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We propose a way towards a dynamical solution of the strong CP in models with compact extra
dimensions. To this aim we consider a one dimensional toy model for QCD, which contains a vacuum
angle and a strong CP-like problem. We further consider a higher dimensional theory, which has a trivial
vacuum structure and which reproduces the perturbative properties of the toy model in the low-energy
limit. In the weak coupling regime, where our computations are valid, we show that the vacuum structure
of the low-energy action is still trivial and the strong CP problem does not arise. Also, no axionlike

particles are generated in this setup.
DOI: 10.1103/PhysRevD.80.125004

I. INTRODUCTION

Quantum chromodynamics has a complicated vacuum
structure [1]. Because of the nontrivial group of mappings
from the coordinate space to the gauge group 7> (SU(3)) =
Z, there is an infinite number of perturbative vacua |n)
which are not connected by smooth gauge transformations.
Physical passage between these vacua is possible at an
exponentially suppressed rate. One can further define phys-
ical vacua, that is to say, vacua between which transition is
not possible. These are called # vacua and are expressed as
a discrete Fourier transform of the n vacua, [0) =37 X
¢™%|n). The physics depends on which vacua we are in, so
6 becomes a new parameter of the theory. Equivalently this
may be expressed by a new effective term in the Lagran-
gian of the form ifg(x), where g(x) is the topological
charge density." The presence of this term implies that
(g(x)) does not vanish and is an odd function of 6 [2].
The nonvanishing of {g(x)) leads in turn to the CP violation
and can be measured experimentally. In principle 6 can
take any value in the interval [0, 277), but according to the
measurement of the neutron dipole moment, it turns out to
be extremely small, § <2 X 10710, The fact that this value
is unnaturally small is known as the strong CP problem.

Different models were proposed to explain the smallness
of 6. Some scenarios [3] lead to a larger probability of liv-
ing in a universe with small #, but most of the models rely
on the addition of some dynamical properties to 6. A pos-
sible way is to promote the parameter 6 to a field, the axion,
which will relax dynamically to zero [4]. This solution is
however, in its minimal setup, ruled out by the nondetection
of this axion particle [5]. More complicated models exist
and can avoid these bounds; some of these also use extra di-
mensions and allow the axion to propagate in the bulk [6].
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Though both the CP problem and its axion solution have
their origin in the symmetry properties of the system (ex-
istence of large gauge transformation for the first, and
Peccei-Quinn symmetry for the second), one should be
careful with the high-energy extensions of the theory. In
the case where a high-energy effect breaks some of the
symmetries, the situation may change. This, for example,
happens in the case of the global Peccei-Quinn symmetry.
It is usually considered that it should be broken by higher
order operators arising from quantum gravity corrections
[7]. The contributions from these operators scale like a
power of f,/Mp,, where f, is the axion coupling constant.
Because of the astrophysical bounds from supernova cool-
ing by light particles, f, has to be large and the ratio
fa/Mp, cannot be small enough, leading to corrections to
the potential that spoils the solution of the strong CP
problem. These problems are avoided in invisible axion
models [8], where the Peccei-Quinn symmetry is a conse-
quence of gauge invariance, and thus survives the quantum
gravity effects. If the high-energy theory does not violate
the Peccei-Quinn symmetry, the solution to the CP prob-
lem is unaffected. On the other hand, if the high-energy
theory breaks the invariance against large gauge transfor-
mation, this may remove the CP problem by itself. This is
the essence of the solution of the CP problem proposed in
this article.

Extra dimensions can provide a solution to the strong
CP problem without light axion particles [9-11]. As we
will see, the solution in this setup is also dynamical, but
does not imply the existence of some light particle or any
additional degree of freedom. The basic idea is that the
group of mappings of a higher dimensional space to the
gauge group [74(SU(3)), d = 4] is trivial® and 6 vacua
cannot be defined. This type of solution was already pro-

*Except 7*(SU(3)) = Z,, which should not be an issue for our
discussion.
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posed some time ago with compact extra dimensions [9] or
with infinite ones [10]. It was however pointed out in [11]
that the solution might be more complicated than expected
from the simple topological argument. The presence of a
suitable extra dimension removes the degeneracy of the |n)
vacua, thus preventing the definition of 6 vacua. This
solution is only formal, and the strong CP problem may
reappear when we require that the observable effects of the
extra dimensions are small. In this limit it can be expected
that the usual QCD be recovered and the strong CP prob-
lem reappear in some way.> To show that the strong CP
problem actually disappears, we should not only get a
trivial vacuum structure but also show that the physical
consequences of a nonvanishing 6 also does disappear—
that is to say, the topological charge should vanish on
average ({q) = 0).

To our best knowledge, no complete setup where fields
are explicitly localized on a brane and where the strong CP
problem is solved has been constructed till now. Solving
the strong CP problem in real QCD using extra dimensions
is difficult. The full QCD is complicated and the localiza-
tion of non-Abelian theories on a brane is nontrivial [12].
In particular the gauge theories in more than four dimen-
sions are generically not renormalizable [while SU(N)
gauge theories might however be nonperturbatively renor-
malizable in five or even six dimensions, see [13]]. Thus,
an eventual extra-dimensional extension of QCD might
need a UV completion, that is to say will itself have to
be thought of as an effective theory coming as a low-energy
limit of some renormalizable theory (for instance string
theory). However, certain important features of the solu-
tion of the strong CP problem can be addressed in a
simplified model. We will consider here the simplest pos-
sible model where a strong CP-like problem occurs and
can be solved by the addition of an extra dimension.
Keeping this model as simple as possible will enable us
to perform the relevant computations explicitly, retaining
all the important topological properties.

The simplest model which contains a QCD-like # angle
is the Abelian Higgs model in 1 + 1 dimensions. This
model has the same complicated vacuum structure as
QCD [#!(U(1)) = Z], and its effective action also contains
a # parameter. This model was already studied many times
as a toy model for QCD. For instance the QCD U(1)
problem was first solved in the Abelian Higgs model
[14]. This solution could then be mapped to QCD [15].
Note that the Abelian Higgs model was also successfully
used as a toy model for the electroweak baryogenesis
[16,17]. Our calculations could also be relevant to such
issues.

We then consider a higher dimensional theory, which
reproduces the perturbative properties of the Abelian Higgs

3This is indeed the case in [11] when the extra dimension is
taken to be an orbifold.
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model as a low-energy action. In this latter theory, the
spatial dimensions have the topology of a sphere, so that
the vacuum structure is trivial [72(U(1)) = 0]. At low
energy, particles are localized on the equator (which will
be the brane) and the extra dimension extends towards the
poles. To simplify the computations we use in practice a
geometrically simpler realization of this topology, and
consider a pancake (the sphere is flattened to two disks).

