141+ -- spherical compactons correctly respect the generalized
restricted harmonicity criterion and represent local minima of the LO energy. However,
being able to consider only this possibility, we will have no indication about the stability
or the meta-stability of such a solution within each topological sector. Due to this fact, in
the aim of building stable nuclei, we want to focus our analysis only on those near-BPS
systems that lead to energetically preferred configurations made by B=1+1+1+---
Skyrmions. That information can be extracted from the evaluation of N, that is, in the
same way of refs. [23, 34], the charge of the spherical configuration that minimizes the
energy per nucleon (E/N). The value of N, is specific for every type of near-BPS system
and thus will help us to choose a suitable potential.

In the next section, we will prove that, if N, > 1, we certainly know that a GRH
map of charge N > 1 minimizes the energy per nucleon better than the spherical N = 1
solution. Therefore, considering such near-BPS model, a nucleus made of B = 1+1+1+---
Skyrmions can be at best meta-stable. On the contrary, if N, ~ 1 it is possible to have a
stable B=14+1+1+--- nucleus.

3.2.3 Explicit LO corrections

The leading-order-in-€ correction to the energy comes from plugging the BPS solution into
the energy functional

GMIE%p)(N) = —602/ Lo d3z — 604/ Ly Pz + emi/ Via dz
R3 R3 R3
R
= 2%602/ (?"2f3 + (14 N?)sin? f) dr
0
R N?
—|—27TEC4/ (1 +N2) sin2(f)f3 + ﬁsmélf dr
0
R
+ 47rem3r/ r2(1 — cos f) dr, (3.21)
0

where we have used the axially symmetric Ansatz (2.22).
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Besides the LO energy, analogously to the method of refs. [23, 34], we calculate the
value of Ny in this section, i.e. the charge of the configuration that minimizes the energy
per nucleon (E/N). To find such configuration, given the energy of a B = N spherically
symmetric BPS solution ngh

E(e, N) = Epps(N) + eMpo(N, UP™), (3.22)

we must solve

sph
L (Hemy 4 (MLO(ZZ\;,UO >> o, (3.23)

and find N, by solving for N. Note that, in this calculation, the dependence of € vanishes.

Before dealing with the explicit calculation of Ny, we must point out an important
difference about the meaning of N, between the 2D cases in refs. [23, 34] and here. In
refs. [23, 34], once the near-BPS baby Skyrme model is chosen, the value of N, identifies
which @ = N solution represents the most stable candidate to be the building block of
a nucleus (at least at the leading-order approximation). In the baby Skyrme model case,
all the axially symmetric solutions of any topological charge are restricted-harmonic and
thus, in the calculation of N,, the LO energies of the different topological sectors are
correctly compared. Here, on the contrary, the situation is different. In fact, as shown
in the previous section, only the N = 1 spherically symmetric compacton is (generalized)
restricted harmonic. Thus, for any N > 1, the expression (3.22) evaluated on a spherical
BPS compacton does not represent the correct LO energy of a B = N near-BPS Skyrmion.

From the above considerations, the calculation of N, seems meaningless in the 3D case.
The reason for carrying out this calculation is that, with such a result, we can indirectly
prove if an unknown GRH configuration (of charge N > 1) minimizes E//N better than
N = 1. We will verify this statement in the following.

Let us consider to have found a spherical BPS solution USph of charge B = N , whose
value of the ratio E/N is smaller than the one calculated for the GRH solution ngh of
charge B =1, i.e.,

Mio(B = N,U™) _ MioB=1, UsPh)
N 1

(3.24)

Then, we have

Myo(B = N,U3) _ Mpo(B = N,UP™) _ Mpo(B =1,U5™)
N N 1

, (3.25)

where Uy is the unknown GRH solution of topological charge B = N. In eq. (3.25), we
used the fact that a GRH map minimizes the LO energy better than any other BPS maps.

Finding a result of the type (3.24) (that is equivalent of finding N, > 1), means that
surely a GRH solution of charge B > 1, more energetically favored than the spherical
B = N = 1, exists. As a consequence, in that case a near-BPS solution made of B =
14+1+1+4--- Skyrmions would be at best meta-stable.

On the other hand, if we obtain N, ~ 1, we cannot definitively prove that the configu-
ration B =14141+4--- is the one energetically favored, but surely we avoid the previous
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counter argument. Therefore, in the following we will select the proper constraints to have
N, ~ 1.

We will now calculate the LO energy and the value of N, for the different near-BPS
systems built with the BPS potential V;, and (s,p) = (1,1),(1,2),(2,1),(2,2).

For this calculation, it is convenient to have an explicit BPS solution, so we will first
consider the case of the potential (2.18) with s = 1 and p = 1, for which we have the
Bogomol’'nyi mass (2.43) and BPS solution (2.29). This potential is the pion mass and
hence is not a potential that we eventually would want to use, since we want the pion mass
to be in the deformation sector. For this exercise, we set m, := 0, since V7 1 is included
instead in the BPS sector. In particular, we get

2

4 r r2
2 __ 02
f,r. = W’ S1n f =4 (1 — _R2> ﬁ, (326)

which means that the leading-order energy does not converge if co > 0 is turned on (due
to the singularity in the integral over (rf.)2. Setting co := 0, we obtain

(1,1 16 128
GMLO = 271'604 |:(]. + N2)@ + N2ﬁ 5 (327)
where
- - 44/2
R=+VNR, R={y=Y% (3.28)

I

The leading-order mass per N has a minimum at

70
D Vg = 1276, (3.29)

and indeed the N = 1 leading-order energy correction per NN is smaller than that of the
N =2.

Considering instead the potential (2.18) with s = 2 and p = 1, for which we have the
Bogomol’'nyi mass (2.44) and BPS solution (2.34), we have

9r r3\ 73
2 _ i2 p
f’l‘ = m, S1n f =4 (1 — m) ﬁ’ (330)

which again means that the leading-order energy does not converge if co > 0 is turned on
(due to the singularity in the integral over (rf,)2). We have again set m, := 0 since the
BPS solution is massive (as p = 1). Setting co := 0, we obtain

36 36
2 } : (3.31)

EMI%U = 2mecy [(1 + NQ)E +N IR

where

i N ENe 7o
R=<NR, R= =¥, (3.32)
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The leading-order mass per N has a minimum at

i1
N&Y = ’/F ~ 1.354, (3.33)

and indeed the N = 1 leading-order energy correction per N is smaller than that of the
N =2.

Although the two solutions we have considered now, conveniently have explicit BPS
solutions in terms of f, they both yield infinite leading-order corrections to the kinetic
term (i.e. — [ Lo d3z). Moreover, they have a contribution to the pion mass from the BPS
sector, which we want to avoid as we want the pion mass to scale with € in the near-BPS
limit. We will therefore consider the case of the potential (2.18) with (s,p) = (1,2), for
which the BPS solution is given by eq. (2.31) and the Bogomol'nyi mass by (2.43). Since
the BPS solution (2.31) is not explicit, we have to rewrite the integrals for the leading-order
correction to the energy as

0
eMélc’)Z)(N) = 27‘(‘662/

™

(7“2% (1 + N?)sin? f@f) df

2
+27r604/0 < 1+N2)Sln2f—f—i— N s1n4(f)8r> df
0

o of
+ 47r€3m i (1 — cos f)%f df. (3.34)
Using now that
= NR? (1 - ftrsmf> , (3.35)
we have
or _RNI/?’ 1+cosf
of 3m (1 _ f+sinf)§
4
fHsinf\3
o1 L1 5
20/ _ g N1BRN T )
" or 5T R l+cosf
3 N D3
687} = NE e h), (3.36)

and can write the leading-order correction to the energy divided by 2me as

Mg (N) ooz, @RI+ NAHNYS  3rey(14N?) ey NO/3
T = 37TCQRN al + 3 a9 RN1/3 as 37.[.R aq
2NR3
- (3.37)
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where we have defined the integrals

IS

f+smf 3
= df ~ 0.4699
“= / 1+ cosf / ’

/ s1nf1+cosf)df ~ 4824,
f+smf)
2
= sin f f“mf)s
= df ~ 0.5167
4 = / 1+ cos f f ’
(1
a4_/ sin’ £( +eosS) 45~ 16327, (3.38)
+smf)
and
Q— . 3m\/2
R=¥NR, R=} ”MCG. (3.39)

Notice that the pion mass term is linearly proportional to N and does not affect N,. Setting
c4 := 0, we find the minimum of the leading-order correction per N as

N =2

~ 2.197. (3.40)

Explicit checks find that Mo (2)/2 < M1,0(3)/3 < M1.o(4)/4 < Mpo(1) < Myo(5)/5. We
also explicitly find that M1,0(3) < 2MLo(2) + Mio(1). Setting instead ¢z := 0, we find the
minimum of the leading-order correction per N as

2
N = = ~1915. (3.41)
1+ 97r2a3

Explicit checks find that Mpo(1) < MLo(N)/N, for any N > 1. In general, N s a
function of the ratio c¢4/(coR?) and the equation for N, reads

3ra;  az(2N? —1)

n Tay
N4/3 3T N4/3

2
+ 37'('(13.'13 (1 — ]\]2> + 37 = 0, Xr = C2R2 . (342)

172)

Finally, we will consider the case of the potential (2.18) with (s,p) = (2,2), for which
we have the Bogomol'nyi mass (2.45) and BPS solution (2.37), and we further have

The solution to the equation, namely N,E , is shown in figure 1 as a function of x.

