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Abstract: We prove that the asymptotic field of a Skyrme soliton of any degree has a
non-trivial multipole expansion. It follows that every Skyrme soliton has a well-defined
leading multipole moment. We derive an expression for the linear interaction energy
of well-separated Skyrme solitons in terms of their leading multipole moments. This
expression can always be made negative by suitable rotations of one of the Skyrme
solitons in space and iso-space. We show that the linear interaction energy dominates
for large separation if the orders of the Skyrme solitons’ multipole moments differ by at
most two. In that case there are therefore always attractive forces between the Skyrme
solitons.

1. Skyrme Solitons

The fundamental field of Skyrme’s theory [1] is a map
U:R = SUQ). (1.1)

We denote points in R3 by x with coordinates x;, i = 1,2, 3, and Euclidean length

r=lx| =, /x12 + x% + x% . Sometimes we write x for the unit vector x/r. It is often

useful to parametrise U in terms of the Pauli matrices 71, 7 and t3 and the triplet of
pion fields 1, 7y and 3 as

Ux)=0ox)+im,(x)1,, (1.2)

where summation over the repeated index a is implied and the field o is determined
by the constraint o2 + nlz + 7122 + n32 = 1. In this introductory section we do not specify
the class of functions to which U belongs. It is assumed to be sufficiently smooth for
all the following operations to make sense.
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The Skyrme energy functional is best written in terms of the Lie-algebra valued
currents

L =UtoU (1.3)
or
R =UU", (1.4)
where 0; = d/dx;. Itis
1 1
E[U] = —/d3x (Etr(L,-L,-) + Etr([Lj,Li][L,-,L,-])). (1.5)

The Euler-Lagrange equation for stationary points of this functional is conveniently
expressed in terms of the modified currents

~ 1

L; =Li—Z[Lj,[Lj,Li]] (1.6)
and

~ 1

R[=Ri—z[st[Rj,Ri]]a (L.7)

where we again use the convention that repeated indices are summed over. It reads
L =0 (1.8)
or, equivalently,
3R =0. (1.9)

Here we are interested in finite-energy solutions of the Euler-Lagrange equation. It
is shown in [2] that the finite energy requirement implies that the map U tends to a
constant value at infinity in a weak sense. We choose that constant to be the identity
element 1 € SU(2) and demand

lim U(x) = 1. (1.10)
r—00

The boundary condition (1.10) means that the domain of U is effectively compactified to
a three-sphere. Since the target space is also a three-sphere, maps satisfying (1.10) have
an associated integer degree. The first rigorous proof that for a finite-energy Skyrme
configuration in a very general class of functions the degree

deg[U] = — d*x ;jitr (LiL;Ly) (1.11)

2472
is an integer was given in [3]. This result means that the space
C={U:R>= SUQ)|E[U] < o0} (1.12)
of finite-energy configurations is a disjoint union of sectors
Ck={U:]R3—> SUQ2)|E[U] <oo and deg[U] =k} (1.13)
labelled by the integers k € Z.
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The symmetry group of Skyrme’s theory will play an important role in our discus-
sion. The energy functional (1.5), the boundary condition (1.10) and the degree (1.11)
are invariant under the action of the Euclidean group of translations and rotations in R3
and under rotations of the pion fields

7Tq > GapTp, GeSO0@Q3), (1.14)

which we call iso-rotations. Reflections in space S : x + —x and in iso-space 7, >
—m, both leave the energy invariant but each changes the sign of the degree. The pull-
back of Skyrme configurations U via S provides a map

S:C—>Cy, U—UoS (1.15)

which preserves the energy.

It was shown in [4] that the energy in each topological sector is bounded below by a
multiple of the degree. It follows from the results of [5] that the bound cannot be attained
for the standard version of the Skyrme model described here, so that we have the strict
inequality

E[U] > 127°|k|. (1.16)
The bound ensures that the infima
I = inf{E[U]| U € Cy} (1.17)

are well-defined. The question of whether the infima are attained was first addressed by
Esteban in the paper [2]. Amongst other things Esteban proved that, for a suitable class
of functions,

L <L+ Iy (1.18)

forall k, [ € Z. She also showed that infima are attained provided one assumes the strict
inequality

Iy < I} + I (1.19)

forallk € Z — {0, x1}and ! € Z — {0, k} in the range |/| + |k — I| < V2|k|. In [3] it
was shown that the result still holds if one widens the class of allowed functions but the
inequality (1.19) remains a necessary assumption in the proof. The strict inequality is
also of interest in physics. As we shall see it is related to the question of attractive forces
in the Skyrme model.

For low values of k the existence and nature of minima of the Skyrme energy func-
tional is understood in more detail. For fields of degree one, the highly symmetric
hedgehog ansatz

Un(x) = exp(if (NXaTa), (1.20)

introduced already by Skyrme, leads to an ordinary differential equation for the profile
function f. With the boundary conditions f(0) = 7 and f(co) = 0 the resulting Sky-
rme configuration has degree 1 and is called the Skyrmion. It was shown in [6] that the
Skyrmion minimises the Skyrme energy functional amongst all degree one configura-
tions of the hedgehog form. In [2] the existence of the minimum of the Skyrme energy
functional in C; was proved, but it has not been established rigorously that minimising
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configurations have the symmetry of the hedgehog field (1.20). Note that if U is a
minimal energy configuration in C; then the reflected configuration S (U;) has the same
energy and minimises the energy in C_.

In the following we use the term Skyrme solitons for minimal energy solutions of the
Skyrme equation with non-zero degree k. There is overwhelming numerical evidence
that the minimum in C; is attained by a configuration of toroidal symmetry [7]. For higher
degree, too, much is known numerically about the minima of Skyrme’s energy functional
in the sector C. Numerical searches, assisted by analytical ansitze and investigations of
the possible symmetries of Skyrme solitons, suggest the existence of Skyrme solitons
in all sectors C up to k = 22. The energies are sufficiently accurately computed that it
appears that the inequality (1.19) is satisfied for all k in the range 2 < k < 20 and all /
in the range 0 < [ < k, see [8—10].

