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We consider bound states of two mesons (anti-mesons) in lattice quantum chromodynamics in
an Euclidean formulation. For simplicity, we analyze an SU(3) theory with a single flavor in 2 + 1
dimensions and two-dimensional Dirac matrices. For small hopping parameter κ and small plaquette
coupling g−2

0 , such that 0 < g−2
0 ¿ κ ¿ 1, recently we showed the existence of a (anti-)meson-like

particle, with asymptotic mass of order −2 ln κ and with an isolated dispersion curve, i.e. an upper
gap property persisting up to near the meson-meson threshold which is of order −4 ln κ. Here,
in a ladder approximation, we show that there is no meson-meson (or anti-meson, anti-meson)
bound state solution to the Bethe-Salpeter equation up to the two-meson threshold. Remarkably
the absence of such a bound state is an effect of a potential which is nonlocal in space at order
κ2 i.e. the leading order in the hopping parameter κ. A local potential appears only at order
κ4 and is repulsive. The relevant spectral properties for our model are unveiled by considering
the correspondence between the lattice Bethe-Salpeter equation and a lattice Schrödinger resolvent
equation with a nonlocal potential.

PACS numbers: 12.38.Gc, 11.10.St, 11.15.Ha, 24.85.+p

In quantum chromodynamics (QCD), it is a long
standing problem to establish rigorously the low energy-
momentum (e-m) spectrum of particles and their bound
states, in particular, to show the existence of mesons and
baryons, their bound states and scattering. One way to
attack this question is to use a lattice regularization.

Recently, in Ref. [1], we showed the existence of
baryons in a 2 + 1 imaginary-time formulation of lat-
tice SU(3) QCD, with 2 × 2 Pauli spin matrices, one
quark flavor and strong coupling regime corresponding
to a small plaquette coupling g−2

0 and a small hopping
parameter κ, such as 0 < g−2

0 ¿ κ ¿ 1. In Refs. [2, 3]
we showed the existence of baryons and mesons for 2 + 1
and 3 + 1 dimensions one-flavor lattice QCD, using 4× 4
Dirac spin matrices, and for the same region of param-
eters. The baryon (meson) particle asymptotic mass is
−3 ln κ (−2 ln κ) and they are associated with isolated
dispersion curves in the e-m spectrum. Mass splitting for
these particles is also obtained. The existence of mesons
for 2+1 dimensions and 2× 2 Pauli spin matrices, as we
consider here, follows by an adaptation of Ref. [3].

Going up in the spectrum, in Ref. [4], we showed
that there is no baryon-baryon bound state in the e-
m spectrum for the 2 + 1 dimensional one-flavor case
up to the two-baryon threshold (≈ −6 ln κ). This is
done using a lattice version of the Bethe-Salpeter (B-
S) equation, where we find that the leading interaction
is a space range-one local repulsive energy-independent
potential at order κ2. A key step for this analysis is a
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spectral representation for both the two and the four-
point baryon correlations. Here, we consider the exis-
tence of meson-meson bound states below the two-meson
threshold (≈ −4 lnκ). Again, we employ the B-S equa-
tion and establish spectral representations for the two
and four point meson functions, and find that the domi-
nant interaction between two mesons occurs at κ2 and is
a range-one energy-independent and, surprisingly, nonlo-
cal potential. A local potential, which is repulsive, ap-
pears only at order κ4. We show the correspondence be-
tween the relative coordinate B-S equation, for zero sys-
tem momentum, and a one-particle lattice Schrödinger
resolvent equation with a range-one nonlocal potential.
This Schrödinger operator exhibits bound states for all
large enough coupling, regardless of its sign. However,
for small hopping parameter and and in the strong cou-
pling regime, which can be analytically treated with the
method given here, there are no bound states.

We recall that there are many attempts to analyze the
hadron-hadron interactions using numerical simulations
(see e.g. Refs. [5, 6] and Ref. [7] and references therein).
It is hard to compute correlations which rapidly vanish
into noise because of the relatively massive particles in-
volved. An attractive potential between the two hadron
quark clusters is found for some versions of the model,
and standard mass computations are carried out. How-
ever, the lack of spectral representations for the corre-
lations makes it difficult to establish the connection be-
tween the obtained results and the spectrum.