3
f2=9n?— sin? f = sin® <> , (3.43)
so now the LO energy is convergent and we can write the LO energy divided by 2me as
M£20’2) _ 97T2CQRN1/3
2r 7
2m2N R?
T

912y ¢4 N/37y
RN1/3 R

+ea(1+ N)TIRNY3 4 ¢4(1 4+ N?)

(3.44)
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(1.2)
22)

*

N.
N,

Figure 1. N*(l’z) and N£2’2) as functions of z = c;;?'
where
R=+VNR, R= ,3/6”;@, (3.45)
T = /0 " sin?(r2?) dz ~ 0.29303, (3.46)
Ty = /0 1 sin?(rz®)2? dz ~ 0.103303, (3.47)
T3 = /01 sin‘:(;ra:?’) dxz ~ 0.370701. (3.48)

Notice again that the contribution from the pion mass term is linear in N and hence will
not affect N,. If we set ¢4 := 0, the LO mass per N has a minimum at

N = /24 ~ 4.707. (3.49)
Explicit checks find that My,o(5)/5 < Mpo(4)/4 < Mpo(6)/6 < Myo(7)/7 < M1o(3)/3 <
Mio(8)/8 < M1o(9)/9 < Mpo(2)/2 < Mpo(10)/10 < Mpo(11)/11 < Mpo(12)/12 <
Mi0(13)/13 < My1o(14)/14 < M1o(15)/15 < Mpo(1) < Mpo(16)/16. This means that
there are many generalized-restricted harmonic solutions that have less energy per baryon
number than the spherically symmetric 1-Skyrmions. This is quite surprising.

On the other hand, if we set c2 := 0, the LO mass per N has a minimum given by

2
N&2D - 2 1386, (3.50)

T3
1+ 97m2Y

and explicit checks verify that ML]%(N) < MLON(JFAQH) for all N =1,2,... In general, N*(2’2)

is a function of the ratio c4/(c2R?) and the equation for N, reads

3 Y1(2N2—1) 3mzYy(N%2—-2) N3z, c4
_ =0, = —=—. (351
2 s Y57 S T vi= e B8

The solution to this equation, i.e. NJSQ’Q), is shown in figure 1 as a function of x.
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To summarize, we have found that for the potentials (2.18) with (s,p) = (2,1) and
(s,p) = (2,2), setting ¢4 := 0, we have solutions with lower energy per N to leading
order in € for N > 1, which means that the spherically symmetric 1-Skyrmion is at best
metastable in the near-BPS limit (for those potentials). On the other hand, for ¢z := 0 and
(s,p) = (2,1),(2,2),(1,1),(1,2), we have found that the 1-Skyrmion is the energetically
preferred solution.

In the situation with both ¢a > 0 and ¢4 > 0, for the cases (s,p) = (1,2) and (s,p) =
(2,2), the value of N, rapidly reaches ~ 1 for ¢4 > coR? (see figure 1). As a consequence,
in the following of the paper, we impose the constraint c4 > caR? in order to build stable
nuclei made of B=1+4+141+4--- Skyrmions. Note that the addition of m, > 0 does not
change N,.

3.3 NLO and N2LO corrections

We now consider the next-to-leading order (NLO) and next-to-next-to-leading order (N2LO)
corrections to the energy, meaning that we have to take into account the corrections of or-
der O(e?) and O(€?). The reason for having to consider the perturbed Lagrangian up to
O(€?) has been discussed in ref. [23] for the 2-dimensional case and it is strictly related
with the choice of the compacton-type solution as the background field. Indeed, since the
compacton field is constant outside its finite domain, all the terms that contain derivatives
of the background field vanish outside said region. As a result, the first order of the field
expansion vanishes outside the compacton domain and then, iterating the perturbative
scheme, all orders of the expansion vanish too. In other words, using the compacton solu-
tion as the zeroth order of the field expansion, the ordinary perturbation scheme fails. To
avoid this problem, in ref. [23], both the quadratic order and the third order in € have been
considered together. In this way, at the price of harder analytical computations, the solu-
tion of the perturbed field exists even outside the compacton region and the perturbative
method works. We adopt here the same strategy for the 3-dimensional case.

For the perturbative e-expansion, we will again utilize the O(4) vector field & =
(g, @1, P, P3) that is related to the SU(2) matrix, U as defined in egs. (2.6) and (3.14).
In this way, the computations are similar to the 2-dimensional case (in which the field is
parameterized by an O(3) vector field). We will thus perform the perturbative expansion
directly in the & field

O =&+ 59, (3.52)

where @ denotes here the BPS background solution and 69 is a small perturbation. In this
notation, the Lagrangian (2.1) with £ given by eq. (2.18) now reads [40, 41]

1

Lo = g7 8°0,2°0,8°0, 8 V77 ¢, 11,0, 27 0y D0 B (3.53)
= —%(aﬂcb L DD)(9,P - 9°D) (9, - D) + %(8@ - 072)(0,® - 0"2)(0,® - 07 ®)

_ é(aﬂq, L O1D)?, (3.54)

Lo = Vi = (1= (@)Y, (355)
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1
Ly = —5(0,0 - 0'®) (3.56)

Ly= i(a,,@ 9" ®)(9,D - D) — i(a@ - OrD)?, (3.57)
—V171 = —(1 - @ana), (358)
Ly = g(q» B 1), (3.59)

where n% = 6% is the vacuum of the theory and we use the convention 1?3 = 1.

For the NLO and N2?LO corrections, we need to calculate the variation up to third
order (in the fields) of the Lagrangian (2.1) (assuming that 6 = O(e))
oL
perturb . 5P| =
£ [, 2] ONODe
1 9L
2 0PaoPb
PR
2 00,900, P
N 1 oL
6 900,909, P00, D¢

1o
MO+ 35 SN0

1 B
6 OPLODPLODC

oL
a b a
o\ 60" 5P + 8@’5@

DD 5PC + oL

5P 5P°
* 90,

0,007

0,690, 60"

9,090, 60°0,00°

= O\ (;6@ 6D+ - 5@) + 122 + em260° + %5@ 6D — eJHD,60"

1 1
— iva*g”aﬂdqwaya@b —~ érggg’aﬂaqﬂaya@bapa@a (3.60)

where the symbol | means that the expression to the left is evaluated on the background
field @, and we have defined the symbols

== (- (- (@) @G 4 (s (1 - (@) (@) (520

+ 582@ 1) =21 - (@) (@) 500)°
— 5sls = D)o — 1)1~ (@) 2803520
S5 =5 =21~ (@) (@) (500", (3.61)
TE = PP — ¢y (PP - VD), D + c4(D, D - 8 P)OHP, (3.62)
Va = Voan + Viap: (3.63)

VI = 2¢6(0,® - 0y D)0 B O PN + 2¢6(0 D - Dy D) 0P PO B’ + 2¢6(0HD - 0" D)), PP D"
+ 2¢6(01® - 0,8)0" BLOP D’ + 2c6(0 P - 9,D) (0" P - P P)5™®
— 2¢6(0,® - DPB) Dy 0 BN — 2¢6(0,® - I° D) D O PP

(0"® - 9" ®) (D, - 0P D)5™ — 4cg(O'P - 0,8)D° 0" D"

(0P - 0,)" P IP B’ — c6(0,® - Dy®) (DD - 7 D) §°°

+ dcg(0,P - P B)OH DD B + c6(0,D - O°P) (0D - D7 D) 5%, (3.64)

— 206

— 406
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VI = conf 3% + c4(0,® - PP 6% + 2c40M B0 B° — c4(0"D - D' D)6 — 1M PP B
— 40,8 0P B, (3.65)
TP = 8cg0HP 0" PP PP + 2c60P P O PP " B° + 260" P IP PP O D — 4cgd” PO PP OP P
— 4cgOPP O PPOFDC — AcgOM BLOP PP B°
+ e (20° P 0y PP 07 B + 20, PP DX B — 40, D) PO &)
+ cgn? (207 B0y P 0° D¢ + 20,807 PP B¢ — 40,D°0" B° D7 D°)
+ 61" (20, D" B° 07 D¢ + 20,5°0° B* I D¢ — 49" P9, P07 )
+ c6% (2(0" D - OPD) O PC + 2(O D - PP B¢ — A(O'D - D" D) O D°)
+ c0% (2(O D - 9" P)OP B’ 4 2(0V D - OP D)D" — 4(O'D - DP D)D" DY)
(2(