The existence of attractive forces between two Skyrmions was already shown by
Skyrme, using the product ansatz. In this paper we investigate the existence of attractive
forces between general Skyrme solitons. It is perhaps worth stressing that our arguments
in fact apply to any finite-energy solution of the Skyrme equation, not just minimal ones.
An earlier attempt at proving the existence of attractive forces between Skyrme solitons
was made in the unpublished paper [11]. Our approach is partly inspired by ideas in
[11] but also fills important gaps left there. Our main tool is an asymptotic expansion of
Skyrme solitons. In Sect. 2 we show that Skyrme fields have an asymptotic expansion
in powers of 1/r and that for non-trivial Skyrme solitons that expansion always has a
non-trivial leading multipole. In Sect. 3 we study the interaction energy of two Skyrme
solitons and show that it is dominated by a certain linear interaction energy provided
the orders of the leading multipoles of the Skyrme solitons do not differ by more than
2. In Sect. 4 we derive an expression for the linear interaction energy of two multipoles,
and show that it can always be made negative by suitable relative rotations in space and
iso-space. At the end of this paper we briefly comment on the relationship between our
results and Esteban’s work, and on the implications for the existence of Skyrme solitons
of arbitrary degree.

2. The Asymptotics of Skyrme Solitons

The aim of this section is to show that if U and the currents L ; are a little better than
continuous, then U is smooth in R3, and has a non-trivial asymptotic expansion in pow-
ers of 1/r and logr as r — oo. By non-trivial we mean here that if U is non-constant,
then it cannot happen that all terms in the asymptotic expansion vanish. Put another way,
it is not possible for U to approach 1 at infinity faster than every power of 1/r unless U
is identically equal to 1 in R3.

To make a precise statement, say that the (possibly matrix-valued) function f is in

C}?’O‘(R3), with 0 < a < 1, if f satisfies

1 no _ ’
sup ||+ sup ( /~I—r+r) If(x)/ f(X)I/ - o @1
xeR3 x,x'€R3 x#£x’ lr=r'|*+ 1 +r+r)dw, o)*

Here x = rw, x’ = r'w’, where w is regarded as an angular variable (unit vector) living
on the unit 2-sphere, and d(w, ') is the 2-sphere distance between @ and o’. If we
consider the space Cg’o‘(K ), where K is a bounded subset of R3, then this is precisely
the same as the usual space of (bounded) Holder-continuous functions, with Holder
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exponent . However, CS’Q(R3) is slightly different from the usual space of bounded

Holder-continuous functions on R3.
The main result of this section can be summarized as follows:

Theorem 2.1. Suppose that for some § > 0,
A+mSW -1 ecl, (+rn°L;ec). (2.2)

Suppose further that U satisfies the Skyrme differential Egs. (1.8) in the sense of distri-
butions.

Then U is smooth in R® and has a complete asymptotic expansion in powers of 1/r
andlogr, for large r. If U is non-constant, then this expansion has a leading term which
is harmonic, hence a multipole.

Note that the hypotheses (2.2) force U to approach 1 and the L ; to approach 0 like ro
as r — 00. As a technical remark, we point out that the assumption of Holder-continu-
ous currents implies that U will have a Holder-continuous first derivative. The second
derivatives 0;0x U are then defined only in the sense of distributions, but in the Skyrme
equation 0;0; U enters linearly, and is multiplied by continuous functions (smooth func-
tions of the currents) see Sect. 2.1 below. In particular, the left-hand side of the Skyrme
equation 3; L ; = 0 makes sense as a distribution if (2.2) holds.

The assumptions (2.2) of Theorem (2.1) do not follow immediately from the varia-
tional analysis used by Esteban in [2]. Her methods only give that the derivatives ;U
are locally square-integrable (and that the components of U are locally bounded). On
physical grounds, one expects minimizers of the Skyrme energy functional to satisfy
(2.2), but it would be desirable to bridge the gap between the analysis given here and
what was proved rigorously in [2 and 3]. This issue will not be pursued further here.

The proof of Theorem (2.1) proceeds in four steps, each of which takes up one of the
following subsections. In the first subsection we rewrite the Skyrme equation in order to
make explicit the form of the non-linearities. The equation is quasilinear, in the sense
that the derivatives of highest order (2) enter linearly. The Skyrme equation can therefore
be regarded as a second-order linear elliptic PDE, with Holder-continuous coefficients.
Then standard regularity theorems (Schauder estimates) yield that U is smooth.

In Sect. 2.2 we study the behaviour of the Skyrme equation at spatial infinity, by
introducing coordinates (s, w), where s = r~ L so that the 2-sphere at infinity becomes
a genuine boundary at s = 0. After a rescaling, the Laplacian of R? is replaced by

Ap = (535)% — 505 + Ay, (2.3)

where A, is the Laplacian of the unit 2-sphere. The analysis is now guided by the cor-
responding analysis of a system of ordinary differential equations with regular singular
point at s = 0. In particular, one does not expect the solutions to be smooth near s = 0,
but one does expect a non-trivial expansion in powers of s (and possibly logs). The
b-calculus of [12] enables us to make this kind of argument precise. Thus in Sect. 2.2
we show that if U = 1 4 u, then u is conormal at s = 0, which is to say that u and all
derivatives of the form (sd;)™ V! u are continuous as s — 0. (This condition is strictly
weaker than u being smooth near s = 0.) In Sect. 2.3, we show that it is not possible for
U to approach 1 faster than » —# for every . > O unless U = 1in R3. Finally in Sect. 2.4
we combine this fact with another application of the b-calculus to show the existence of
a non-trivial asymptotic expansion in powers of 7 ~! and log r (or equivalently in powers
of s and log s).
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2.1. Rewriting the Skyrme equation. To begin with we work near a fixed point of R3,
which we may as well take to be the origin 0. By replacing U (x) by U(0)~'U (x) we
can assume that U (0) = 1. Write

Ux) =1+ u(x), (2.4)

so that u(0) = 0. Because U is unitary, the 2 x 2 complex matrix u will satisfy the
algebraic constraints

u4u" +uu’ =0, tr(u) + detu = 0. (2.5)
In particular, u is neither exactly skew-hermitian nor trace-free. Then
Li = dju+u'du (2.6)
and
Li =1 +u")Au+ dutdu. (2.7)
The cubic term in the currents can be written
%L,-[L,, Lil= %(aju +utdu)[ju + u'dju, du 4 u'dul. (2.8)

Taking the divergence, and using the notation

Vij = al-u"’aju, (2.9)
we obtain
1 .
SLilLj Lil= (A +u')(T + F), (2.10)
where
T = T(u, u, 3*u)
L+u # +
= T(Lj[Lja (I+u")Au] + L;j[(1 +u")ojudju, L;i]) (2.11)
and

1+u .
F =F(u,odu) = T(Uij[Li» L1+ Lj[Lj,vi]+ L;[(A+u")v, Li]). (2.12)