The model we consider here is the same lattice QCD
model as in Ref. [1], but our analysis is now restricted to
the meson sector of the underlying physical Hilbert space
H. To show how our results are obtained, we recall that
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the partition function is formally given by

Z =
∫

e−S(ψ,ψ̄,g) dψ dψ̄ dµ(g) ,

and, for F (ψ̄, ψ, g), the normalized expectations are de-
noted by 〈F 〉. The model action S(ψ, ψ̄, g) is

S(ψ, ψ̄, g) = κ
2

∑
ψ̄α,a(u)Γεeµ

αβ (gu,u+εeµ)abψβ,b(u + εeµ)

+
∑

u∈Z3
o
ψ̄α,a(u)Mαβψβ,a(u)− 1

g2
0

∑
p χ(gp) ,

where here
∑

runs over u ∈ Z3
o, ε = ±1 and µ = 0, 1, 2.

We use the same notation and conventions as in Ref.
[1], and adapt the treatment of symmetries given in Ref.
[2, 3]. We recall that the Fermi (one-flavor quark and
anti-quark) fields ψα,a(u) and ψ̄α,a(u), where a = 1, 2, 3
is the color index, α = 1, 2 ≡ +,− is the spin index,
u = (u0, ~u) = (u0, u1, u2), are defined on the lattice with
half-integer time coordinates u ∈ Z3

o ≡ Z1/2 × Z2, where
Z1/2 = {±1/2,±3/2, . . .}. Letting eµ, µ = 0, 1, 2, denote
the unit lattice vectors, there is a gauge group matrix
U(gu+eµ,u) = U(gu,u+eµ)−1 associated with the directed
bond u, u + eµ, and we drop U from the notation.

The space H and the e-m operators are obtained start-
ing from gauge invariant correlation functions, with sup-
port restricted to u0 ≥ 1/2, by a standard construction.
Letting T x0

0 , T xi

i , i = 1, 2, denote translation of the
functions of Grassmann and gauge variables by x0 ≥ 0,
x ∈ Z3; and for F and G only depending on coordinates
with u0 ≥ 1/2, we have the Feynman-Kac (F-K) formula

(G,T x0

0 T x1

1 T x2

2 F )H = 〈[T x0

0 T x1

1 T x2

2 F ]ΘG〉 ,

where Θ is an anti-linear operator which involves time
reflection (see Ref. [2]). We do not distinguish be-
tween Grassmann, gauge variables and their associated
Hilbert space vectors in our notation. As linear opera-
tors in H, Tµ, µ = 0, 1, 2, are mutually commuting; T0

is self-adjoint, with −1 ≤ T0 ≤ 1, and Tj=1,2 are uni-
tary, so that we write Tj = eiP j

and ~P = (P 1, P 2) is
the self-adjoint momentum operator, with spectral points
~p ∈ T2 ≡ (−π, π]2. Since T 2

0 ≥ 0, we define the energy
operator H ≥ 0 by T 2

0 = e−2H , and refer to each point
in the e-m spectrum associated with zero-momentum as
mass. We work in the subspace He ⊂ H generated by an
even number of ψ̄ or ψ.

To determine the meson bound state spectrum, we
first give spectral results for the meson and anti-
meson particles, which are the same using the sym-
metry results of Ref. [2] for charge conjugation. We
introduce the meson fields (see Ref. [3]) Π(u) =
(1/
√

3)ψ̄a,−(u)ψa,+(u) and the associated field µ(u) =
(1/
√

3)ψa,−(u)ψ̄a,+(u). Considering the F-K formula for

(Π(1/2, ~x1), T
|x0|−1
0 Π(1/2, ~x2))H, x0 6= 0, we are led to

define the associated two-point correlation function (χ is
the characteristic function, ∗ is complex conjugation and
T means truncation)

G(u0, ~x1; v0, ~x2) = χu0≤v0〈µ(u0, ~x1)Π(v0, ~x2)〉T +
χu0>v0 [〈Π(u0, ~x1)µ(v0, ~x2)〉T ]∗ ,

where x0 = v0 − u0 ∈ Z. By translation invariance, and
with an abuse of notation, G(u, v) = G(v − u). G(x),
x0 6= 0, admits the spectral representation