This article is structured as follows. We first review the
relevant properties of the Abelian Higgs model in 1 + 1
dimensions in Sec. II. In Sec. III, we consider the Abelian
Higgs model in 2 + 1 dimensions and localize the fields
with the help of a warp factor. We show that the 1 + 1
dimensional theory is correctly recovered as low-energy
effective action and discuss the validity of the classical
Kaluza-Klein decomposition in some detail. In Sec. IV, we
discuss the nonlinear sector of the theory. The 2 + 1 di-
mensional equivalent of the 1 + 1 dimensional vacuum
structure is presented. We show that the degeneracy of
the 1 + 1 dimensional |n) vacua is lifted and this new
structure is interpreted as a potential for the topological
charge density. Finally the evolution of the topological
charge density is considered. At least in the weak coupling
regime where our calculations are valid, it relaxes very fast
to zero, which solves the strong CP problem. We conclude
in Sec. [5] and discuss the extension to more realistic
models.

II. TOY MODEL

Toy models to address the strong CP problem in the
framework of extra dimensions were already considered.
In [11], 2 + 1 dimensional electrodynamics was localized
on a one dimensional brane. When two spatial dimensions
form a sphere, the topological charge density (g(x)) is
shown to get the effective action of a harmonic oscillator
with a small frequency. This kind of dynamics does not
completely solve the 6 problem since {g(x)) is slowly
oscillating in time. Furthermore, electrodynamics in 1 +
1 dimensions is not really adapted to our purposes. It is a
trivial theory and contains a strong CP-like problem only
when charged particles are added. In [18] the effective low
dimensional action from [11] was reconsidered with
charged fermions, and the strong CP problem was ad-
dressed but without reference to some extra-dimensional
scenario. A simple model that contains # vacua and a
strong CP-like problem is the Abelian Higgs model in 1 +
1 dimensions. This is the model that we will consider, and
before discussing its embedding into a higher dimensional
space, we recall some of its properties [19].

A. Basic properties of the Abelian Higgs model in 1 + 1
dimensions

The action for the Abelian Higgs model in 1 + 1 dimen-
sions reads
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S—fdxdt( —F,, F*" — V(¢)+%IDM¢|2), (D

where D, = 9, — iéA,, and ¢ = (H + D)e'” is a com-
plex scalar field with the symmetry breaking potential

V) =216 - 2 @)

Note that we use tilde everywhere to denote 1 + 1 dimen-
sional variables. We will now discuss the perturbative
properties of this action. We want to identify the degrees
of freedom and derive their spectrum and interactions. As
we will later compare the effective action of the 2 + 1
dimensional Abelian Higgs model localized on the bound-
ary of the disk to the 1 + 1 dimensional Abelian Higgs
model, we will directly consider the space dimension to be
a circle of length 277R. We always consider 1/R to be much
smaller that the particle masses. To extract the physical
degrees of freedom in the simplest way, we use the unitary
gauge (0 = 0) and perform the spontaneous symmetry
breaking. We replace the coordinate x — R and decom-
pose the fields in partial waves

== eMAL,  H=71
n

1 )
+ emﬁHn’
V2m7R ;
(3)

with (A")* = A™" and (H")" = H", so that the fields A ,,
H are real. Substituting the partial wave expansion (3) into
the action (1) we get

S—fdtZ[ |A"|? — (2,\~2_|_ )lHn|2

AD
— HnHmH—n—m
V2mR %
A
~ SR H”H’”H"H‘”"”‘k] + S @
T m,k

We see that the physical spectrum contains a scalar field
(Higgs) with the mass mi, = ZXﬁ and its dispersion rela-
tion is, as expected, w2 = m% + n?/R%. The gauge field
action reads

1, . &’
— [a [7|A7|2—
IEMERTES

1 .
+2(~2 2 4 )IA"|2+—(A”A " — ArAp)

ik

=~

ve
+ AnAm _ AnAm H*n*m

aeR A AT

~2

¢ k_ k —n—m—k
-I—mn%(Ang ArANHMH ] (5)

The field A, is not dynamical and can be integrated out
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using its equations of motion,
2

V27R

ZA{;H'"H" mk =0, (6)

nf 522 n’ in ., kpgn—k
Aglecv +F +EA1+ UZAH
22

2R

Inserting Eq. (6) into the gauge field action (5) and rescal-
4
ing

AT — AT, 7)

we are left with [up to terms of order O((é # R)~?)]

Lo 5 n’ n|2
SGF:[d[Z ElAll _E e v +ﬁ |A1|

ATATH

S

4 RZAnAkaH n—m—k
ar

+ higher order interactions]. (8)

This is the action of a scalar field with the mass my, = € 0.
Integrating out A, leads to some complications, such as
O((é¢ 9 R)™?) corrections in the interactions’ terms, which
we will consider small as we are interested in the large R
limit. In the following we will mainly perform semiclassi-
cal calculations. To ensure that they are valid, we will
consider only small couplings. Consequently, higher order
interactions in (8) are small and not relevant to our dis-
cussion.” Note that the couplings in the Lagrangian (1) are
dimensionful. A weak coupling criterion means that

& =2
A «iei>1 )
My My

Of course the QCD coupling is large and this toy model is
not realistic in this sense. However, the strong CP problem
does not rely on the fact that QCD is strongly coupled and
we may very well use a simple toy model which enables
simple perturbative calculations.

As emphasized in the introduction, the Abelian Higgs
model has almost identical nonperturbative properties as
QCD. We list them in the following and, when it happens,
point out where they differ from QCD.

* After replacing A, the form of the kinetic term for A, is not
canomcal anymore and A; has to be rescaled.

They are not needed to compare with the effective action for
localized 2 + 1 dimensional fields since we will make similar
approximations there.
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B. Vacuum structure

In short, the ensemble of vacuum configurations is the
ensemble of mappings from the space S' to the gauge
group U(1). This ensemble can be divided into equivalence
classes identifying vacua that can be related by a smooth
gauge configuration. Mathematically this is represented by
the homotopy group 77!(U(1)) = Z. This means that there
is a discrete infinity of classes that cannot be related by a
smooth gauge configuration. An element of the class 7 is
for instance

W = g ﬁ)
10) vexp(R ,

These equivalence classes can be distinguished by the
Chern-Simons number:

m _ "
AY =

R Ay =0. (10
3R 0 (10)

Nes = % ]dxAl(x). (11)

It takes the value n when applied on a vacuum state of the

equivalence class n. The transition from one equivalence

class to another can formally be achieved by a discontinu-

ous gauge transformation. An example of the gauge trans-

formation that changes the Chern-Simons number by # is
inx

U = exp<?). (12)