The nonlinear terms have been divided here so that T is polynomial in the first derivatives
of u and linear in its second derivatives, while F only contains u and its first derivatives.
With this notation, the full Skyrme equation can be written

P(u,8u,82u) = Q(u, ou) + F(u, ou), (2.13)
where
P(u, du, 3%u) = Au+ T (u, du, 3°u) and Q(u, du) = —(1 + u)v;;. (2.14)

Notice that Q is (approximately) quadratic in u, T is of degree three and F is of degree
four. Note also that T is linear in 9;d;u (and quadratic in 9;u).
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Because of the assumed Holder continuity of the currents, the coefficients of the
differential operator

f—> P(u,du, d*f) (2.15)

are Holder continuous, and this operator is linear and elliptic in a small neighbourhood
K of 0. Moreover, the RHS Q + F of (2.13) is also in Cg’a (K), so by elliptic regularity,
it follows that u € CZ’“ (K). Then the currents are in C ;’a (K) and the process continues
to show that u is in C]lj’“ (K) for every k. Thus u is smooth near 0. Since the point 0 was
arbitrary, the argument shows that u is smooth in R3.

2.2. Boundary regularity. In order to analyze the asymptotic behaviour of the field U,
we shall make a transformation of the problem which involves passing from R> to a
“compactification” R3 in which the sphere at infinity becomes a genuine boundary. This
is easily achieved by introducing the coordinate s = 1/r along with angular coordinates
6 and ¢ in R3. Then in the space [0, o) x $2 with coordinates (s, 0, @), the boundary
s = 0 corresponds to » = oo and 6 and ¢ give coordinates on the boundary, which is the
2-sphere “at infinity”. R3 is defined to be the union of R with the 2-sphere at infinity
attached in this way.

It can be cumbersome to work with explicit coordinates on the 2-sphere, so we again
use o for points on S? and represent any point other than the origin of R3 in the form
(s, w).

Next, introduce rescaled derivatives,

D,‘ = rai = —8,». (2.16)

These vector fields have the property that they are linear combinations, with coefficients
that are smooth, down to s = 0, of the basic vector fields sd;, dg and d,. The Euclidean
Laplacian takes the form

A =s2Ap (2.17)

with Ap, defined in (2.3).

Now we write U = 1 + u for large r (that is, for small positive s) and make the
rescalings of (2.13) suggested by (2.16) and (2.17). The result is a ‘b’ version of the
Skyrme equation,

Py(u, Du, D*u) = Qp(u, Du) + s> Fy(u, Du), (2.18)

where
Py(u, Du, D*u) = Apu + s>T,(u, Du, D*u), (2.19)
0, Du) = —(1 + u)Dju' Diu, (2.20)

these terms being obtained by replacing 9; by the rescaled derivative D; wherever they
occur.

The reason for reformulating the equation in this way is that there is a well-estab-
lished theory, called the b-calculus, which can be used to analyze equations of this kind
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[12]. The b-calculus is concerned with b-differential operators. In the present situation,
a b-differential operator is just a differential operator of the form

P= )" Capels, )(s0,)" 0505, 2.21)
a+b+c<m

where the coefficients C,p. are smooth up to the boundary s = 0. From (2.3) it is clear
that the rescaled Laplacian Aj is an example of such an OEerator. The set of all such
operators will be denoted by Diff}, those of order k by Diffy.

The first aspect of this theory that is needed is the counterpart of the elliptic regularity
for Holder spaces that we used in the previous subsection. For this we need b-Holder
spaces, already introduced in (2.1). With the new variable s, we have f (s, ®) € Cl?’a if

e _ AN
sup [fl+  sup OFIVWG@) =G )
xeR3 (s,w)#£(s" ') ls — 5%+ (s + s)*d(w, &)*

Now put
Cy® ={f : Lf € C)® for all b-differential operators L € Diff{)

and

A={u:Luc Cl?’“ for all L € Diff}.

In order to force functions to decay as s — 0, we introduce weighted versions of these
spaces,

Sscg’a =u=sv:ve C,’,"“}, SSA={u=sv:ve A}
The following is a very special case of elliptic regularity for b-differential operators [13].

Theorem 2.2. Consider the differential operator P = Ay, + s>E, where E is a second-
order differential operator with coefficients smooth up to the boundary s = 0. Suppose

that Pu = fznear s =0, withu and f in s‘SCl?’a. Then if § is not an integer, it follows
thatu € s°C;“.

We want to apply this to the Skyrme equation, written in the form (2.19). After the
last section, we know that the coefficients of the perturbing term E are smooth for s > 0,
but all we know at s = 0 is the original assumption that the currents are in s‘SC,?’“. The
elliptic regularity statement still holds in this case (though this statement does not seem
to be available in the literature). Applying this result, for § a small positive number, we
obtain first that u € s° CZ’“, which gives that the coefficients are in s° C ;’“, sou €59 C,f’“
and so on. Iterating, we find u € sSA.

This is a major step forward: in particular, the angular variation of u is now very well
controlled. However, # may still be very far from being smooth up to the boundary or
having an asymptotic expansion there. Indeed, horrors like s° sinlog s lie in s A.
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2.3. Power-law decay of u. In this section and the next we establish that a topologically
non-trivial solution of the Skyrme equation must have a non-trivial asymptotic expan-
sion in powers of 1/r. We show first that it is not possible for a topologically non-trivial
solution to approach 1 faster than every power of 1/r. This result is then fed into an
iterative analysis of the equation in the next section. These two sections can, however,
be read in either order. The main result of this section is as follows.

Theorem 2.3. If the topological charge of the Skyrme field U is non-zero and if U sat-
isfies the hypotheses of Theorem 2.1, then there exists some . € R such that r*u(r, w)
does not tend to zero as r — 0o.

To set this result in a more general context, recall that a partial differential equation
Lu = 0is said to have the unique continuation property at a point 0, say, if the following
is true:

If all derivatives of u vanish at 0, then # = 0 in some neighbourhood of 0.  (2.23)

The methods used to establish that a second-order PDE has the unique continuation prop-
erty establish analogous statements with somewhat weaker hypotheses. For example, a
simplified version of Theorem 17.2.6 of [16] is as follows.

Theorem 2.4. Let a i (x) be smooth and positive-definite in a neighbourhood X of 0,
and suppose that a;(0) = § ji. Suppose that for x € X, the smooth function u satisfies

lajix(x)9j0kul < A (lu(x)| + [Vu(x)|) (2.24)
for some constant A, and
x| *lu(x)] = Oas |x| = 0 forevery u e RT. (2.25)

Then u = 0 identically in a neighbourhood of 0.
Using this result we can prove the following:

Theorem 2.5. Let U satisfy the hypotheses of Theorem (2.1). Then, if the topological
charge of U is non-zero, U cannot be constant in any open subset of R3.