+ 60 (2(MD - DV D)DP D + 2(OHD - DP D) D — 4" D - DP D)D)

+ 4cg0™ M (D, ® - O B)IPDE — (9P - D,P)D° D°)

+ 2c60% 0P (87 P - 0, B)0° B° — (9, P - 07 D) 0¥ I°)

+ 2¢60%nP (OHD - D, P)D° D° — (9yP - 7 D) O D)

+ 2¢60%n" ((OPD - Dy ®)D°B° — (9, P - 0 D) DY)

+ 4cgdUnt P ((Dp® - D)D" D* — (97D - 9,P)0° )

+ 2¢60%n"P (O'® - 0, B)0° B° — (9,P - 07 D)0 D)

+ 2c60%nH (8PP - Dy ®)D° D — (Dp® - 7 P)DP D7)

+ 2¢60" P (0¥ D - Dy D)D" D — (9P - 7 D) ¥ D*)

+ 4cg8"n"P (05 ® - 07 D) OB — ("D - D, D)0°P7). (3.66)

In the perturbed Lagrangian we have consistently expanded the Lagrange multiplier A as
A = Ao + O\, where )\g is the Lagrange multiplier solution of the background BPS model

Moo= —2c6(0"P - 0°P) (0, - 0'®)(0,0,D - D) + c6(DyP - I°P) (D, - 0 P)(0*P - D)
+2¢6(0,P - OPP) ("D - 0¥ P) (0,0, - B) — c6(0,P - O'®)*(5°P - D)
— (1= (@°))" ()" (3.67)

The role of 0\ is to ensure that the norm of the unit four-vector ® does not change up to
the accuracy of the perturbation order. Indeed, the equation of motion for the perturbed
Lagrangian with respect to o\ gives

(;5& +&- 5<1>> =0. (3.68)

In order to solve the above constraint equation, it will prove convenient to use differential
forms with & = §®?dy* a 1-form on a 4-dimensional space in which the target space is
embedded, and a natural Ansatz is to take 0® = *(A A ®) + w with w a 1-form (to be
determined), since the first term is transverse to ® by construction. A is a 2-form, which
will parametrize the tangent directions to the target space, as we will see later. Computing
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the terms in eq. (3.68), we have
1 1 , 1,
—(6®,6P) = —|A AN D|° + = |wl|?, (3.69)
2 2 2
(®,60) = (D), (3.70)
with (, ) the inner product. The cross terms in eq. (3.69) vanish due to antisymmetry:
1 1 1 1
5/*(AA@)A*w+§/wAA/\cI>:—i/w/\A/\thi/wAAA@:O, (3.71)

2

since ** = —1 for a 1-form in 4 dimensions. Writing out eq. (3.68), we have

;/A/\(I)/\*(A/\@)—I—/q)/\*w—{—;/w/\*w
:/q)A(;AA*(AA©)+*w>+;/w/\*w:0. (3.72)
Setting the parenthesis to zero yields the 1-form solution
5<I>:*(A/\<I>)+%*A/\*(A/\¢>). (3.73)

which is consistent, because |w|? is of order A* and hence €*. Writing out the components
of d&, we get

1
6D = AN, BT + §eabchbced€f IN DI (3.74)

The solution can also be viewed as due to the standard Gram-Schmidt orthonormal-
ization algorithm to second order. The norm of the vector field @ is therefore

PP =1 + O(eh), (3.75)

as we request. Moreover, by using the Ansatz (3.74), it is clear that the contribution to
the energy of the terms multiplied by 6\ will be of order O(¢) and then we can neglect
them in the final calculation of the total energy. The job of d\ was indeed just to cast the
form of the perturbation as found in eq. (3.74).

3.4 Axially symmetric perturbations

It will prove convenient to define the following basis vectors

—sin f(r) 0 0
cos f(r)sin(0) cos(Ny) B, — cos(0) cos(Ny) PO sin(Ny)
cos f(r)sin(f)sin(Nyp) |’ o= cos(f)sin(Ny) |’ ] cos(Ny) |’
cos f(r) cos(0) — sin(0) 0
(3.76)
in terms of the background field solution with axial symmetry
cos f(r)
| sin f(r) sin(0) cos(Np)
?= sin f(r)sin(0) sin(Nyp) |’ (877)
sin f(r) cos(0)
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for which the perturbation tensor for axially symmetric perturbations are pointed in the
direction of the tensor product of the 8 and ¢ directions, hence we have

= —008Y 5f (1), (3.78)
and therefore the perturbation field for axially symmetric perturbations reads

—sin f — cos féf
sin 6 cos(N ) (cosf 5 sin f6f)

0 = sin 6 sin(Ny) (cosf 5 sin f5f> (3.79)
cos 6 (cos - sm fdf)
Writing out the total field, we have
D=0+ 00
cos f —sin f cos f
| sin fsin(8) cos(N ) cos f sin 6§ cos(N ) 5 sin f sin 6 cos(Np) 5i2
| sin fsin() sin(Ny) cos fsinfsin(Nyp) sin fsinfsin(Ny) | 2
sin f cos(#) cos f cos 6 sin f cos 6
cos(f + df)
sin(f 4 df) sin(@) cos(N ) 3
~ O(0f°). 3.80
sin(f + df) sin(@) sin(Ny) QR (3:80)

sin(f + df) cos(0)

It is hence clear that the perturbation preserves the length of the field ®, as any change in
the function f does not change the length of the vector field ®.

Restricting to a radial perturbation in the profile function, §f = Jf(r), we can write
the perturbation energy as

P (£ §f) = EDNN(f, 5f) + EPTNUP( £, 8f) + EDINP( £, 8f ), (3.81)

with

ggerturb(f’ 5f) = /~;2COSS—2 £(1 - cos® f)P*2(1 — 54 (sp — 1) cos® f) sin?(f)df>

2

1 ot (1= cos® o2 = 200 i pasin § - 3) 207
b emZ sin()3f + ceof3f, + Wsm@fﬁf
bt N ingap) af + 0 sin? fsin2y)of
+ 64“;]\[2) sin”(f) frofr + ay sin(f)df?
+ 46?;? " in? Fsin(2f) 8 5F,, (3.82)
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for the NLO terms,

2 2
M cos(£)af? + “af? + CLEND cos(apap?

0PN cosgap)

eca(1+ N?)
2

erturb
Eamma (150f) =
N2
_ 6044 sin? f(4sin® f — 3)6f% +
eca(1+ N?)
+ 2r2

for the NNLO terms quadratic in Jf and

sin?(f)df? + sin(2f) f,0f 5, (3.83)

giﬁﬁ;b(f, 5f) = —2 cos* 1 f(1 — cos® f)p_2(1 — s+ (sp— 1) cos® f)sin(f)of?

+ /z:(:oss_?’ f(1— cos® f)p_3 (2 — 35+ 524 (s—1)(44 (1 — 3p)s) cos® f

+ (sp — 2)(sp — 1) cos** f) sin3(f)of3

CGN (5sin? f — 2)sin(2f) f20f% — 36?5 : sin?(f)(5sin® f — 4) f,0f25f,
n QCiﬁV sin? f sin(2f)3f5f2, (3.84)

for the NNLO terms cubic in df.
Outside the support of the compacton, f = f, = 0 and hence the perturbation energy
reduces to

(3.85)

; 1 1+ N2gf?
gperturb, outmde(f’ 5f) — €cy <25f3 + 5f f )

2

The problem simplifies for spherical symmetry for which N = 1, since the boundary of
the compacton becomes a sphere of radius R, hence simplifying drastically the boundary
conditions for the outside perturbations. The corresponding equation of motion is the
modified spherical Bessel equation

2,2
mar

TQ(SfrT + 27”(5f7~ - 25f - 5f = Oa (386)

C2

which in turn has the analytic solution being the first modified spherical Bessel function
of the second kind

6f—ak1<m T):ae_%<\/6+ = ) a> 0. (3.87)

NG Mar  m2r?

The perturbation outside of the compacton is thus a free massive boson with the mass of
the pion, as is expected on physical grounds.

In order to perform numerical calculations with the axially symmetric Ansatz and
of = 6f(r), we actually need to pick a BPS background for which the leading order energy
correction is minimized for NV = 1, and it is furthermore needed that the derivative of the
BPS solution is finite at the compacton radius; these constraints leave us only with the two
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cases (s,p) = (1,2) and (s,p) = (2,2), both with c¢; > coR? (since we need N, ~ 1 for the
spherically symmetric solution to be a minimizer of the energy functional, see figure 1). On
the other hand, it is necessary that cs # 0, in order for the tail of the perturbation to exist
outside of the compacton. The reason that it is necessary to have a finite derivative of the
BPS profile function at the compacton radius (f,(R)) is that we will have to impose a cusp
condition on the perturbative computation, which becomes nontrivial if the condition has
to cancel an infinite negative derivative. In this paper, we will consider only the case of the
BPS potential (s,p) = (1,2), whereas we leave the case (s,p) = (2,2) for a future work.