C. Sphaleron

Physically, the transition between two vacua needs to go
through a set of nonvacuum configurations that form an
energy barrier (see Fig. 1). For instance, the set of static
field configurations

¢! = 5e /B[ cos(7rr) + i sin(7r7) tanh(mpx sin(7r7))],
T

A = —, 13
' =R (13)

forms a path that goes from vacuum n =0 at 7 =0 to

vacuum n =1 at 7 = 1, minimizing the energy of the

intermediate configurations. The configuration of maximal

energy

Eqy = my (14)

Sphaleron

1 2

FIG. 1 (color online). Sketch of the vacuum energy as a
function of the winding number n.
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is reached at 7= %, and is called the sphaleron. It is

relevant for the high temperature behavior of the theory.
Thermal fluctuations can reach the required energy Egp,
and the system may pass classically between vacua.
Although all the previous and further discussed properties
of the Abelian Higgs model exactly match QCD, we should
point out that, strictly speaking, the sphaleron does not
exist in QCD. The corresponding configurations in QCD
contain a free scale parameter, and their potential energy
can be made infinitely small in the limit of large configu-
ration size. However, at large scale, kinetic energy along
the path grows and the transition rate is still suppressed.
This small difference will not be of importance for our
discussion.

D. Instanton

At small or vanishing temperature, the system can also
tunnel from one vacuum to another. In quantum field
theory, tunneling is represented by instantons, which are
solutions of the classical equations of motion in Euclidean
space-time. The set of configurations (13) can serve as
Ansatz to compute the Euclidean action, which gives the
leading information to compute the tunneling rate.

The proper instanton in this model, i.e. the field configu-
ration that minimizes the Euclidean action and describes
the tunneling between the states |0) and |n), is the Nielsen-
Olesen vortex [20] with winding number

0 = ANgg = % fsWFWde —n (15

Parametrizing the Euclidean space-time in polar coordi-
nates (r, ), the field configuration reads

b(r, 0) = " f(r), (16)

Al(r, 0) = eV A(r), (17)

where 7 is the unit vector 7 = (cosé, sinf) and &% the
completely antisymmetric tensor with £°! = 1. The func-
tions A and f have to satisfy the following limits:

fO=erbl ()=,
- oo (18)

A=, A= -1

er

Introducing dimensionless variables
r \/Xv \/Xv

r— s A— —A, -/ 19
Tio p f o 19

the classical action of the instanton is
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Sq = w0’ u? f: rdr{(A’(r) + @)2 + f(r)?

o= - 1)

= 70 u’B(w), (20)

where u? = A/&% and the function B(u) is of order one,
and depends weakly on its argument.

E. 6 vacua and topological charge

We shall consider the nonlocal gauge transformation U'
that changes the Chern-Simons number by one. It com-
mutes with the Hamiltonian and is unitary. The operator U'
can therefore be diagonalized simultaneously with the
Hamiltonian and must have eigenvalues of modulus 1.
The 6 vacua are defined as superpositions of the |n) states
which are at the same time an eigenvector of U' with
eigenvalue e':

160) = D e™In). 1)

A physical transition between the 6 vacua is not possible.
They form different sectors with different physical prop-
erties and @ is a parameter of the theory. The topological
charge density g = €, F*” in a 6 vacuum does not vanish
on average [2]:

(q) = 87Ke 54 siné, (22)

with S the instanton action and the factor K ~ my taking
quantum corrections into account.

I11. 2 + 1 DIMENSIONAL ABELIAN HIGGS
MODEL ON A DISK

We will now recreate the 1 + 1 dimensional Abelian
Higgs model as the low-energy effective theory for a 2 +
1 dimensional model. The perturbative properties of our
low-energy theory has to resemble closely the 1 + 1 di-
mensional Abelian Higgs model, but hopefully have a
different vacuum structure. We expect that this is possible
since, as 772(U(1)) = 0, no € vacua exist in the original 2 +
1 dimensional theory.

As discussed in the introduction, we will suppose that
two spatial dimensions are the surface of a pancake, where
the low-energy fields live on its boundary and the extra
dimension extends from the boundary towards the center.
This pancake can be adroitly sliced into two disks. By
symmetry we can expand the fields into functions that
are odd or even with respect to pancake flipping. In the
following we will only consider one disk where the fields
can have either Neumann or Dirichlet boundary conditions
on its boundary.

In 2 + 1 dimensions, we consider a complex Higgs field
¢ and an Abelian gauge field. The space-time is a disk,
which we parametrize with polar coordinates (7, 6, r). We
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will also introduce a warp factor A(r) to localize the fields
[12,21]. Note that we do not want to consider gravity here
and the warp factor will be thought as coming from the
coupling to some external classical field, which multiplies
the whole action,

S = /drdﬂdt\/gA(r)I:—%gABgCDFACFBD
(D, (Ds) ~ V()] e3)

with the Higgs potential V(¢) = 4 (|¢|* — v*)? and D), =
dy — ieAy. The metric of the disk is

1
EMN = —r? ,
-1

and the volume element ,/g = r. The action can be rewrit-
ten more explicitly as

171 1
1 2 , 1 2
+§ V|D0¢| _VlDr¢| _;lDed’l
A 2 2)2
—r§(|¢| —v?)” L. (24)
In the following, we will use

A(r) = e 2MIR=r, (25)

The exact form of A is merely chosen to simplify the
algebra. It is only needed that fdrA(r) <oo and that
A(r) decreases from the brane (r = R) towards the extra
dimension. In the following we will consider the following
relation between the parameters: M > my ~ my > 1/R.

A. Linearized theory and spectrum
We decompose the Higgs field in polar coordinates as

¢ = (v + H)e'”, and retain the quadratic part of the total
(gauge field + Higgs) Lagrangian;

1 1 1
£0 = EA(}’)[;F&Q + rF(Z)r - ;F%r]
1
+ Esz[r(aoa' — eAy)? — (9,0 — eA,)?
1 2
——(9g0 — eAg)ziI — rA " pp2
r 2
A 2 » 1 2
+ 5 r(a()H) - r(8rH) - ;((%H) ) (26)

with m%, = 2Av?. The linearized equations of motion read
(with the rescaling o — eo)
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—3d9(0go — Ap) + lAa rA(d,0 — A,)

+ 769(890’ - A(g) = 0, (27)
1 1
—0,7A(0pA, — 9,A0) + — 99(gAs — IA¢)
A r
+ m2,(Ag — 990) = 0, (28)
r. A
—d0(99As — d9A0) + Kar7(arA0 — 9pA,)
— 2y (Ay — dy0) = 0, (29)
1
—dg(9pA, — 9,A¢) — pae(aer — d9A,)
—m¥(A, — 9,0) =0, (30)

1 1
—0,Ard, + =95 — 9% — = 0. 1
(rA 0,870, + 503 — a3 H) 0. (@3

Note that the phase o and the gauge fields A, decouple
from the physical Higgs H. These two sectors are analyzed
separately.