Proof. Define
W={xe R3: U(y) = U(x) for all y in some neighbourhood of x}. (2.26)

Then W is open by definition. By Theorem 2.4, W is also closed. To see this, suppose
that x, € W, x, — xo € R3. Then all derivatives of U are zero at xg, so (2.25) holds
(with 0 replaced by xq). The Skyrme equation, in the form (2.13), implies a differential
inequality of the form (2.24) in a neighbourhood of xq. It follows! that U is identically
constang in a neighbourhood of xg, so that xo € W. Since R3 is connected, W = ¢ or
W=R’. O

1 Unique continuation theorems do not extend wholesale to systems. However, in our case, the leading

term is the Laplacian and the other second-order terms C(u, du, 8214) are non-scalar but small near x.
The proof of Theorem 2.4 goes through in this case.
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We will use this theorem to give an indirect proof of Theorem 2.3. Suppose r*u(x) —
0 as r — oo for every . Adapting Theorem 2.4 we shall show that then u = 0 for
all sufficiently large r. Thus U is constant in an open set, hence by the previous result
constant everywhere.

So consider the b-differential operator

Py = Ay + 52T, 2.27)
on @, where the coefficients of T} are in CS’“. By rescaling Theorem 17.2.6 in [16],
we obtain

Theorem 2.6. Suppose that
| Pyu(s, ®)| < As®(Ju(s, ®)| + |Du(s, o)|) forall0 < s < s, w € S* (2.28)
and that
s Hu(s, w)| - 0ass — Oforall . (2.29)
Then u(s, w) = 0 for 0 < s < s1, where s is some small positive number.

The “b” version (2.18) of the Skyrme equation implies a differential inequality of the
form (2.28), just as before. It follows that if u decays faster than any power of r, then
u = 0 for all sufficiently large r. By the remarks before the statement of Theorem 2.6,
the proof of Theorem 2.3 is now complete.

2.4. Refined regularity, asymptotic expansions. The main result of this section can be
stated as follows:

Theorem 2.7. Let U = 1 + u satisfy the hypotheses of Theorem 2.1. Then there is some
integer M > 1 and an asymptotic expansion

2M o)
u -~ Z X,-(a))r_(j"'l) + Z r_(jH)wj(a),logr) for large r. (2.30)
j=M j=2M+1

Here the Y; are Lie-algebra valued spherical harmonics,

AoYj=—j(j + Y], 2.31)

and Yy # 0, so that the piece Z?ZI uYj ()r~Y*V is a non-zero harmonic function.
The functions w j are smooth in w and polynomial in logr.

It will follow from the proof that the terms wops41 to w3ap41 are of at most degree
1 in logr, the terms w3pr42 to waps42 are of at most degree 2 in logr and so on. We
remark also that the asymptotic expansion can safely be differentiated term by term to
give asymptotic expansions of all derivatives of u.

In order to motivate the proof, consider the equation

Apu = f, (2.32)
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where u and f are defined for small s. If f has the form f = s*g(w), then a solution
can be found as follows. Expand g as a sum of spherical harmonics,

o
g= Zgj, where A,gj = —j(j+ 1)g;
Jj=0

and seek a solution u = ) u;(s)g;. Then u ; must satisfy

[(s85)% — (s8) — j(j + Dluj(s) = s™.

This is solved by

S)‘

AA=D—=jG+D

provided there is no resonance, that is to say
M= j+ 1

In the resonant case, u ; (s) has the form s*(A+B log s). The general solution is obtained
by combining this with an arbitrary solution of the homogeneous equation Apv = 0. If
we require u — 0 as s — 0, then v must itself go to zero and hence will be a sum of
multipoles, v = Z?io Y;(w)s/T!, where Y; satisfies (2.31).

The b-calculus extends results of this kind to functions in s°.A (which, as we have
seen, can be far from having expansions in powers of s). In order to summarize the
needed results, write

uj(s) =

f = O(s®) instead of f € s° A. (2.33)

This conforms to the use of the “O”-notation in the rest of the paper, but has the additional
property

If f = O(s%), then Lf = O(s°) for all L € Diff,,. (2.34)
Lemma 2.8. Suppose that u and f defined near s = 0 satisfy (2.32). If u = O(s%) and
f = O(s"?), where 8 > 0 and n is a positive integer, then

n—1
U= Z Yi(@)s/ T 4+ O(s" ), (2.35)
j=0

where Y ; satisfies (2.31). In particular the sum on the RHS is harmonic

n—1
Ap Y Yi(w)st =0. (2.36)
j=0

Lemma 2.9. Suppose that u and f defined near s = 0 satisfy (2.32). If u = O(s®) and

n—1

f=) filw logs)st + O™, (2.37)
j=0
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where § > 0, n is a positive integer and f is polynomial of degree mj inlog s, then

n—1
u=Y wjw logs)s’ T + O™, (2.38)
j=0

where w; is a polynomial of degree mj + 1 inlogs.
These results will be applied to the Skyrme equation, now rewritten as
Apu = Zpw) := Qp(u) — s>Tp(u) + s> Fp(u). (2.39)

Lemma 2.10. Suppose that U = 1 + u satisfies the Skyrme equation and u = O(s%).
Then u = O(s?).

Proof. On the RHS of (2.39), O, is quadratic in Du and the other terms in Z; are of
even higher degree. Hence Z, = O(s%%). Applying Lemma 2.8 we obtain that u =
O(s¥) +O(s).If 28 < 1, we can iterate this argument to obtain eventually # € O(s). In
[14], itis shown that a solution of the Skyrme equation cannot have leading term 1/r = s
in its asymptotic expansion. It follows that u = O(s!*%) (for a possibly smaller § > 0).
Hence Z;,(u) = O(s*t?%) and so, applying Lemma 2.8 again, u = Yis? + O(s¥H9).
O

Combining Theorem 2.3 with Lemma 2.8, we see that there exists an integer M > 1
with the property that

u = Yy(w)sMtl 4 O(M+1+3y, (2.40)

where Yy is a non-vanishing spherical harmonic. We can now complete the proof of
Theorem 2.7 in the following iterative fashion. From the structure of Z;(u«) it follows
from (2.40) that

Zp() = fou1s™M T2 + O, (2.41)
Applying Lemma 2.9,
2M
u= Z Y (@)s/ !+ wopys1 (o, logs)s* M2 4 O(s2MF2H9), (2.42)
j=M

where wap+1(w, logs) is of degree at most 1 in logs. Now this expression for u is
substituted into Zy, to give

3M+1
Zy= Y fil@s + fiyia(, logs)s?MH 4 4O, (2.43)
2M+1

where f3747 is of degree at most 1 in log s. Now apply Lemma 2.9 to get

oM 3IM+1
u= Z Y;(w)s/ T 4 Z wj(w, logs)s/™!
j=M J=2M+1

+wspi2(w, logs)s3MH3 4 O(s3MH318) (2.44)
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where the functions wyps+1, ..., w3p+1 are of degree at most 1 in logs and w347 is
of degree at most 2 in log s. Carrying on in this way we obtain a complete asymptotic
expansion.