3.41 (s,p) =(1,2)

Considering the potential (2.18) with (s,p) = (1,2), which has Bogomol'nyi mass (2.43)
and BPS solution (2.31), we can analytically determine the derivative of the BPS solution
at the compacton radius R:

3

(R) = ——, 3.88
fu(R) =% (359)
and hence we need to impose the following condition on the perturbation field
3
Sfr(R7) —0fr(RT) = —, 3.89
fL(R7) — fu(RY) = 5 (359)

with R given in eq. (2.32). Using the analytic solution (3.87), we have

mpaxR
3T ae V2 2,/C2 2¢s
0 (B) =9k - (1 TR m,%R2>

R
3r Of(R") ( mxR 1 )
2R R \/C2 1+ NG

which is a Robin-type of boundary condition.

In figure 2 is shown the profile function f(r) for the N = 1 spherically symmetric
Skyrmion with € = 0.01 for various values of m,/,/c2. The perturbative scheme (orange
curves) is compared to the exact numerical results (black curves). The cusp in the perturba-
tive solution is imposed by using the condition (3.90). For ¢4 = 0 the perturbative scheme
captures well the true solution for my/\/c2 = 2, but not quite yet for large c4 = 8, whereas
it works well for large c4 = 8 with m,/,/ca = 3 being slightly large. We found in the previ-
ous section that c4 > caR? is necessary for the spherically symmetric Skyrmion to be the
true minimizer of the energy functional, which is the reason for choosing ¢4 = 8 > (377)2/ 3
for c¢ =1/2 and p = 1.

From figure 2, we recognize that the perturbative method seems to better approximate
the exact near-BPS solution when increasing the pion mass m;,. A possible explanation
for that behavior is the following. The perturbative expansion of the Skyrme field (3.1)
obviously works in the hypothesis of U < 1, so that the truncation of the series is justified
by neglecting the smaller and smaller higher orders. Therefore, the smaller the difference
between the BPS background and the exact solution is, the smaller dU is required to be.
In this work, the BPS background is a compacton so a suppressed near-BPS tail (obtained
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Figure 2. The profile function f = fgps + 6f at N2LO using linearized equation of motion in the
BPS-Skyrme model with (s,p) = (1,2), for ¢4 = 0,8 and m, = 1,2,3. The other parameters of the
model has been set as: ¢c2 =1, g = 3, = 1 and hence the compacton radius R = (3m)3 ~ 2.112.

with large m,) should increase the accuracy of the perturbative method. Moreover, the
linearization of the equation of motion operated at the NLO4+NZ2LO is better justified for
O0U very small, i.e. when the tail is well suppressed by a large m,.

We are now ready to compare the energies of the exact numerical calculations with
those of the perturbative scheme. The result is shown in figure 3. The NLO correction
to the energy is calculated using eq. (3.82) which contributes with €2 to the energy and
the N2LO correction is calculated using the sum of eqs. (3.83) and (3.84) contributing of
order €3.

Fitting the NLO and N2LO corrections to the energy, we can write an approximate
formula for the energy in the perturbative scheme (for N =1, ¢y = 1, my = 3, ¢g = & and

2
p=1):
1,2 1,2 1,2 1,2
E(e) = Méps) + €M£o '+ €2M1£ILC; + 63]\/[151%)0
=272 4+ €(39.79 4 5.43¢4) + €2 (—331.39 + 24.91cq) + €3 (229.87 — 20.36¢4) . (3.91)
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Figure 3. The mass of the Skyrmion in the perturbative e-expansion as a function of € on a
logarithmic scale. The red solid line represents the BPS bound, the orange solid line is the LO
correction to the energy, the black pluses are NLO corrections and finally the red crosses are N2LO
corrections. For comparison, the solid black line shows the exact ODE calculation. We also show
the energy bound (A.8) with a blue-dashed line. The top row shows the case of ¢4 = 0 and the
bottom row shows ¢4 = 8. In this figure co = 1, ¢g = %, w=1m; =3, and (s,p) = (1,2).

The energy for different values of ¢g and p (with modified values of m, and ¢z) can be
recovered by a scaling argument of length and energy scales.

4 Binding energies

In order to calculate the binding energy between two B = 1 Skyrmions, we need to write
down the energy with generic fluctuations turned on

Ay = Ay, + Al + A7,

— BB of(x) — DLDL0(x) — BLBISp(x), (4.1)

and with Jf not being restricted to being dependent only on the radial coordinate.

Geometrically, there is the direction ® and only three tangent directions (", oY and
®¥), since the target space is a 3-sphere. The tensor fluctuation (4.1) is the most general
nonvanishing tensor that can be constructed out of tensor products of these vector direc-
tions (i.e. @, ", ®Y and ®%); that is, any inclusion of ® gives no contribution to §® of
eq. (3.74).
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4.1 General fluctuation energy

The NLO + N2LO energy density is given by

EPTIL (£ 5F, 00, 0p) = EXTV (£, 6f, 00, ) + ENuiC (f, Of 00, 5p) + ENenti(f,df 60, 6p),
(4.2)

with

EPTI = X0 + Y eXTXLQ" + QYA + QY000 + 0,9°Y 0,00, (4.3)
a

EPTIND = QYO + QY 0,0" + €0,V Y 0,00, (4.4)
EPTNY = Z§PQe0PQ° + 0,00 Z§PI0PQ° + 0,0°9;00 23"V Qe
+ 8i0°9;Q0 75Tk g.0e, (4.5)

1,7,k = 1,2,3 the spatial indices, a,b,c =1, 2,3 the 3-vector indices, the definitions

of sin @ cos cosf cos —sinp
Qv =160|, %\ =|sinfsing|, %= |cosfsing|, %i=| cosp |, (4.6)
0 cosf —sinf 0

and the tensors
G sin(2f) + S sin(2f) f7 + & sin(2f) sin® f 4+ m2 sin f
X§ = cot fsin f (7% Y sin? f + %ff) , (4.7)
0
(CQ + 2% sin? f) fr
ECQ + ca f2 4 % sin? f; sin f |, (4.8)

02—|—C4ff+7‘f—§sin2f sin f

a __
Xle_

S= 3=

for the linear terms

7 ;’% cot @sin fsin(2f)f? 0
Yoab = ;’1‘;’2 cot @ sin fsin(2f) f? \ 0 |, (4.9)
0 0 Y3
11__lu’72 s—2 _ s A\p—2( _ 2 s _ .92
Yy = 1 o8 f(1—cos® f) 2 4 2ssin” f + cos® f(2 — 2spsin® f)
2¢6 C2 ey 2 2
+ —5 (3 —4sin” f)sin”(f) f, (4.10)
r
2
Y2 = % cos® f(1 —cos® )P~ + C—i(cotQO — 2sin? f) sin?(f) f2, (4.11)
r
2
2
Y033 = % cos® f(1 — cos® f)p_1 — %sinA‘(f) 3, (4.12)
\ F82r%S ) fofrﬁé \ 6§ffrf<é
. e I - o
Yt = Sos3p, | Fer g0 (4 R - g T ,
0 0 (30 + 3 - 2 o®
(4.13)
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2 ..
. k%] S (g% + €TRE) S (gig] — ikRE)
bii 6 9 T I s i L
VTS| - etk sl PG RD | (19)
I (Ris] ) ARG - ets) iR
for the quadratic NLO terms
11 _ 2 2 m2
Yoo = = cos(2f) —cos(2f)f + — sm f(3—4sin®f) + - cos 1, (4.15)
)
Y = 2—22((:03 2f + cot? 0) — f2 —|— 7 sin % f(cos(2f) + cot® 6)
r
2
2—42(3 sin? f — cot? G)ff + —” cos f, (4.16)
Y = 222 (cos 2f + cot?f) — f2 b 7 sin 2 feos2f — —(BSln f —cot?0)f?
2
+ % cos f (4.17)
11 cacy | cacy ¢ 242 2
ab cac a;cYbe 2 r2 2 2T2t6 " 2T4t9 gg fT i 38f) !
Y = 2T2tf9 + 27’4tfg (rf + 3s%) Yz 0 |, (4.18)
0 0 Y5
0 % %
. CQ NS 1 =~
~ 1 ~d
X3 x5 0
4Cff7‘§<7i (352f + Tf ) 2 (362f + Tf )A(é
2 .
+ C—;sf 2fr — 52f) Xy + er 5% (i‘;g + Cffr) 225" 53 cot 6 (7 Tgﬁ) x4 :
r
S2f i JERN s ~i CoSf i3
—2L% —[g—sfxg (m% + cffr> Xi — ngf(;z
(4.19)
0 0 0
C: ..
b 52 0 649 0
0 0 &Y
i 5 50 5d Sefroigd ijkoky Stfrgicd  ijkok
. (09 + X1%q) T (X% + €77K3) B (X135 — €77%3)
4 N . . N A i A TR
Fo | - sl S, s et |0 (420)
szfr (X5%] + €7 %h) %(f‘éﬁé — ekxy) %)ACEA!G + R X
for the quadratic N2LO terms and
i
zZiH = G cos® 3 f(1 — cos? f)P~3 sinf((s —1)(=3+ (1 + s)sin? f)
+ (sp — 1) cos® f(=3 4 (sp + 1)sin? f)
+ cos* F(3(s(p+1) = 2) + (2+ s*(1 - 3p)) sin? f))
& 7 5in(2f)(2 - 5sin? f)f2, (4.21)
A
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732 = —3ﬁ cot O sin®(f) £2, (4.22)
rd