1. Higgs sector

After Fourier transform
d ) )
H(t 0, r) = f % e"“”%e’”eh”(r), (32)

the Higgs field A" satisfies the following equation of mo-
tion:

1 n?
—03,Ard, — —
<rA 2o T
The explicit solution of Eq. (33), which satisfies the bound-

ary conditions A"(r) o r"* at r — 0, is given in terms of the
Laguerre function:

W (r) o e_r(M+()H)(r)nL%’I(M/2QH)7n71/2(2rQH)’ (34)

—m2 + w2>h"(r) = 0. (33)

with Qy = 4/M? + m}, — . We should further impose

that either 4'(r) (symmetric mode) or A(r) (antisymmetric
mode) vanishes at » = R. For n = 0, the lowest mode is
symmetric h8 = const and has the energy w, = my.

For n # 0, there is a low-energy symmetric mode that
satisfies, in the limit M >> my, the usual dispersion rela-

tion wff = w/m%, + n%/R?> + O(e *MR) (see Appendix A),

so that we have a Higgs particle on the brane, with mass
my and, compared to (4), a correct dispersion relation.

The next mode is antisymmetric and has w; = M.
Further modes have higher energy and build a discrete
spectrum (labeled with k) which satisfies w;,; — w; =
g at large k (see Appendix A).
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2. Gauge sector

After Fourier transform
do . .
— —iw in@ ,n
An(1, 6, 1) = f 3¢ f%e ay(r), (35)
the equations of motion for o, aj, aj, a; are
1

A 3,Ar(d,0 — a)
+ Zino — al) =0, (36)

r

iw(—iwo — af) +

18 [(Ar(iwal + d,af)) + —= ! (nwa(, + n%al)

Ar
+ (af + zwa')m%‘, =0, (37)
r A W
w?al + nwal + — A 7(8ra0 — ina”)
— (ah — ino)m}, = 0, (38)

2

w’a' — iwd,all — a® — m¥(a® — 9,0) =0,

(39)

with mj, = e?v? the W mass. For the continuity of the
fields we require that ajj, ay vanish at the origin for all n,
except for a8 which might be constant. Note that these four
equations are not independent in the general case. A pos-
sible resolution is to work in the unitary gauge (o =0).
We extract ag from Eq. (36) and replace it in Egs. (38) and
(39):

n 9an
—9.a — —
27 0 72

r_ A n? 2in
_ _ 2 2 n __ n —
( A d, . d, — w” + " + mw>a0 - a®» =0, (40)

| 2i
( 0 = @ +—+mW)a"+—n al = 0. (41)

Equation (37) for aj is not independent and can be
dropped. The analysis is slightly subtle and we have to
treat all possible cases separately.

Consider first n = 0. Equations (40) and (41) decouple
and read (for r = R)

02 = ) + ()@ ) + @) =
@)

(<o + w2 = ez + (P @

+ (a™)'(r) = 2M8(r — R)a’ = 0. (44)

The presence of the & function in Eq. (44) changes the
boundary condition on the brane for the symmetric mode to
(@) (R — &) = —Ma"(R) = —(a")'(R + &), which makes
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the lowest energy mode for a} heavy (w > M). For aj, we
have the general solution

n —r Q
aly o g7 rMF Q) 2 L1/2((M/QW) 3(2rQy), (45)

with Qy = 4/M?* + m3, — w?. The lowest energy mode
satisfies (a2)'(R) = 0 and is light, 0 = my + O(e *MF),
and the next mode has energy of the order M.

We shall now consider the case n # 0. Equations (40)
and (41) are coupled and should in general be solved
numerically. However if we notice that the mode we are
looking for lives on the brane and therefore should have

F,g = —inal(r) + d,a}(r) =0, (46)
Egs. (40) and (41) reduce to (for r = R)

<—m%v +w? - z)aa(r) " <2M + )(af,) )
+ (a})"(r) = 0. 47)

This is similar to the equation for the Higgs mode, with my
replaced by my. The modes are therefore similar to the
Higgs ones,

ap o e MO 1 (2rQ), (48)
and af = —19,a(r) have to be continuous at the poles and
on the brane. The lowest energy mode satisfies (afj)'(R) =

a’(R)=0 and has energy = +m} +n>/R>+

O(e ?MR)_ As for the Higgs, the next mode has energy
w, > M. Like for n = 0, no other low-energy mode is
found in Eqgs. (40) and (41).

To summarize, up to corrections Qe ?MF) < 1 the
low-energy spectrum and the dispersion relations exactly
match the usual 1 + 1 dimensional Abelian Higgs model.

B. Effective action

We can now build the effective 1 + 1 dimensional action
for the Kaluza-Klein (KK) modes. To simplify the algebra,
we will remove all the O(e™?"K) suppressed terms. We
work in the unitary gauge and use the following decom-
position for the fields:

1 o0 o0
¢ = v+ e () H}(0),
\/277' ,ZE)”:Z_
1 (e e] o0 )
Ay = — emfan (r)A%(r),
0 ,__277 };)nzz_oo gyk( ) k( )
| o o (49)
A =— emanr (r)An(2),
=2 3 A
] & «— .
Ay = mﬁan A" 1),
0 r—277_ 1;);1:2—00 (),k( ) k( )

o

with k labeling different KK modes, and n labeling the
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angular momentum. Note that we have to impose that the
fields are real, that is to say (A")* = A", (H")" = H™"
and (a},)" = a,/", (W")" = h™".

To getthe 1 + 1 dlmensmnal action for the whole tower
of the KK modes, we substitute the KK expansion (49) in
the Lagrangian (33), and integrate over the extra-
dimension coordinate r. In the following, we will consider
only the £ = 0 mode in the KK expansion (49) to get the
low-energy effective theory. We will also neglect the back-
reaction of heavy Kaluza-Klein modes on the low-energy
action, supposing that these corrections are suppressed.
This assumption will be checked in the next section.

1. Gauge kinetic term

Combining the relations (36) and (46) we get

2 2

n=2n W ), (50)

ag =
n

The expansion (49) is inserted in the gauge kinetic term
2 1o
Scr = drd&th Foe + rFg, — Fer .’