To complete the proof of Theorem 2.7 note finally that the first M + 1 terms in the
expansion are actually the pion field. Indeed, if the expansion (2.30) is substituted into the
algebraic constraints (2.5) we see that the harmonic piece Zﬁ,,M Yjsj +1 is skew-adjoint
and trace-free — the quadratic corrections enter at order sM+2, 0

The upshot of this section is that every Skyrme soliton has a leading Lie-algebra
valued multipole field (called a 2™ -pole)

M

: 4m Yium (0, ¢)
upy(x) =ity Z M1 Ym r”;lfl-i-l ; (2.45)
m=—M

where Yy, are the usual spherical harmonics on S2, see Appendix A. The leading mul-
tipole moment Q¢,  is independent of the location of the Skyrme soliton, and is acted
on naturally by rotations and iso-rotations. It is a key ingredient in the calculations of the
following sections. As already mentioned one can show that Skyrme solitons never have
asymptotic monopole fields [14]. The leading multipole field of the B = 1 hedgehog
(1.20) is a triplet of dipoles, and dipoles are known to occur as leading multipoles in a
number of Skyrme solitons. The highest leading multipole known from numerical work
is an octupole, which occurs in a B = 7 configuration with icosahedral symmetry [9].

3. The Interaction Energy of Two Skyrme Solitons

Suppose we have Skyrme solitons U1 and U® of degrees k and [ which minimise the
energy in the sectors C; and ;. Since the total energies of U1 and U® are finite there
must be balls By and B, in R? so that most of the energy of U and U® is concentrated
in, respectively, By and B;. Outside the balls B; and B; the asymptotic analysis of the
previous section applies. Suppose that the leading multipole of U is a 2M-pole and
the leading multipole of U® is a 2V -pole. Denoting the radii of By and B, by D; and
D», and with the abbreviation (2.45) for a generic Lie-algebra valued multipole field we
have

UD@x) ~1+upyx) for x¢B (3.1)
and
UPx)~14+uvyx) for x ¢ Bo. (3.2)

Using the translational invariance of the Skyrme energy functional we can assume
without loss of generality that B; is centred at X, = (0,0, R/2) and that B, is cen-
tred at X_ = (0,0, —R/2), where R is so large that By and B, do not overlap, i.e.
R > Dj + D;. The parameter R will be interpreted as the separation of the Skyrme
solitons. There is clearly an ambiguity in the definition of such a separation parameter,
but this does not affect our calculation of leading terms in the limit where R becomes
large. Then we define the following product configuration:

Ur(x) = UP ) UP (x). (3.3)
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This configuration has degree k + [ and we shall see shortly that its energy is finite, so
that Ug € Cy.

Our goal is to study the energy of the product configuration Ug perturbatively in the
limit of large R and to compute the leading terms in powers of 1/R. A similar calculation
for moving and spinning Skyrmions was performed in [15], where some further details

are given. Let Lfl) and Z;l) be the currents (1.3) and (1.6) constructed out of U1, and
Ri(z) and 1%}2) be the currents (1.4) and (1.7) constructed out of U® . Then one computes

E[Ug] = E[lUV]+ E[UP] + W5 + Wj. (3.4)
The energies E[U"] and E[U®] are simply the energies of the Skyrme solitons U ()

and U® and therefore independent of R. The interaction terms W, and Wy are given
by integrals over R,

W, = / dxw, and Wy = / d>x wy, (3.5)
with integrands
wp = e (LORD + LOR® — LR (3.6)
and
1 M) @7 D p@)
wy = — (e, RP UL, R
HLY, RPURD, LT+ 1", LR, RPY). (3.7)
We shall see shortly that the term W> contains the leading contribution to the inter-
action energy. However, for the presentation of our method of computation it is more
convenient to begin with the quartic term W4. We split the integration region R? into the

balls By and By and the complement C = R3 — (B1 U B»). To illustrate our method,
consider the integral

1
1= —§/B dxr <[L§1), RANLY, R;Z)])
1

1
—/ BPxtr (Lﬁ”Lﬁ”)tr (R@R@). (3.8)
4 Js, i

The currents ngl) are smooth functions and hence bounded on the compact domain Bj.
Therefore

A

3 @ p@)
1| < —K/Bld xtr (Rj R! ) (3.9)

for some positive constant K. Since Bj is far away from the centre of soliton U®), the
leading contribution to the integral (3.9) is obtained by replacing R;z) by the leading
multipole component —id;vy. Using

/

K
[djun](x) = m (3.10)
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for a further positive constant K’ we conclude that

1
I:O(W). (3.11)
A similar calculation for the other terms in W4 shows that
Prwy =0 = 3.12
5, X W4 = W . ( . )
Considering the contribution from B, we find by the same argument
Prwy =0 (= 3.13
5 X Wy = W . ( . )
Finally, the remaining integral over C can be estimated as follows. Define

1 1
FR) = | &’ ,
(R) /c Y x — X PMH |y — x_PNH

(3.14)

noting that the integral converges for all values of R > D + D,. Then there is a positive
constant K” such that

/ d*xws < K" F(R). (3.15)
C

The large R behaviour of F can be estimated by a scaling analysis. Fix Ry > Dj + D
and consider R > Ry. Changing integration variables x — (Rp/R)x one computes

Ry 2MH+2N+5
F(R) = (?) [F(Ro)

1 1
i & : 3.16
/SI(R)USz(R) * lx — X |2M+4 |x — X|2N+4:| (3.16)
where S1(R) and S)(R) are the thick shells,