Z31% = 2 cot O(3sin(3f) — sin f) f> (4.23)

734 = NQ cos® L f(1 — cos® f)P72(1 — s+ (sp — 1) cos® f)sin f

+ sin(2f)(cot? @ — 3sin® f) £2, (4.24)
733 = M2 s (1 —cos® f)P72(1 — s+ (sp — 1) cos® f)smf——stfsm(Qf)f
(4.25)
3
Z332 = —% cot Asin®(f) f2, (4.26)
3(4 — 55f) %0 6ep(Rh +cschSB) 0
; Ce s
lebm = —s?cf,n 6Cf(X2 + csc 0513) <t2§ — 38%) x4 0 , (4.27)
0 —353%{
3 i
32-3s9)f,%y ¢ ( CL Y 4fr) x4 0
bei .
72t — —sffr ¢ ( T 4fr> %i (252f n 2fT “320 )% 0
0 SS?frx2
206 32ffr Sf 0 52‘3 (4.28)
2¢s fr o 3 2fr \ &
33k B o (a2 ) s
Cﬁ 2 " A i - N
Z = ﬁsffr %Xé —38?«er§ <52Tf + %) X}
s (33?3‘ + ifr) | (Sif + {T) Ky 33/
0 0 -1
c6 S21 [ Pl
B ( 0 0 | (4.29)
0 _Ir 35
tg T
282 PN 3 VN 3 YN | R
A iR BRI+ ) 2R (xix] - )
abli . .. s .
2= G | S - ) s D) |
FRIE ) R - i
(4.30)
257 iod | —1si3ed 122ij 132ij
wos o T—J(XZQX{ + St 1513}({) o ZQH J o Z) J
Zy = T—Zsf 222122131 82£fr ()212&{ o %6”’“}?5) + %f{éf{% 2223213 , (4.31)
23122] Z3221] 0
221222] _ 2221231 _ SffT}A(zQA% + SfS gff(zl { + ffT zyk k SffT 513}2%, (4'32)
r 2r rtg rSg
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Z2132u Z312]z _ sl ()A(ZQ)A(% + 61]I<:Xllc _ 8—1A3533 + 25 153k ) (4.33)
T
2 o g
223213 Z322_71 _ i(f{éf{% + Ez]k k) + %(ﬁfixé _ 62]165\(]5)’ (434)
0 0 Z133ij
Z§b3z'] Cg st 0 0 Z233l]
2 )
r . g
Zng'U Z3232_j 2f ()f\(éﬁ% %EZ‘jk}A{é}) + fof‘ (AZ "] _|_ 161]kxk) .£§ 67«]3
(4.35)
71885 _ z3133i _ sffr (RL%) + £ ehgk 4 o1 5P%d) + 52157 gi 4 (4.36)
=2y 7= (XX ity €K sy 0%) + ) 5T iR, '
2
735 _ 73 _ t; %] + S2ffr (Ri% + TRgh), (4.37)
lengk: . @83 (}A{z jhlg l zjlxlﬁ ) (4.38)
=35 1€ 381 ’
leSz]k _ 4ﬁ53 gt edklgl lezﬂf{l <k (4.39)
=35 1 279 291 | '
4 1 ..
722k _ 06 s f < i edhlgl 26wl§<g§<§> : (4.40)
Z1281k _ 406 s2f ( i Thlgl ;eiﬂkllfclf+e”l L&k 4+ ;AZ gkl l>, (4.41)
4 1
Z2231]k’ _ ﬁsf (Az ]kl l 2 ”lxllf(]2€> (442)
4 1 ..
Z332z]k 6 Sffr (_w iklgl 26231)211%?) : (4.43)

for the cubic N?LO terms.
The equations of motion for the general fluctuations in Cartesian coordinates read

0; (Qbybaz + EQb baz + 2Yab2ja Qb + 2€Y2a€bzg8 Qb)
—2YP0b — 2eYEPQP — V9,00 — V0,00 = eXE — ed;(XLKD), (4.44)
(@ not summed over). We have used the short-hand notation for the trigonometric functions
sg =sinf, sp=sinf, cy=cosl, cy=-cosf, tg=rtand, (4.45)

and so on, and we have used the following short-hand index summation rule

i o . Sigd _ sij  gigd
&) o= ) KGK) = 67 — 1%, (4.46)

and similarly for other excluded directions.

4.2 Spherical symmetry

We will now show that if we restrict to the spherically symmetric B = 1 Skyrmion and
impose df = d0f(r), the fluctuations d0 and dp decouple and are solved by their trivial
solution.
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First we notice that there are, seemingly, source terms for the fluctuation field 66 in
egs. (4.7) and (4.8). However, using the identity

. 1 . .
X = R0, X + —%50pX + X50,X, (4.47)

7 Sin

the linear terms in the energy density (4.3) for the fluctuations 60 and dp read
. C2 Cq4 . 9 C4 o
esin f (2 + —sin” f + ZfT) (cot 868 + 096 + 0,0¢p) . (4.48)
re or r
Now including the integration measure, we have

€ / drdfdpsin f <C2 + % sin? f + C4f3) (cos 868 + sin 0000 + sin §0,0¢)
= e/drd&égo Oy {sin f (02 + C—g sin? f + C4ff> sin 969]
r

+ e/drd«%g@ Oy {sin@sin f (02 + % sin? f + C4ff) (590] , (4.49)
T

which are clearly total derivatives and hence do no contribute to the equations of motion
for the fluctuation fields. In particular, this means that the sources, i.e. the right-hand side
of the equation of motion (4.44) take the form

(4.50)

a
S O %

thus are only turning on the fluctuation 6f = Q!.

Next, we will show that only the non-radial derivatives of Jf turn on the fluctuations
00 and 0p. Starting with the non-derivative terms in the equations of motion (4.44), we
observe that

* % () * % 0
avHT —2vp=(ox0|, (V)T —2Yoe=]0x0], (4.51)
00 * 00 x

where we treat the tensors as matrices in ab: a = 1,2,3 being the row and the equation
index and b = 1, 2,3 being the column and field index. It is thus clear — at this stage —
that a nonvanishing 06 affects the equation of motion for df, but a nonvanishing J§f does
not affect the equations of motion for 6 and dy: it does not act as a source for the latter
fluctuation fields.
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Considering now the one-derivative terms of the equations of motion, we find

* % 0 * % 0
()T =y +20¥f % = [ox0|, [T - Vi 420,75 = 0% 0],

00 = 00 =

0 %0 0x0
(DT =Y 4207 | =[x 50|, [T - Vi 4208 | 5= |+ % 0],

00 00 %

00« 00 x
()T =¥ +20,¥ |55 = {000 |, (Vi) - Vi 4208 | 5= |00 ],

* % 0 * %0

(4.52)

from which we can see that a nonvanishing radial derivative of the fluctuation 0,df does
not turn on the fluctuations 90 and dp (see the first line), whereas a nonvanishing dydf
acts as a source for 00 (see the second line) and a nonvanishing 0,Jf acts as a source for
dip, recalling the identity (4.47) (see the third line).

Finally, we need to consider the double-derivatives of the fluctuation fields in the

equations of motion and we find
(V) + VIR %] oc 5F6™ 67061, (Vo + VEDRIR] oc 5F5% 4 5R6" 4 6751, (4.53)

(distinguishing only vanishing and nonvanishing elements of the tensor and with ab being
the matrix indices) and hence it is clear again that the only sources for the fluctuations 66
and dp are 0,0p0f and 0,0,0f .

This completes the proof that §f = Jf(r) does not turn on the fluctuations 66 or dp
and their equations of motion are homogeneous and satisfied by 60 = dp = 0, which is com-
patible with their boundary conditions at spatial infinity. Hence, without a nonspherical
fluctuation field df, the angular fluctuation fields remain turned off.

4.3 Boundary conditions

The equation of motion (4.44) must be accompanied by suitable boundary conditions: the
cusp condition at the boundary of the B = 1 compacton, the fluctuations must vanish at
spatial infinity and finally, we will solve the problem of binding energies by performing a
mirror trick similar to the problem in two dimensions [23], see figure 4.