We use the formulas (50) and (46), separate the ¢ and r
dependencies, and get after some straightforward algebra
(keeping only the kK = 0 mode)

SGF—fdtZ (IA”|2

with

i) |A"|2) (52)

A 2
= f dr7(|a’;|2 + %|(ag)/(r)|2). 53)

The dot means derivative with respect to time and the
prime derivative with respect to r. We fix the normalization
of ajj such that I = 1, which, with the dispersion relation

2
w;; = miy + %, leads to

1 . 2 R2 2
SGF = j.dtZE(IAnlz - %lAnlz) (54)

2. Higgs kinetic term

We shall now consider the Higgs kinetic part of the
action,

Sp = [drd@th%l:rIDogblz —r|D,¢p|* - %IDmIZ].
(55)

Again, we insert the KK expansion (49), use the relations
(50) and (46), and get
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1 1,.
Sp = f dtZ(Em%VlA”PIa Sl f driw (PP

- ISP + 8

with
AT (w2 — m3)?
o= [ar [ AR
r2
S P~ lag |
R2
=5 [ drAr(I(h”)’(r)P
n

and we normalize A" such that

fdrAth"(r)I2 =1.

The interactions between gauge field and Higgs read

2
int — _ € nAmypyk gy—n—m—k
S,;—fdr( 277_EAAHH I,

n,k,m

— ezv ZA"AWLH*H*WII
Nz )

T nm

with

rA o n m
1 =fdr—hkh n-m k(— Po B apay
n m

) + )

n m
L ‘f‘“—h . ( Ro, Ro, 19
n m

(g (ap) +

saias)
aeae

3. Higgs potential

The remaining Higgs potential is
A
= [drdﬂdt[—rAZ(lqﬁlz — vz)z],

which is expanded to

SV=f ( HZlHn|2 \/_anHmH—n mI

_8_ ZHnHmHkH n—m— kle)r

n,m,k

with

2
+ ”—2|h"(r>|2),
;

(56)

(57)

(38)

(59)

(60)

(61)

(62)

(63)

(64)
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I, = fArh”hmh_”_m, 1, = [Arh"hmhkh‘”‘m‘k.

(65)
4. Low-energy theory
In Appendix B we compute that
n2
Ia:_l"'m, Ihzl, (66)
and to O(MR)™!, (myR)?), we have
M M M M
I, =—, 1. =4|— I, = 4|— I, =—,
R R R R
(67)

which gives us

Sett = /dfz [|A 0> - (

YO = (i + 25 JIHOP | + st (69

and up to O(MR)™!, (myR)™?),

n2
E)IA:;(r)I2

) AvVM
sint = f dt[Z(— U,z____\/;H”HmH”m
mn 77
e v\/—AnAmH n— m)
27R
+ Z<_—HnHmHkH n—m—k
eM
——A”A’”HkH_m ne k)] 69
4R ©9)

Compared to (4) and (8), we see that up to at least
O((MR)™', (myR)~?) we get the same interactions as in
the 1 + 1 dimensional Abelian Higgs with the identifica-
tions

2 =eM, 92 = v2/M, A= M. (70)

Note that these identifications are just what we would
expect from dimensional analysis. We conclude that the
theory (23) successfully reproduces the 1 + 1 dimensional
Higgsé model on the boundary of the disk as its low-energy
limit.

C. Validity of the Kaluza-Klein expansion

Our computations are purely classical, and up to now we
have not taken into account the corrections to the effective
action coming from interactions with heavy modes. This

®Note that the O((myR)~2) corrections not displayed here
match the one of (8) in the large M limit.
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goes beyond the scope of this article, and we will only
describe here a region of the coupling parameter space
where our semiclassical computations can be trusted.

The first problem that occurs in most warped scenarios is
that the couplings become large far from the brane. For
instance, this can be seen if we rescale the gauge field like
eAy — Ay. The gauge kinetic term becomes 2 Fyy FMV,
and we see that the effective charge is 7— As A(r) be—

comes very small far from the brane, the effective charge
becomes very large. This leads to large quantum correc-
tions and large effective couplings between modes which
probe the region with small A. This problem first concerns
very energetic modes that live in the bulk and can probe the
region with small A but having strongly coupled heavy
modes may also lead to large corrections to the low-energy
interactions.

1. Behavior of the theory at very high energies

We will compute here the effective interactions between
heavy modes and show under which conditions interac-
tions between light and heavy modes do not affect the low-
energy theory. We only show explicit calculations for the
Higgs modes. The gauge fields case is similar.

If we compute the effective theory for all the KK modes,
we get the terms in the action of the form (64) and (65)

— Azln/izpk%/’; nr
8mR

The quartic coupling between KK modes is given by
Azt = A [ rA<]'[ Ry (r))dr (71)

For KK modes with very high energy w} > M, this inte-
gral can be approximated as (see Appendix C)

l-ll 1
L (72)
1(‘”k )
It can be shown numerically that this formula fits well for

all k; = 1. We shall now study what the consequences are
on these large couplings.

H} H’”H” H‘” mep,

Y nynognyng

ki ko, k3 ky E

2. Corrections to the renormalizable couplings

The simplest correction to the effective action is the
appearance of a nonrenormalizable ALH® coupling, which
comes at tree level from the following diagram.

H, H,
H,
H,
Hy,
Hl Hl

PHYSICAL REVIEW D 80, 125004 (2009)

The contribution from heavy modes will be of the order
- - 1
A~ DXk (73)
k Wy

For heavy KK modes [ = 1, we can use Eq. (72) and the

relation w; ~ 2R, which leads to

- P
AL~ Q2eMRN 74

° % k(K> + 312)? 79
The sum converges fast but the factor e*¥® is very large. If
we want our classical calculations to be valid, we have to
impose a strong restriction on the 2 + 1 dimensional cou-
plings A, €2, so that A4 and other corrections are small; that
18,

A €2 < Me MR, (75)

This assumption will be considered in the following; it
enables performing semiclassical computations. Although
the assumption (75) seems very restrictive, there is no
obvious reason that the further results are only valid under
this constraint. We suppose that they are also valid under
more general assumptions, but we will not prove it here.
The extension to larger couplings requires lattice compu-
tations [22].

IV. NONLINEAR SOLUTIONS

After discussing the perturbative spectrum of the theory
we study solutions of the nonlinear equations of motion. In
the usual 2 + 1 dimensional Abelian Higgs model—not
localized on a brane—neither a sphaleron nor instanton
exists. There only exists solitons— Nielsen-Olesen vorti-
ces in two spatial dimensions. The vortices possess the
property that, if we consider a closed curve C surrounding
the vortex center, the following relation is satisfied:

ifA-cu:n, (76)
27 C

where n is an integer called topological charge of the
vortex.