S1(R) = {x € R*|(Ro/R)D1 < |(x1,x2, %3 — (Ro/2)| < D1},
S(R) = {x € R*|(Ro/R) D2 < |(x1, x2, x3 + (Ro/2)| < D2}, (3.17)

which converge to punctured balls

B) = {x € R —{(0,0, Ro/2)}| |(x1,x2, x3 — (Ro/2)| < D1},
BY = {x e R* — {(0,0, —Ro/2)}| |(x1, x2, x3 + (Ro/2)| < D2}  (3.18)

in the limit R — oo. In that limit the integral over S;(R) diverges like R?N*! and that
over S>(R) like R?M+1, Combining this with the factor R~ZM+2N+5) we deduce that
F(R) decays for large R like R~V *4 and R—CM+% just like the contributions (3.12)
and (3.13). Combining all the terms, we conclude that the leading terms in Wy decay for
large R according to R~CN+4 and R—ZM+4),

In order to evaluate W5 we first divide the region of integration into the half-spaces

HYt={xeR’|x3>0} and H ={xeR’|x3 <0} (3.19)
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In HT we replace U by the leading term 1 + vy and in H~ we replace U(D by the
leading contribution 1 + u . The result is

~ 3.1 M = (1)
Wox | dx g (L 10;0x. 150w, dronl) — e (0w L")
H
1 ~
—f_d3x Jr (Ri(z)[ajuM,[BjuM,aiuM]])+tr <BiuMRi(2)>. (3.20)

Now integrating by parts and using the Euler-Lagrange equations a,-Llf” = 0; 1%}2) =0
for the individual Skyrme solitons we convert two of the terms into an area integral

—/ dxtr (B[UNZEI)) + / d3xtr <8iuMI§l.(2))
H+ -
=/ dxidxatr (ow L +unRY). (3.21)
x3=0
Since the xjx2-plane is far away from both Skyrme solitons the leading contribution to

this area integral can be expressed entirely in terms of the asymptotic fields:

3
AE =2 Z /x3=0 dxidxy (uf, 0308 — vy 3uf,). (3.22)

a=1

A simple scaling analysis shows that A E falls off like R~N+M+D for large R. We skip
the details here because we shall show how to evaluate A E exactly in the next section.
The remaining terms in (3.20) can be estimated with the techniques used in estimating
W>. The result is

1 1

Combining all terms in (3.4) we conclude that

1 1
E[Ug] = E[lUV1+ E[U® ]+ AE+ O <W) +0 <W) . (324)

Note that AE is the leading contribution to the interaction energy if |[N — M| < 2, i.e.
if the orders of the leading multipoles of the two Skyrme solitons differ by at most two.
We will comment on the validity of this assumption at the end of this paper.

4. Harmonic Functions and Their Interaction Energy

In order to compute the interaction energy AE we need to derive some general results
about harmonic functions. We define the regions

Hy ={xeR’|x3 <8} and Hif = {x e R?|x3 > -4}, 4.1)

where the positive parameter § is introduced for technical reasons. Then we introduce
the spaces

H™=1{f:Hy > R|Af=0, lim f(x)=0} 4.2)
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HY ={g: Hy > R|Ag=0, lim g(x)=0}. 4.3)
r—0o0

Elements of H™ tend to zero at the boundary “at infinity” of Hy , elements of H* tend
to zero at the boundary “at infinity” of H, 5+ . No additional restriction is placed on the
behaviour at the boundaries x3 = +35.

For the calculations in this section it is convenient to split R3 into R? x R and denote
vectors in R? by bold letters, e.g. x = (x1, x2). We then write x = (x, x3). The most
general element of H~ can be written as

[ PR explik x4k 4.4
f(x)—/mp()exp(l X + kx3), (4.4)

where k = v/k? and the volume element d2k /((2m)*2k) arises from the combination
of d3k with the delta-function 8(k? — k%) which ensures that f satisfies the Laplace
equation. Since f is real the Fourier transform p satisfies

p(k) = p(—k). (4.5)

Similarly, the most general element of H™ can be written as

%1
g(x) = / Gyl 40 el x ~1x3) (4.6)
with I = v/I? and
qk) = q(—k). 4.7)

There is a natural pairing between elements of 7~ and those of H™T,
()= [ dndo i - fag)  for feMgent. @)
xX3=

Using the expansion (4.4) and (4.6) we find, in terms of the Fourier modes,

d*k
(fig) = / Gm)k pk)g(—k). 4.9)

This pairing is of interest to us since the interaction energy (3.22) is proportional to the
sum over the pairings (u§,, vf‘v). Therefore, we also refer to the expressions (4.8) and
(4.9) as the interaction energy of the harmonic functions f and g.

It is clear that the pairing (4.8) may vanish for some pairs of harmonic functions
f € H™, g € HT. This happens for example if the support of the Fourier transform p
is complementary to that of the Fourier transform g. However, we shall now show that
the interaction energy of multipoles can always be made non-zero by rotating one of the
functions.
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4.1. Multipole fields. For f € H~ we have an alternative expansion in spherical har-
monics Yym,

M
4 Ym0+, 04)
fx) = Omm , (4.10)
2 L Gurn Rl

wherer; = |x—X4|and (04, ¢4 ) are spherical coordinates centredat X = (0, 0, R/2).
In this section we only need to assume R > 0, but in our applications we will be inter-
ested in the large R limit. The coefficients Q s, are called the multipole moments of
the function f. Assume that f has non-vanishing multipole moments and suppose M is
the smallest integer such that Q ., # 0 for some m = —M, ..., M. The function

o & Yaim (04, 94)
fmx) = mmzz_M QMmT “4.11)

is a 2M-pole field and Q y,, are the leading multipole moments of f.
It is often convenient to write multipole fields in terms of partial derivatives of the
Coulomb potential centred at X :

1 1
¢ (x) = —

= , 4.12
e Vet (- R/2)? I

where p? = x2. The function 332332 9{"" ¢ (x)isa2M-pole fieldif m|+ma+m3 = M.
However, not all of the fields obtained in this way are independent. We introduce the
complex derivatives

1 - 1
= 5(81 —idy) and 0d= 5(81 +id2) (4.13)
and note that A = 332 +499. Then, since A¢, (x) = 0 we have

- 1
091 (x) = =703 64 (). (4.14)

Thus a basis for 2¥ -pole fields is given by 8;”3 3"9" ¢, (x), where M = m3 +n + i1 and
either n or n can be taken to be zero. In Appendix A we derive the exact relation between
the functions 83/ "3 "¢ (x), =M < m < 0, and 3}/ "3" ¢, (x),0 < m < M, on
the one hand and the spherical harmonics Yy, centred at X on the other. The result is
that we have the alternative expansion of an 2™ -pole field