A problem is that the best coordinates for imposing the cusp condition on the boundary
of the compacton are the spherical coordinates with origin O, whereas the best coordinates
for imposing the gluing conditions at x = 0 are Cartesian coordinates. Here, we will utilize
the fact that we are only solving the linearized equation of motion (4.44) and hence, we
can find the solution using the superposition of two solutions:

§f = ofrad 4 gfetue, (4.54)

which is the sum of the radial fluctuation of section 3.4, §f™4, that solves the cusp condition
on the boundary of the compacton and a new fluctuation field §f&"¢ that is only subject
to the gluing condition as well as the boundary condition at spatial infinity.
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Figure 4. Setup for computation of the binding energy between two B = 1 Skyrmions using the
mirror trick and certain gluing conditions at x = 0 and the B = 1 Skyrmion is placed at x = —R—a.
The figure is shown at y = ¢ = 0.

The solution for the B = 1 Skyrmion that obeys the cusp condition ™4 is exactly the
fluctuation found in section 3.4; the new fluctuation field subject to the gluing conditions
can thus be calculated in Cartesian coordinates, which is why we have written the energy
of section 4.1 in Cartesian coordinates. Notice that the field §f5"® experiences a smooth
background, since the cusp condition and the termination of the BPS solution on the
compacton boundary add up to a smooth total field. We will now discuss the gluing
condition in more details next.

4.4 Gluing condition

We will assume that the two B = 1 Skyrmions should be placed in their attractive channel,
which is dictated by viewing the Skyrmions as triplets of dipoles, which by the kinetic term
provides and attractive channel [42]3. The gluing conditions for the attractive channel of
two B =1 Skyrmions are

0, 0
0, P!
(1)2
0, 2

=0, (4.55)

where 3 conditions are Neumann and one is Dirichlet, which is necessary for computing the
gluing with Skyrmions in the attractive channel (e.g. all Neumann condition would lead to
a Skyrmion-anti-Skyrmion pair). In order to impose the correct boundary conditions on

3See also ref. [43] for an explicit numerical computation of the interaction potential.
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the fluctuation fields, we first write out the total field
D=0+ 00

— &1 D.5f + Bydh + Db — %@(@62 + 60 + 50%). (4.56)

Since the gluing condition should be applied outside the domain of the compacton, we need
to set f = 0 of the background solution, for which the total field reads

1 0 0 0
5f2 00% 6P i —si
o 0 1_i_7_i n s%nﬂc?scp 5+ cos&c?sgo 50 + sin ¢ 5.
0 2 2 2 sin # sin ¢ cosfsin cos ¢
0 cosf —sind 0

(4.57)

Using the identity (4.47), we obtain the following gluing conditions for the fluctuation fields

Of Ofx + 0000, + Spdp, = 0, (4.58)
sin 6 sin @df + cos 6 sin pdf + cos dp = 0, (4.59)
1
— cos 0 cos p(cos 00f — sin 000) + sin Of; + cos 000, — tan pdp, = 0, (4.60)
r
1
— cos @(sin O0f + cos 000) — §f, + tan 656, = 0. (4.61)
r

Since this is a complicated mixture of a nonlinear boundary condition and a Robin-type
boundary condition on the fluctuation fields, we will solve the linear Robin-part of the
boundary condition and verify a posteriori that the quadratic part is approximately sat-
isfied. Using the discrete z-derivative to order h? with h, being the lattice spacing, the
solution reads

3r2(cos? 0 + sin? 0 cos? )
4h2 cos? 6 cost p + 9r?
7 cos 0(2h, cos® ¢ — 3rsin 6 sin? )
4h2 cos? 0 cos* p + 9r2
7 sin(2¢)(2h cos? 6 cos o + 3rsin 6)
B 2(4h2 cos? 0 cos* ¢ + 9r2)
4h2 cos? 0 cos* o + 9r? sin? fsin?
4h2 cos? 0 cos* p + 9r2
6h,r? sin 6 cos p(cos? 0 + sin? 6 cos? )
4h2 cos? 0 cost p + 9r?
7(2hy cos® p + 3r sin @ sin? )
4h2 cos 6 cos* ¢ + 9r?
3r2(2h, cos* 0 cos®  + 3rsin 0 cos? o + 2h,, cos? @ sin? 0 cos ¢ + 3rsind fsin? )
B (4h2 cos? 0 cost p + 9r2)(2hy, cos? 6 + 3rsin b))
X (459_1 — (59_2)

6f§1ue _ (45]@%1{16 _ 6f§1;e)

(460, — 50_5)

(46p_1 — dp_2)

5frad

ofrad, (4.62)

T

860 = (46787 — 5FE5°)
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7 sin(2¢) (12h,7 cos(26) cos 6 cos p — sin(26) (4h2 cos? 6 cos? ¢ — 9r?)
4(4h2 cos? 0 cos* ¢ + 972)(2h, cos? 0 cos ¢ + 3rsin 6)
X (45(,071 — 5(,072)
3r cos 0(4hic§cé + 6harcgsoc, + 9rsgss, + 6harsyes)
(4h2 cos? 6 cos* ¢ + 9r2)(2h, cos? 6 cos ¢ + 3rsin §)
her sin(26) cos ¢(2h, cos* p 4 3rsin § sin? )
B 4h2 cos? 6 cos* p + 9r?
7 sin(2¢)(2h, cos? @ cos ¢ — 3rsin )
B 2(4h2 cos? 0 cos* ¢ + 9r2)
2r cos 0sin(2¢)(3r + 2h, sin 6 cos p)

5frad

ofrad, (4.63)

T

5o = (46787 — 5FE5°)

- 460_1 — 66—

3(h2 4 12r2) + h2(3 cos(20) + 2 cos? O(4 cos(2¢) + cos(4p))) ( ! 2)

3r2 sin? ¢
46p_1 — dp_

+4h326(30829(:os4g0+9r2( )
n 67 sin(2¢)(3r sin § — 2k, cos? 0 cos @) srad

3(h3 + 12r2) + h2(3 cos(26) + 2 cos? §(4 cos(2¢) + cos(4p)))
n 4h, 1 cos psin(2¢p) sin 0(2h, cos? O cos ¢ — 3rsin 0) 5o, (4.64)

3(h2 + 12r2) 4+ h2(3cos(20) + 2 cos? (4 cos(2p) + cos(4p))) "

It is simple to check that the gluing condition is regular for 3r > 2h,, which is always true
for the gluing condition since r > R, where R = 1 > h, in numerical calculations. The
subscripts on the fluctuation fields correspond to lattice indices in the x-direction, i.e. 66y
corresponds to d0(x = 0), 60_; = d0(x = —h,) and d0_y = 00(x = —2h,) and similarly for
the other fluctuation fields. The coordinate system for the spherical polar coordinates is

z+ R+ a+ iy = rsinfe?, z =rcosb. (4.65)

With the gluing conditions in hand, we are now ready to perform numerical computations
of the binding energies.

4.5 Numerical results

We will now compute the binding energies numerically within the semianalytic e-expansion
up to N2LO, i.e. O(e?). We choose the potential (s,p) = (1,2) which corresponds to
(1 — cos f)? because this potential allows for the spherically symmetric Skyrmion being
stable within the axially symmetric Ansatz for ¢ = 1 and ¢4 = 8 (or generically any
c4 > caR?). We further fix the parameters of the numerical calculation by setting cg = %
and p = 1, which yields a compacton radius, R = (3%)%. Now, in order for the cusp
condition to be sufficient for the e-expansion scheme to capture the true Skyrmion solution,
we need m, > 1 and chose m, = 3 as in section 3.4.

We will now solve the coupled PDEs (4.44) with the cusp condition taken into account
by means of splitting the field (valid for the linearized equation) (4.54), vanishing boundary
conditions for the fluctuations at infinity and finally the gluing conditions (4.62)—(4.64) at
x = 0 (i.e. midway between the two spherical B = 1 compactons), see figure 4. The results
are shown in figures 5 and 6 for ¢ = 0.01 and € = 0.0428, respectively. The top row of each
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(a)

(b)

Figure 5. Numerical solution for the fluctuation fields 8¢, ¢ and ¢ for two B = 1 Skyrmions
(showing only the left-hand side of the bound state) for e = 0.01 and separation distances 2a =
(0,1,2,3,4,5,6)2h,, with h, ~ 0.094. (a) shows the field solutions with constant isosurfaces at 1
of their respective maximal values, where the column corresponds to the separation distance. (b)
shows the corresponding NLO (red) and N2LO (blue) perturbation energies at i of their respective
minima (notice that their contributions are negative). The color coding of (a) is that positive §fglue

is shown with red, negative Jf&" with green, positive 36 with yellow, negative 6 with magenta,

positive dp with blue and negative dp with orange isosurfaces. In this figure co = 1, ¢4 = 8, ¢g = %,

p=1,my =3 R=(3n)% and (s,p) = (1,2).