Processes discussed in [11,23] can happen: starting from
the three dimensional vacuum, a vortex-antivortex pair is
created near the south pole. The vortex can move across the
equator up to the north pole. The bosonic configuration of
the final state looks on the equator (brane) like the n vacua.
Indeed using the relation (76), the Chern-Simons number is

NCS :i fdxAl = n.
2

From the point of view of someone living on the brane, a
topological transition (indistinguishable from an instanton
transition) occurred and the vacua changed (from |0) to
|1)). The difference with the pure two dimensional theory
is that the end point is not a vacuum state. It contains two
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vortices, which represent a large energy cost for the
system.

We shall now see what happens when the warp factor is
introduced and the fields are localized. The main effect of
the warp factor is to damp the action of field configurations
localized far from the brane. We therefore expect that, at
the classical level, the vortex is light close to the pole and
heavier when crossing the brane.

The 1+ 1 dimensional |n) vacua with n # 0 are not
vacua anymore in the higher dimensional theory. They
become resonances with the energy of two vortices with
topological charge n and some suppressed decay rate.

A. Vortex at the center of the disk

With the warp factor, the vortex is repulsed from the
brane and a stable solution of the equations of motion can
only be found at the center of the disk. In this section we
study the energy of the vortex at the center of the disk and
find its dependency on the parameters of the model and on
its topological charge n. The vortex has the same properties
as the 1 + 1 dimensional instanton, that is to say ¢(r=
0) =0, rotational symmetry, and winding number Q = n.
It is also parametrized by Egs. (16) and (17) but the
functions f(r), A(r) are deformed by the presence of the
warp factor. The energy of the A(r), f(r) field configuration
is

>
E= szuzfdr{%A’z + Al:rf’2 f “(n — A)?

" r“; - wr ] 77

with u? = 4 and their equation of motion reading

(v
0.014 »
0.012 »
0.010 »
0.008 »
0.006 »
0.004 »

0.002 |

T " " " 1 " " " 1 " " " 1 " " " 1 " " " 1 n
2 4 6 8 10 12

FIG. 2 (color online). Vortex energy — 2 rasa function of the
topological charge n, fitted with 0.000 T01n2. Other parameters
are fixed to M =2, R = 3.
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3 . . . . .

19.6 ]

194} ]
~ 192} ]
19.0 ]
188 ]

186 o o o o ¢ o . 9.

FIG. 3 (Color online). Parameter 7 as a function of the disk
radius R. Other parameters are n = 1, M = 4.

!/
~ Lo AN - =,
A r

— LA+ = AP+ PR = pTf =0 (78)

In the following, we will solve numerically Eq. (78) with
boundary conditions (18) as in [17]. There are three di-
mensionless parameters, one for the gauge-Higgs fields u,
one for the warp factor M = 71‘1;, and one for the size of

the disk R = ~/AvR. The dependencies of the energy with
respect to M, R, and the topological charge n will be
studied. For the sake of simplicity we will set u = 1.

The dependency on the topological charge is a parabola
E = n? for fixed M, R. An example of this is shown in
Fig. 2. We checked that for M = 0..10, R = 1..6, n =
0..10, the discrepancy between the fit E = n? and the points
is much less that 0.1%

The dependence on the radius size R is E x
exp(—2M R), with some deviation from this behavior at
small values of R, In Fig. 3, we plot the value of

400 -
300 [
200 [

100 -

FIG. 4 (color online). Parameter 7 as a function of the brane
scale M, fitted with 4.013M>. Discrepancies from points to the
fits only occur for very small M.

125004-10



TOWARDS A SOLUTION OF THE STRONG CP PROBLEM ...

E
= mv>u’n®exp(—2M R)’

(79)

We will now extract the M dependency. We use of the
previous dependencies and plot i for M = 0..10. In Fig. 4,
7 is fitted with values of n = 0..9, and the large R limit is
used. For large M the dependency is again a parabola E o«
M?, and deviation from this occurs at a small value of M.

To summarize, within the relevant region (M > 1 >
1/R) we have the following vortex energy:

E =~ 47Tv2,u,21\712n2e_2MR. (80)

Coming back to dimensionful parameters, this takes the
form

M2
E= 477}12672””?. (81)

B. Vortex sitting on the brane: Sphaleron

The other case of interest is when a vortex of topological
charge one is located on the brane, that is to say ¢ (R, §) =
0 at some 0 = @; this is the 2 + 1 dimensional analog of
the 1 + 1 dimensional sphaleron. The presence of the
brane breaks the rotational symmetry of the vortex. The
exact solution is found by integrating numerically the two
dimensional equations arising from the variation of the
energy functional. Details of the numerical procedure are
given in Appendix D.

The results of the numerical simulation are shown in
Fig. 5. We only consider the case myR > 1. As long as
M =1, the 2 + 1 dimensional sphaleron energy exactly
matches the 1 + 1 dimensional one. Note that if the KK
mass is larger than the sphaleron negative mode w_ ~

E

E

1+1 D sphaleron

08} ot
0.6 .
H o vortex on the brane
04r i
02f ,°

[e M

e e e ——

0.2 0.4 0.6 0.8 1.0 ‘ 12 my
FIG. 5 (color online). Energy of the different topological so-
lutions as a function of the brane mass scale (for % = 1). The

energy is scaled so that the 1 + 1 dimensional sphaleron has
energy 1. The energy of the vortex sitting on the brane meets the
1 + 1 dimensional sphaleron energy for large M. The accuracy
of the results is estimated to be better than 0.1%.
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EM)/Eqpn

20+

15)

" 1 " " " 1 " " " I " " " 1 " " " 1 " " n
—4 -2 2 4

FIG. 6 (color online). Sketch of the minimal energy for a
configuration with winding number n. The value in local minima
corresponds to the energy of two vortices at the center of the
disk, and the maxima contain the contribution of the sphaleron
energy.

0.8my, the properties of the sphaleron are expected to be
part of the low-energy theory and match the 1 + 1 dimen-
sional result (14).

C. Movement of the global mode in the potential—
solution to the strong CP problem

The topological charge can be seen as a field [2]; in the
1 + 1 dimensional Abelian Higgs model it has a periodic
potential (see Fig. 1). The addition of a compact extra
dimension breaks this periodicity (see Fig. 6).

We shall compare the different scales in our model. As
usual we consider the inequality M > my ~ my > 1/R
together with the 1 + 1 dimensional weak coupling re-
quirement ¥ >> 1 and the 2 + 1 one (75). The sphaleron
mass

mg,

D> (82)
my

is much larger than the particle mass in the weak coupling
regime and much larger than the vortex mass,’

Msph " mHmﬁ.