@ =Y A 0L+ Y A 039" (x),  (415)

—M=<m=<0 l<m<M

where the coefficients Ay, m = —M, ..., M are directly proportional to the multipole
moments Q sy, It follows from the results in Appendix A that

B B 4 (_1)M+m2m 0 4.16)
MmN OM U S =t )t '
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form > 0 and

o 47 (—=1)M2lml 0 @17
Mm =N oM+ 1 ST =)W M +m)! =" '
for m < 0. Note in particular that the reality of fjs is equivalent to
AM(—m) = Apm. (4.18)

Multipole fields have a remarkably simple Fourier transform, which will be important
for us. We use the representation

2
b (x) =/% e k=31 exp(ik - x), (4.19)
T

which can be verified as follows. Exploiting the invariance of ¢ under rotations in the
x1x2-plane we may assume that x = (p, 0). Using polar coordinates (k, ) for k we
first carry out the dk integration and then the angular integration:

2 o)
d
/ _W dk =KX= exp(ik - x)
0

2 0
7 d —1
_ / ay _ (4.20)
0o 2m (ipcosy — |x3 — R/2|)
dw -2
= f — —, “4.21)
51 27i (ipw? — 2|x3 — R/2|w + ip)

where we changed variables to w = ¢/¥ in the last line. Expanding the integrand in
partial fractions and using the residue theorem then yields the expression (4.12). We
compute the Fourier transform of the multipole field (4.15) by differentiating (4.19)
under the integral sign. Note that

d exp(ik - x) = %ke*"‘” exp(ik - x) and

9 exp(ik - x) = %ke“/’ exp(ik - x), (4.22)
so we find
1 R i\ .
fux) = Z—/dzk e k(g —x3) pM—1 Z <§> Ayme™ exp(ik - x).
T —M<m<M
(4.23)

Here we have used that x3 < § so that in particular x3 < %. Thus with the normalisation
(4.4) we arrive at the following simple expression for the Fourier transform

m| )
PM(k)=4ne_k§kM Z (%) Apme™ . (4.24)
—M<m<M

This function factorises into a k-dependent part and the function

]
oWy = > (%) Ayme™V (4.25)

—M<m<M
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of the angle 1. The k-dependent part ¢~*% kM is non-zero for k # 0 and the function ®
only vanishes identically if Ay, = Oforallm = —M, ..., M, i.e. if the 2M—pole field
is trivial.

4.2. The interaction energy of two scalar multipoles. The interaction energy of two
multipoles can be expressed in a remarkably compact way. Let

1
_ = — 4.26
P-(0) = (4.26)
be the Coulomb potential centred at X_ = (0,0, —R/2) and consider the multipole
field

gn(x)= > By, 0y"07"¢_(x)+ Y By, 0) "0"¢_(x) (427)

—N<n<0 1<n<N

with By(—n) = Byn. By the same calculation as for f3; above we find the Fourier
transform of gy in the x1x;-plane:

N
gy (k) = e KM ) (i> ByneV . (4.28)
—N<n<N 2

The interaction energy of the two multipole fields f3; and gy

Vun = (fu, gn) (4.29)

can now be computed using the formula (4.9). Using the factorisation property of the
Fourier transforms py and gy, it is easy to perform the integration over k. Assuming
without loss of generality that M < N we first carry out the integration over the angle
Y to find

M

o0

Vi = 4n f dke *RENTM N 272 Ay By, (4.30)
0 m=—M

where we have used the reality condition for the coefficients A s, and By,,. Computing
the remaining integral we obtain the final result

M
(M + N)! o =
Vin =4 e > 272 &g By, (4.31)

m=—M
This formula has a number of interesting features. The interaction energy depends only
on the separation of the multipoles and on the combination > 2=2m 4, By, of
the multipole components. As explained in Appendix A, the multipole moments Q v, of
a 2" -pole can be thought of as elements of the (2N + 1)-dimensional unitary irreducible
representation Wy of SO (3). The vector B with 2N + 1 components By,, —N <n < N
is naturally an element of Wy . Rotations G € SO (3) about the centre X_ of the mul-

tipole field gy act on the multipole components via By, +> ZQ{:_N U}ffl/(G)BNn/,

where UV is a (2N + 1)-dimensional irreducible representation of SO (3) (because of
the rescaling (4.16) and (4.17) this is not the standard unitary representation). With our
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assumption that M < N we can use the multipole components Az, —M <m < M,
to define the linear form

M
Fu: Wy — R, B> Z 272m A B (4.32)
m=—M

By assumption, the components Ay, are not all zero, and therefore the map Fy is
non-degenerate. Writing the formula (4.31) in terms of this map as

(M + N)!

VMN =4n

we immediately deduce the following result.

Theorem 4.1. The interaction energy of an 2M -pole and a 2" -pole separated by a dis-
tance R is always non-vanishing for some relative orientation of the two multipoles.
When such an orientation is chosen, the modulus of the interaction energy decreases
with the separation as R~M+N+D)

Proof. Assuming without loss of generality that the multipoles are separated along the
x3-axis and that M < N, we have the formula (4.33) for the interaction energy. Since
the map (4.32) defined in terms of the (non-vanishing) multipole components Ay, of
the 2™ pole at X is non-degenerate it has a 2N-dimensional kernel. It then follows
from the irreducibility of the (2N + 1)-dimensional representation Wy that there exists
arotation G € SO(3) such that U™ (G) B is not in the kernel of F4 for some G. For that
G we thus have F4(UN(G)B) =k # 0 and Vyy = 4wk (M + N)IR-M+N+D

5. Attractive Forces and Existence of Minima

The arguments of the previous section apply to the asymptotic pion fields of the Skyrme
solitons UV and U® discussed in Sect. 3. In particular we note that the interaction
energy AE (3.22) for the leading multipole fields ujs and vy is just the sum over
iso-components of pairings of the form (4.29)

AE, = —2{uj,, vy) = 2/ deldxz (u§, 0305 — v 03ug,). (5.1
x3=

Now pick one of the iso-indices, say a = 1, and use iso-rotations of the Skyrme
solitons to make sure that the first iso-components ”/114 and v }V are non-vanishing. It
then follows from Theorem 4.1 that we can make the multipole interaction energy AE|
non-zero by spatial rotations of one of the Skyrme solitons. This fact is the main upshot
of the calculations in the previous section and a crucial input for the following argument
which was missing in [11].