@@ @@ @

RN ER LER LRI v

(b)

Figure 6. Numerical solution for the fluctuation fields §f&"¢, §¢ and éy for two B = 1 Skyrmions
(showing only the left-hand side of the bound state) for e = 0.0428 and separation distances 2a =
(0,1,2,3,4,5,6)2h,, with h, ~ 0.094. For further details, see the caption of figure 5.

figure shows the isosurfaces of the fluctuation fields 68", §0 and ¢ at positive (negative)
quarter-maximum (-minimum) levelsets with red, yellow and blue (green, magenta and
orange), respectively. For large separation distances (right-most panels) the fluctuations
are localized at the gluing boundary (x = 0), whereas for small or vanishing separation
distances (left-most panels) the fluctuation fields are turned on throughout the compacton
volume. In particular, Jf makes a shallow but negative shell near the compacton border,
whereas d6 becomes a dipole with a positive and negative blob induced in the compacton
volume for small separation distances (2a < 1). The bottom row of the figures shows the
isosurfaces of negative energy density at a quarter of the minimum value for the NLO and
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Figure 7. Numerical solution for the fluctuation fields 68" §6 and d¢ for the left half of a bound
state of two B = 1 Skyrmions for ¢ = 0.01 and vanishing separation distance 2a ~ 0 in the (z,y)-
plane at z = 0.

N2LO contributions to the energy from the fluctuation fields §f8"¢, 60, and dp with red
and blue colors, respectively. The NLO energy contribution is dominant and is responsible
for the binding of the two B = 1 Skyrmions and is seen to be localized near the gluing
boundary (x = 0). Figure 7 shows the fluctuation fields in the (z,y)-plane at z = 0 for the
case of vanishing separation distance 2a ~ 0. The nontrivial behavior of the fluctuation
fields is only induced by the gluing conditions at x = 0 (right-most part of each panel),
but spreads a small perturbation throughout the compacton volume.

We are now ready to compute the N2LO energies for the bound state of two B = 1
compactons using the energy (4.3) with the fluctuation fields 5f&"¢, §0 and ¢ defined in
eq. (4.1). We have already placed the two B = 1 Skyrmions in the attractive channel
by means of the Dirichlet boundary condition on ®? in eq. (4.55). We furthermore know
that at large separation distances, the attractive force between the two B = 1 Skyrmions
is exponentially suppressed (due to the pion mass term), so the minimum of the energy
must be at a finite separation. In the small ¢ < 1 or near-BPS limit, we expect that the
minimum of the energy of the bound state of two compactons occurs at zero separation, as
was confirmed both semi-analytically within the e-expansion scheme as well as numerically
for baby-Skyrmions (compactons) in ref. [23]. In order to confirm that this is also the
case for B = 1 compacton (Skyrmions) in the case of our model choice, we compute the
N2LO energies at different separations 2a. The result is shown in figure 8 and establishes
numerically that the minimum of the N2LO energy occurs at vanishing separation of the
compactons (i.e. 2a = 0) for all presented values of ¢, i.e. € = 0.01,0.0207,0.0428, 0.0886.
The figure also shows the geometric binding energy, which is simply computed by cutting
off the tail contribution to the N2LO energy at x = 0 (so as not to over count the two tails
of the two compactons). It is observed that about half of the binding energy is actually
geometric for the presented range of e.

The N2LO energy is shown in figure 9 as a function of e for vanishing separation
distance (2a = 0). The N2LO energy is below the LO energy as expected and is above the
energy bound (A.8) as it must be.

We can now extract the binding energy for the two B = 1 Skyrmions (compactons) as
a function of € by comparing the N?LO energies with those for infinite separations. The
result is shown in figure 10. A polynomial fit to the classical binding energies in percent
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Figure 8. The N2LO corrections to the energy for two B = 1 Skyrmions with separation distance
2a and € = 0.01,0.0207,0.0428,0.0886. Asymptotically, i.e. for large values of a, the N?LO cor-
rections to the energy become exactly two times those of section 3.4. When «a tends to zero, the
binding energy increases monotonically with a maximum at a = 0, for all values of the perturbation
parameter €. A geometric effect of the binding energy lies simply in part of the tail energy of the
B = 1 solutions are cut at the mirror surface x = 0 so as not to over count the B = 1 energies.
This reduction of the energy is displayed as geometric with a gray dashed line. The numerical
computations are always slightly below the geometric corrections. In this figure co = 1, ¢4 = 8,
=73, pu=1m;=3 R= (37)3 and (s,p) = (1,2).

yields
[pPinding, deuteron 1 G05¢ — 29.56¢2 + 200.8¢°. (4.66)

Notice that this fit contains a linear term in €, which is expected to come from nonanalytic
behavior of the solution to the fluctuation fields. Unfortunately, the model as calibrated
and chosen in order to make the cusp condition work, the spherical compactons being
stable and the tails to be rapidly decaying, does not provide quite the phenomenological
binding energy of the deuteron of 0.118% [44] for the range of € explored. Clearly this
is a crude comparison, we are not considering here quantum corrections due to the spin,
iso-spin rotation, iso-spin breaking, together with the addition of the electric Coulomb
interaction, which should be included in the phenomenological nuclear energies. It can
furthermore be seen from the figure, that the binding energy tends to a plateau instead
continuing its increase, which we interpret as loss of precision (validity) of the e-expansion
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Figure 9. The (a) energy and (b) N?LO correction to the energy for two B = 1 Skyrmions with
separation distance 2a = 0 (they touch in one point) as a function of e. The BPS energy is shown
with a red solid line, the LO correction is shown with an orange solid line and the numerically
computed N?LO corrections are shown with red crosses (linked with black dashed lines for ease of
reading the figure). The energy bound (A.8) is shown with a blue-dashed line. In this figure ¢ = 1,
cy =8, c6= %, uw=1m;,=3 R= (37?)% and (s,p) = (1,2).
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Figure 10. The binding energy per nucleon in percent for two B = 1 Skyrmions, i.e. the N?LO
energy at a = oo minus that at a = 0, as a function of e. The physical binding energy of deuteron
per nucleon for comparison is 0.118% [44]. In this figure co = 1, ¢y = 8, ¢ = %, w=1 mgy =3,
R = (37)% and (s,p) = (1,2).

scheme. This is most likely because ¢4 = 8 and hence ¢ ~ 0.1129 yields a Skyrme term
coefficient of ecy ~ 0.9 which is no longer perturbative. Recall that ¢4 > ¢y R? is needed for
the spherical compacton to be a stable minimum of the energy functional. If this condition
is not satisfied, the two compactons will merge and form a torus, as is well known in the

standard Skyrme model [45-47].
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5 Physical units

It is instructive and straightforward to reinstate physical units in the model. Energies and
lengths are measured in units of [48-50]

F 2
— T [length] = — 0—2, (5.1)
2€./Cacqe FreV cy

respectively and the calibration of the model is readily performed by

ECQMNR MR
Fp =920 == 5.2
MRy © T\ ccaMn Ry (5.2)

where M and R are the N°LO mass and radius R of the compactons in dimensionless units,

[mass] =

whereas My and Ry are the mass and radius of the nucleon in MeV. e is known as the
Skyrme coupling constant and should not be confused with the charge of the electron. The
physical pion mass in MeV is then given by

B _m,rFTre [
iy = = 5 (5.3)

- plre [cy
= —\/— 5.4
p=— \ 3¢ (5.4)

and finally the coefficient of the sextic term in MeV 2 is

the BPS potential mass in MeV is

4eac
&6 = ecjie%;ﬁ (5.5)
The calibration and coupling constants are shown in figure 11 and m, ~ 2.02 GeV inde-
pendent of e.

A comment in store is about the large pion mass in physical units. We recall from
section 3.4 that the dimensionless pion mass parameter, m,, was chosen to be abnormally
large in order for the perturbative method to capture the correct asymptotic behavior of
the solution, by imposing only the cusp condition at the compacton boundary (r = R).
Choosing the dimensionless pion mass parameter about 3 — 6 times larger than a usual
order-one choice, obviously has an impact on the mass in physical units (linear relation).
The choice of calibrating the model using the original Skyrme model (i.e. L2 + £4), which
in our context is a small perturbation to the BPS sector, gives a large uncertainty in the
physical quantities in physical units and of course many other ways to calibrate the model
could be contemplated. Nevertheless, the perturbative e-expansion scheme is prone to
require large pion masses to be accurate; something also often seen in lattice QCD [51].

6 Conclusion and discussion

In this paper, we have considered the Skyrme model in the near-BPS limit using the
perturbative e-expansion scheme developed in refs. [23, 34]. The near-BPS systems we
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Figure 11. The Skyrme model parameters (a) F and (b) e in physical units (MeV) as well as the
1

BPS sector’s coupling constants (c) & > and (d) & in GeV. In this figure c; = 1, ¢4 = 8, ¢ = 3,

p=1m;=3 R=(3m)% and (s,p) = (1,2).

considered consist of a BPS sector, containing a sixth-order derivative term plus a potential,
and a BPS-deformation that is the original Skyrme model with massive pions. The BPS
sector was chosen to give compacton-type solutions. To this end, parametrizing the BPS
potential as V; ,(U) x (1 — (trU/2)*)?, we select the combinations (s,p) = (1,2), (2,1),
(2,2), whereas we discarded the pion mass potential (s,p) = (1,1) since we include it as a
BPS-deformation.