Myortex

At first sight, the energy of the vortex E, (n), and therefore
the energy E, = 2E,(n) of the state |n), seems very small.
However if we consider that the couplings (electric charge

"In fact, the full set of requirements for the parameters is the
following: m%/v*M < e MR < m3,/M? < 1. The first in-
equality is the weak coupling of the 2 + 1 dimensional theory
the second is (83), and the third says that the KK modes are
heavierthan the localized ones.
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here) have to be tiny to be in the regime where our classical
approximations are valid, we have®

m M? M
my e“mye my

The latter relation shows that vortex pairs can decay to
particles and the system relaxes to the n = 0 vacuum. In
this case the strong CP problem is solved. As we see from
Fig. 6, at low energy the system will relax dynamically to
the state n = 0 by tunneling. If the system is in the ground
state, the 1 + 1 dimensional instanton transitions which
make the average of the topological density ({(g) # 0)
nonvanishing are not anymore instanton transitions and
can occur only if a large energy is available in the system.
At low energy, for example, for the measurement of the
neutron dipole moment, a topological transition cannot
occur; the topological density vanishes ({(g) = 0 since al-
ready (|¢g|) = 0), and therefore 0 is effectively zero.

In the strong coupling regime, if the mass of the vortex
happens to be too small, the states |n) will be almost
degenerate and we expect that the strong CP problem
will reappear at some point. Indeed when the |n) are almost
degenerate, the real vacuum will be a superposition of
several |n). Several different superpositions of these |n)
states with different phases and slightly higher energy will
exist, and we expect to have some sort of discrete strong
CP problem there. The precise analysis of these states is
left for future work.

V. CONCLUSION

Extra dimensions might give an appealing solution to the
strong CP problem. The solution relies on a global field
dynamic and does not imply the existence of a new parti-
cle. Unlike for the axion solution, it cannot be ruled out by
astrophysical observations. However, the processes with
change of the topological number (and, at the same time,
fermion number) proceed differently in the proposed setup.

In this paper the 2 + 1 dimensional toy model was
studied, which at low energy reduces to the 1+ 1
Abelian Higgs model, often used to model some QCD
properties. If the inequalities mgyy, > Mygrex > my, my
are satisfied, the 1 + 1 dimensional |n) vacua become, for
n # 0, resonances in the 2 + 1 dimensional theory. These
resonances have a high energy and decay reasonably fast to
particles. The system relaxes to the |n = 0) vacuum, which
is the true vacuum of the 2 + 1 dimensional theory. The
vacuum structure is trivial and the strong CP problem is
solved in this case. We showed that these inequalities (82)—
(84) are realized in the weak coupling regime (75). We
suppose that these relations will remain true in the strong
coupling regime. This seems reasonable for the relations

81n fact, even stronger inequality is true, mygyex > M.
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(82) and (83), while for (84) it seems to fail, since we used
the weak coupling assumption. However in the strong
coupling case, the quantum corrections are large and, un-
like the classical action, are not suppressed by the warp
factor at the vortex center. Indeed quantum corrections are
expected to be of order 7 independently of the normaliza-
tion of the action. It would be interesting to study the
strong coupling regime with lattice simulations to check
whether this large extra-dimension solution to the strong
CP problem also works at large couplings.

We choose in this paper a very simple geometry, which
allows for simple analysis but which has the annoying
property that the size of the universe is just 27 larger
than the extra dimension. This restricts the semiclassical
calculations to very weak couplings. A way to avoid strong
coupling problems would be to consider a more compli-
cated geometry, which allows for unrelated universe and
extra-dimension size. We could then have a very large or
infinite space and a small enough extra dimension. The
setup will be more complicated and may not enable a
simple analysis of the nonlinear solutions. However, as
we have shown here, it seems that the localization of the
fields on a brane can be done independently of the bulk
geometry. It is indeed an interesting result on its own that
an Abelian Higgs can be localized on the boundary of a
disk.

Finally, we may speculate how the obtained results
transfer to the real world QCD. We expect that the degen-
eracy of the n vacua will be lifted by the extra dimension
and the new |n) states (or resonances) will have an energy
monotonically increasing with n. The tunneling between
the n and n — 1 will still be suppressed by the instanton (or,
strictly speaking, bounce) action. At very high energy,
these bounce transitions are possible and will look like
normal instanton transitions. If we can arrange the geome-
try so that the states (or resonances) |n # 0) have suffi-
ciently large energy, bounces will not contribute in a
measurement of the neutron dipole moment. The topologi-
cal charge density will be zero and there will not be any
observable effect of a # angle, so that the strong CP
problem will be solved.
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APPENDIX A: SPECTRUM OF KALUZA-KLEIN
MODES

1. Higgs dispersion relation

We derive the dispersion relation for the light mode of
the Higgs. To this aim, we have to impose the boundary
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condition on the brane, A'(R) = 0. Suppose that the low-
energy mode satisfies w ~ my <K M. We can then use the
asymptotic expansion for the large argument of the
Laguerre function:

LA = sin(pm)T(A + v + 1)z A1
+ o)1+ A+
y ez(l N A+ +A+vp)
b4

+ @(z‘2)). (A1)

In this limit, Eq. (34) becomes
h(r)l(r) o e*(éwzr/ZM)(ZrM)7(5w2/4M2)

(1 - W + oM~ 2)) (A2)

with Sw? = w?

n2

F.

— m3;. Imposing hj(R) = 0 gives dw? =

2. Gauge field dispersion relation

The computation is the same as for the Higgs, the
function a}(r) being the same as h{(r) replacing my by
my. Imposing aj,(R) = 0 implies w? = m?, + ;’e—i. Note
that from Egs. (50) and (46) this implies a”(R) = 0 and
a((R) = 0, which are the correct boundary conditions for
these fields.

3. High-energy modes for the Higgs
Using the expansion (A1), we see that for w > M,

' (r) ~ e're. (A3)

One of the requirements 4(R) = 0 or 2'(R) = 0 are satis-

fied if Rw = k7r/2, which gives w; — w;—; = 7%.

APPENDIX B: COUPLINGS IN THE EFFECTIVE
ACTION

In this section, we compute the parameters /. We com-
pute exactly the parameters related to the quadratic part of
the action, first /,. We start from the normalization condi-
tion for a} (53), integrate |(619) (r)|> by part, use the
equation of motion (40) for ajj, and use the relation (46),

V= [ ar (e + Sy o0azy o)

= w; — mW jdrrA|ag(r)|2
From which we get
n2
[drrAlag(r)l2 = P — (B1)
n w

This, together with the normalization condition (53), gives
us
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n? (02 —m3)? 4!
02 —m, nlel Rl
n w n
(B2)

2
I,=-1+

To calculate I,,, we integrate |[(h")’|> by part and use the
equation of motion (33)

2 2
=5 [ama(my om0+ 2 er)

RZ
= ) /drrA(w% — m3)|h"(r)|?,

which, using the normalization condition (59) and the
dispersion relation, gives I, = 1.