Now consider the sum

AE = AE| + AE; + AE;. (5.2)

We would like to show that we can always arrange for AE to be negative by a suit-
able iso-rotation of one of the Skyrme solitons. We may assume that, possibly after
re-labelling the pion fields,

AE| > AE, > AEj3. (5.3)
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If AE < 0 we are done, so suppose that AE > 0. Since we know that not all AE,
vanish we can conclude that AE| > 0. Now perform an iso-rotation of Skyrme soliton

1 by 180 degrees around the third iso-spin axis. This reverses the sign of nl(l) and nz(l)
and hence also the sign of AE| and AE;. The new value of AFE is
AE = —AE| — AE> + AE3
=—AE| — (AE; — AE3) <0 (5.4)

since —AE] < 0 and, with our ordering, —(AE, — AE3) < 0.

Thus, the contribution AE to the interaction energy of two Skyrme solitons U (1) and
U® can always be made less than zero by suitable rotations and iso-rotations of Skyrme
soliton 1. It follows from the discussion at the end of Sect. 3 that for |[N — M| < 2 and
sufficiently large separation parameter R,

E[Ug] < ElUM + E[UM]. (5.5)

We conclude with a few comments on the implications of our result for the question
of existence of general Skyrme solitons. As explained in Sect. 1, Esteban proved the
existence of Skyrme solitons of arbitrary degree provided the strict inequality (1.19)
holds. Our result (5.5) implies the inequality in those cases where minima exist in the
sectors [ and k — [, and where the associated multipoles have orders which do not differ
by more than two. Since monopole fields do not arise in Skyrme solitons, the interaction
energy AE dominates at large separation if the leading multipole moments in Skyrme
solitons are at most octupoles. As explained at the end of Sect. 2, the B = 7 Skyrme
soliton is believed to have octupoles as leading multipoles, but there is no numerical
evidence for leading multipoles of higher order. Unfortunately, it seems very difficult to
rule out this possibility in general.

Even if one could prove (or circumvent) the assumption concerning multipoles, the
existence of attractive forces between Skyrme solitons is not sufficient to establish the
inequality (1.19) for infima. Physically it seems reasonable that the existence of attrac-
tive forces should imply the existence of minima in every sector. However, we have not
been able to develop this observation into a mathematical proof. Further thoughts and
speculations in this direction can be found in [17].
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A. Spherical Harmonics

In this appendix we derive the relation between the standard spherical harmonics and
the following functions on R3 — {0} used in the multipole expansion in Sect. 4.1:

Ay (L) if n>0

r

: Al
a7yt (L)if n<o0 A1

FNn(x) = {

Here N >0and —N <n < Nandod = %(81 — i9»). These functions are harmonic in
their domain:

AFyy = 0. (A.2)
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They are also homogeneous of degree —(/N + 1) so that they can be written as

1
Fyp = ,TH®N"(9’ ®), (A.3)

where (0, ¢) are the usual spherical coordinates on the two-sphere centred at the origin.
Since the Laplace operator takes the following form in spherical coordinates:

192 1
where A, is the Laplace operator on the 2-sphere of unit radius, it follows from (A.2)
that

Ap®@Np = =N(N + DDy,. (A.5)
Define the generator of rotations about the 3-axis

0
J3=—i— (A.6)
dg
and express it in terms of complex coordinates z = x| + ix and complex derivatives in
the x1x, plane:

J3 =29 — 70. (A7)

The operator 9 acts as a raising operator and the operator 9 acts as a lowering operator
for Js:

[J3,01=9 and [J3, 3] = —a. (A.8)

Thus if ¢, is a function on R? which is an eigenfunction of J3 with eigenvalue n then
d¢y, is an eigenfunction with eigenvalue n 4 1 provided it is not zero. Similarly d¢, is
an eigenfunction of J3 with eigenvalue n — 1 provided it is not zero.

It follows from (A.1) that

n .
R SR )
Noting that, by rotational symmetry about the 3-axis,
J3dyog =0 forall N, (A.10)
we conclude that
J3Fny =nFny. (A.11)
It follows that
Oyy =Ny, (A.12)

also satisfies

J3q)Nn ZH(DNn. (A13)
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Thus, to sum up, the ®y, are functions on $2, which are eigenfunctions of both the
Laplace operator (A.5) and the operator J3 with eigenvalues respectively —N (N + 1)
and n. It follows from standard harmonic analysis on S? that they must be proportional
to the spherical harmonics Yy;,.

In the case n = 0 we can determine the proportionality constant by evaluating both
® o and Yo on the positive 3-axis. With the usual normalisation [18] we find

2N +1 (DN
4 N!
The relation between Yy, and ®y, for n # 0 is harder to compute. Let us assume

initially that n > 0. Starting with the standard expression for the associated Legendre
function in terms of Legendre polynomials

Yno = D no. (A.14)

Py (cos@) = (—1)"sin" 6 ( > Py (cosB) (A.15)

dcost

and the expression of the spherical harmonic in terms of the associated Legendre function
(see e.g. [18] p. 99) we have the relation

YNn(e, (p) = (—1)" M (sin@ei‘/’)n (

(N + n)! ) Yno(0,9). (A.16)

dcosf

Then using (A.14) and the definition of @y we deduce

2N + 1 (=DNt (N —n)! 1
Ynn @, @) = rNt! npraN (=), A.17
Nn (@, @) =r 4r N! V(Ntnr” 705\ A17

1 0 x3 0
Dy = — =——— 49 A.18
0 r dcosf p 0p + o ( )

where

and 7 = pe'¥ with p = rsin@ as in the main text of the paper. Then we use the
commutation relation

10
[Dg, 03] = —— (A.19)
p ap

to move Dy past 93 in (A.17). Noting that Dg r = 0 we find

_ N+1 2N +1 (_l)N+n n <li>” N—n (l)
Ynn(@,0) =177,/ - J(N—n)!(N—kn)!Z s 93 . . (A.20)

Now exploit that on any function f which only depends on p and x3,

19f 2.
p 0p z

to conclude

ANF1  (=DN*tnn
_ .N+1 naN—n [ —
Yna@,9)=r 1 NI n)!3 03 (r) . (A.22)
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Thus we finally arrive at the promised relationship between Yy, and ®y,, valid for

n>0:
2N +1 —1)N+nn
Ynn =/ D Dy (A.23)
4w /(N —n)!(N +n)!

To deduce the corresponding result for n < 0 we note that &, = @ N(—n) and Yy, =
(=1)"Yn(—n) for n < 0. Thus for n < O:

o 2N +1 (=N 2l © A24)
MZN "4 SN N '
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