In the e-expansion scheme, the mass of the Skyrmion in the near-BPS limit is the BPS
mass with corrections in powers of €. The leading-order correction comes from inserting
the BPS solution into the perturbation, i.e. the kinetic, the Skyrme and the pion mass
terms. Before explicitly performing the calculation, we checked if all the BPS solutions
lead to a finite LO energy contribution. To test this, we found a general criterion based on
the behavior of the potential around the vacuum value. We have shown that, besides the
pion mass potential, also the potential (s,p) = (2,1) generates a divergent LO energy and
for this reason we discarded it from our study.

After that preliminary analysis, we explicitly calculated the LO energy. As known from
ref. [37], the BPS configurations that can be correctly used for that purpose must respect
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the (generalized) restricted harmonic condition. As shown in ref. [37], we verified again
that the spherically symmetric solution of topological charge B = 1 respects the GRH
criterion. Moreover, we also checked that the addition of the pion-mass potential to the
BPS-deformation terms does not change the previous result. Apart from the topological
sector B = 1, we have not been able to analytically find any other GRH configuration of
charge B > 1, although we proved that in some cases their existence is necessary. Given
this limitation, the only restricted-harmonic map we could build for a multi-soliton case
was the one made by non-overlapping B =141+ 1+ --- spherical compactons.

The risk of using only the B = 14+1+1+--- configuration as the background field is the
possibility of obtaining meta-stable nuclear solutions. Other clusterization, in fact, could
be energetically preferred for the nuclei built with the various near-BPS models considered
here. To avoid such possibility, we analyzed the clusterization problem (at the leading-order
in €) by studying the ratio E/N (energy per nucleon) for the various topological sectors.
Here, we denoted by N, the most energetically favored configuration, analogously to the
analysis in refs. [23, 34]. We found that a proper choice of the coefficients of the kinetic
and Skyrme term (cq > coR?) leading to N, ~ 1, so that the single B = 1 Skyrmion
represents the energetically favored fundamental unit of nuclei, as desired. In order to
obtain physically stable nuclei given the mathematical results derived by the restricted
harmonic analysis, we worked coherently in that limit.

At the leading-order in the e-expansion there is no binding energy, since the BPS solu-
tion only enjoys compact support (i.e. it is a compacton). A further step in the perturbative
approximation was therefore needed.

The higher-order-in-e, i.e. the NLO and N2LO corrections to the mass are computed
in the e-expansion scheme by using a linearized fluctuation field possessing three compo-
nents, denoted df, d0 and dp. For a single B = 1 Skyrmion, only spherically symmetric
fluctuations are turned on and only the §f field, since it is the only sourced fluctuation. In
order to capture the correct behavior of the fluctuations, a special cusp condition on the
boundary of the compacton must be imposed making the total field smooth at said bound-
ary. For a single B = 1 Skyrmion we were able to test the predictions of the e-expansion
with the full numerical computation. We finally computed the binding energy of the two
B = 1 Skyrmions bound state, corresponding to the classical version of the deuteron in
the near-BPS limit in our specific model. The binding energy is maximal when the two
compactons are touching each other at one point and nonspherical behavior of Jf near the
gluing boundary turns on the fluctuation fields 46 and dp. Although we have not been able
to test the accuracy of the binding energy of the bound state by also performing full brute-
force numerical computations, we rely on the fact that the e-expansion scheme is accurate
for the B = 1 spherically symmetric soliton and that the analogous 2-dimensional analysis
for the baby Skyrme model compares rather successful to full numerical computations [23].

The classical binding energy of the deuteron bound state comes out about a factor of
3 too small, but the model is quite constrained by the necessary conditions making the
e-expansion reliable. Moreover, the various choices that finally select the specific near-BPS
model are not only made for phenomenological reasons but also for having the possibility
of obtaining a mathematically consistent perturbative expansion in e. In fact, to that end,
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we have firstly chosen BPS compacton-type solutions to simplify the restricted harmonic
problem. Then, we selected among the remaining near-BPS models the ones that admit
finite-energy contribution at every order in the e-expansion. In the end, we dealt with the
generalized restricted harmonic problem that pushed us to constrain the BPS-deformation’s
coefficients to obtain stable nuclei. It is therefore clear that there is no reason a priori to
think that those constraints get the model close to the one that nature has chosen. An
important question is, for example, whether the most phenomenologically viable near-BPS
Skyrme model contains compactons or solitons with tails in the BPS limit that nature has
chosen to be close to.

Nevertheless, this work has shown that the near-BPS model is able to reproduce the
small binding energy for the deuteron (and in principle for larger nuclei) of the order of the
experimental values. The near-BPS model can therefore be confirmed to be a reasonable
candidate to fix the binding energy problem of the original Skyrme model and thus to be a
reliable nuclear model. Moreover, the exploration of the near-BPS limit made in this work
clarifies the difficulties, and thus the solutions, for a more extensive analysis of this and
related models.

In light of our new understanding of the near-BPS Skyrme problem, we can reconsider
the study in ref. [31]. In that work, a BPS model with the potential (s,p) = (1,2) slightly
deformed by just the two-derivative kinetic term was considered. Such a deformation was
coupled to the usual small parameter ¢ < 1. Using numerical methods, the full equations
of motions of the system were solved for the cases 1 < B < 8 for the range € € [0.2,1]. On
the contrary, for smaller values of € (¢ < 0.2), all the results were numerically inaccessible
(except for the B = 2 case, where axial symmetry was assumed by Ansatz). In that range,
indeed, the numerical solutions develop spike-like singularities, indicating that the lattice
cannot resolve the field gradients. Despite these difficulties, the work gave interesting
results. First of all, the numerical simulations showed that the near-BPS solutions for a
small value of € ~ 0.2 have different geometric symmetries (see figure 2 of ref. [31]).

This numerical outcome gives therefore (partial) confirmation of the fact that a spher-
ical configuration is far from being a good approximation to a near-BPS solution at small
e for B > 1. This is not in contradiction with our claim. We worked in fact with specific
values of potentials and couplings such that N, ~ 1 sothata B=1+1+1+--- con-
figuration as a background field is the most reasonable candidate BPS background. For
the specific case considered in ref. [31] N, = 2.197. It so happens that by the parameter
choices made in our work, the values of € needed are about an order of magnitude larger
than those needed for the simplistic model of ref. [31], which is not inconsistent because
the two models are fundamentally different.

In particular, we underline the crucial role of the generalized-restricted-harmonic study
to extend the perturbative method explored here to a larger set of near-BPS models.
An interesting future direction would be to consider non-spherically symmetric restricted
harmonic solutions as the background BPS solutions for the near-BPS physics. So far none
are known, but our results suggest that there are undiscovered solutions.
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A Bound on the energy

In this appendix, we will review the lower bound on the energy of the generalized Skyrme
model of ref. [52] (see also ref. [27]). The general idea of the calculation utilizes the fact
that the generalized Skyrme model is the sum of different subsectors, each of which has a
known energy bound. Then to find the total energy bound, an optimization between the
different bounds should be carried out.

Given the Lagrangian (2.1), which corresponds to the static energy (2.14), we can write
E = ,quo + eco iy + ecy E4 + cgEs, (Al)

where Es, E4, and Fjg are defined in eqgs. (2.16), (2.17) and (2.15), respectively and where
we have defined

~ 2
FEy= | V(U)dz :/ [VW(U) + EWZ”VM(U) d3z. (A.2)
R3 R3 H
Then, given the energy bounds:
BEy + Es > 4n>83 (V3)|B|, (A.3)
BEy+ By > 4n?(26)1 (V1) |B, (A4)
BE; + Ey > 67282 | B, (A.5)
N
BEy + Eg > 87 (2) 18|, (A.6)

in which we have defined (---) as the target-space average of a generic quantity X as

1
(X)= -5 /R XegetrlLiLi L) dr, (A7)

it is possible to rewrite the energy (A.1) as a sum of the above subsectors introducing four
parameters ag; with 0 < ag; < 1 for ¢ = 0,...,3, that determine how each term is split
between the given bounds. The general bound for the total energy as a function of {«;} is
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thus:

E = (aou?Eo + agcsEs) + (1 — o)’ Eg + agecs Ey)
+ (agecaEy + (1 — au)ecaEg) + ((1 — an)ecaEa + (1 — ag)ce Eg)

> 272 | 2u(agapes)t (VE) + 2 /fiaees) T (2(1 — ag)) (V)
+3e((1 — 044)04042(:2)% +4((1— 046)06)% (;(1 — ()42)662) ! ] |B|. (A.8)

Once we have chosen the potential ‘7(U ) and the parameters cg, c2, ¢4 and cg, the strongest

energy bound for the system is the maximum of the functional (A.8), which is a maximiza-

tion problem in four variables («;). It is difficult to write down an analytic solution to the

solution of the maximization problem, but it is rather easy to find numerically.
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