The other parameters [, ., 1;, I, are computed to
O((MR)™', (myR)"?) using the asymptotic expansion
(A1) for the mode functions. Indeed because of the pres-
ence of the warp-factor and the fact that the modes ay, h"
are roughly constant, the integrals 1, . ; . are dominated by
values close to the brane (r = R). At these points, the
argument of the Laguerre functions is large and the asymp-
totic expansion can be used. We first compute 1, I, (65); to
this aim, we first have to normalize 4" (r). From (A2), and
imposing [ drrA|R"(r)]? = 1, we get

n(2Q)n+(1/2)7(M/ZQH)

\/2_RI‘(n+%——

X L2, - /200, @7 )

W= eM(R—r)—rQH r

(B3)

R

(1 i)

Some straightforward algebra gives

1= [[ararinnicr - %(1 ¥ @(i)), (B4)
R MR

e—(r—R)(nz/ZMRz)

Qur>1 M(R)(nz/(4R2M2))
r

1, = fdrArh”hmhkh nomok = (1 + (9( ))
R MR
(BS)

Note that these integrals, at least at leading order, do not
depend on the values of n, m, k.

To compute the remaining /,, /., we need the asymptotic
expansion for aj(r). It only differs from A"(r) by the
normalization condition. As a}(r) is constant near r = R,
we can neglect the term [(a%)'(r)|? in the normalization
condition (53), which becomes [ dr% |a%|> = 1. This im-
plies that

R\ —(n?/4R>M?) ) ) 1
n — JMRI= —(r—R)(n*/2MR )<1 4 (9( ))
o (r) ¢ MR
(B6)
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Using (B3) and (B6) and performing some straightforward
algebra gives

Ib—/dr—hkh””’k< o

1

n_ m
ay +—
Rw, Rw, % nm

1
X (a}) (a}}) + —aZaZ’)
r?
— [ar Bt L anan(i + 0
r— aeaa Rz

:i(l O JRz))

and

n m 1
I — d —h n—m nam 4 ny/
[ " ( Rw, R’w,, D6 nm (a5)

X (ag) + aoaa)

—fdr—h " ’”—“0“0(1 +@<#>)
=\/g<1+@(MlR lez))

APPENDIX C: COUPLINGS AT VERY HIGH
ENERGY

We already computed the effective coupling A =
Aoo00 =M A in the low-energy effective action (69), but
we are now interested in couplings Ay, i, «, x,» With k; large.

At very high energy (wf > M), the wave functions
hi(r) are large near the center of the disk (r = 0). The
integrals for the effective couplings will be saturated by
values close to r = 0; therefore we make use of the small
argument expansion of the Laguerre functions

Ly(z2)—

z<<1F(I/+)\+1) 1 vz
T+ 1) (r()‘+1)_r()\+2)+ )
(Cl)

This expansion is introduced in the wave function hj:

1/2)—(M/2Q
B ()M MR~ P1(2w)*(1/2)-(/20)

V2RT(2n + DI(—n — -+ 1y

(€2

While computing the effective action, we will identify
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Ak ey s, K [
il = A | rAdr| | A
87R n

MR l-l\/_

772R2 Z 2 7(’1]; ny, ns, f’l4) (C3)

with y(0,0,0,0) = 1 and y(n,, n,, n3, ny) of order unity.

APPENDIX D: VORTEX SITTING ON THE BRANE,
NUMERICAL ANALYSIS

To simplify slightly the analysis, we notice that the
vortex solution has a size of a few 1/my which is in our
assumptions M > my > 1/R much smaller than the ra-
dius of the disk. Furthermore what happens away from the
brane is damped by the warp factor. We can therefore
consider that the disk looks like a half plane in the region
where the vortex lies. The vortex on the brane still pos-
sesses one discrete symmetry: the reflection along the
perpendicular to the brane passing through its center. We
will therefore solve the equations on a quarter of a plane.
To get a better resolution of the instanton center, we
parametrize the quarter of a plane in polar coordinates r €
10, o[, 6 € [0, 7/2].

We choose the Ay = 0 gauge and use the remaining time
independent gauge freedom to cancel the radial component
of the vector field”: A, = 0. We also use dimensionless
variables as in (19). The energy functional reads

. 1 A\2
E[H, o, Ay] = vz,u,zfrdrdﬁe_zM’l smﬁl(i (8,A + —)
.

#2007+ g 0P + L] 0,07
+(;900_A)2]+§< =)

(DD

Numerically, we minimize the energy functional using

as a starting configuration the usual vortex configuration
A(r), f(r) from (16) and (17).

A(r, 0) = A(r), f(r,0) = f(r), o(r,0) = 0.

(D2)
The convergence to the exact solution is achieved by

introducing an artificial time dependency and solving
Hamiltonian equations:

d . JE d._ 8E d __ OE
a’? T T sA,  dr sH i’ bo
(D3)

Note that an upper bound on the vortex energy can be

“We are dealing with a static (time independent) configuration.

125004-14



TOWARDS A SOLUTION OF THE STRONG CP PROBLEM ...

found integrating the energy functional (D1) with the usual
vortex configuration in a flat 2 + 1 dimensional space (16)
and (17).

To avoid trivial divergences at » = 0, we start the inte-
gration at r = & ~ 107> and consider a finite radius R to
end the integration.'” As we use polar coordinates to
describe the Higgs field, we should also arrange the bound-
ary conditions to avoid H vanishing near r = & and rescale
the field o such that it is single valued at r = 0, o(r, 6) —
Jra(r, 0); this allows correctly fixing the value of o so that
the action remains finite'' at » — 0. Boundary conditions
are set on the four edges:

%I dimensionless units we take R = 5. We checked that this
does not introduce sizable errors.

""The action near r =0 contains a term proportional to
r3(9,0)?%, which is finite if o ~ r?, with a > —1/2; that is to
say \fro =& — 0as r— 0.

PHYSICAL REVIEW D 80, 125004 (2009)

Ay(e, 0) = a(e) ~ 0, H(e, 0) = f(e) ~ 0,

(D4)
o(e, 0) = 0/ ~0,
agAg(r, O) = O, E),gH(r, 0) = 0, 0'(}", O) = O,
(D5)
AR 0) + R AJR,0) =0,  H(R 0) =,
Mmoo (D6)

o(r,0) —2Rd,0(R,0) =0,

™ T T\ T
80A0<r, 5) =0, 89H<r, 5) =0, a'(r, 5) = E\/;
(D7)

The conditions at » = 0 and r = R are chosen to get a finite
action, and the conditions at € =0 and 6 = /2 are
dictated by the discrete symmetries and the topological
charge.
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