G(x) =
∫ 1

−1

∫

T2
(λ0)|x

0|−1ei~λ.~xdλ0α~λ(λ0)d~λ ,

where dλ0α~λ(λ0)d~λ = dλ0d~λ(Π, E(λ0, ~λ)Π)H and E is the
product of the spectral families for the energy and mo-
mentum component operators. For its Fourier transform
G̃(p) =

∑
x∈Z3 e−ip.xG(x), p = (p0, ~p) ∈ T3, we get

G̃(p)G̃(~p) + (2π)2
∫ 1

−1

∫
T2 f(p0, λ0)δ(~p− ~λ)dλ0α~λ(λ0)d~λ,

where f(x, y) ≡ (eix − y)−1 + (e−ix − y)−1, G̃(~p) =∑
~x∈Z2 e−i~p.~xG(x0 = 0, ~x), Π = Π(1/2,~0). The associ-

ated dispersion relation is

w(~p) = −2 lnκ + r(κ, ~p)
= −2 lnκ + ln[1− 2κ2

4 (cos p1 + cos p2)] +O(κ3) ,

with r(κ, ~p) real analytic in κ and each component pj

(j = 1, 2). Clearly, w(~p) ≈ mκ + κ2

4 |~p |2 , |~p| ¿ 1,
where mκ ≡ w(~0) is the meson mass. Furthermore, sepa-
rating the one-particle contribution, the spectral mea-
sure has the decomposition dλ0α~λ(λ0) = Z(~p)δ(λ0 −
e−w(~λ))dλ0 + dν(λ0, ~λ), where, for Γ̃(p) = G̃(p)−1, we
have Z(~p)−1 = −(2π)2 ew(~p) ∂Γ̃

∂χ (p0 = iχ, ~p)|χ=w(~p), such
that Z(~p) = (2π)−2e−w(~p) +O(κ3), with Z(~p) also real
analytic in κ and pj , j = 1, 2. The λ0 support of dν(λ0, ~λ)
is contained in |λ0| ≤ |κ|4−ε, ε > 0, and

∫ 1

−1
dν(λ0, ~λ) ≤

O(κ3). Points in the spectrum occur as p0 singularities
of G̃(p), for fixed ~p, and the meson mass points occur as
singularities for p0 = ±iw(~p). Our analysis shows that
points of the form p0 = π + iχ, |χ| < −(4 − ε) ln κ, are
regular. Notice that the above measure decomposition
shows the dispersion curve is isolated up to −(4− ε) ln κ
(upper gap property), making possible the particle iden-
tification. The isolated dispersion curve in the e-m spec-
trum associated with the Π field is the only spectrum
in He, up to mass −(4 − ε) ln κ. This can be shown by
adapting the subtraction method of Ref. [2].

Concerning the symmetries, we follow Ref. [2]. For
a spatial rotation of π/2 in the x1, x2 plane, given
by Re1 = e2, Re2 = −e1, the fields Π(u) and µ(u)
are transformed to iΠ(u0,R~u) and −iµ(u0,R~u), respec-
tively. The improper zero-momentum state

∑
~u Π(u0, ~u)

transforms under the irreducible representation of the
group Z4 generated by i. Under the local charge con-
jugation symmetry, Π and µ are multiplied by (−1) as
is also the case for parity and the expectations are in-
variant. Thus, using either charge conjugation or parity,
we have 〈Π(u)〉 = 〈µ(u)〉 = 0, and the truncation in the
definition of G(x) can be dropped. As remarked before,
Π is its own anti-particle.

To determine the existence of meson-meson
Π − Π bound states, we consider the states gener-
ated by Π(1/2, ~x1)Π(1/2, ~x2). From the F-K for-
mula, we have (Π(1/2, ~u1)Π(1/2, ~u2), (T 0)|x

0|−1 ~T ~x
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×Π(1/2, ~u3)Π(1/2, ~u4))H = G(x), for x0 6= 0, where
G(x) = G(u1, u2, u3 + ~x, u4 + ~x), with x = (x0 = v0 − u0,
~x) ∈ Z3, and, for u0

1 = u0
2 = u0 and u0

3 = u0
4 = v0,

G(u1, u2, u3, u4) = 〈µ(u1)µ(u2)Π(u3)Π(u4)〉χu0≤v0

+〈Π(u1)Π(u2)µ(u3)µ(u4)〉∗χu0>v0 .

We now give a rough description of our method before
going into detail. We first obtain a spectral representa-
tion for G(x), and its Fourier transform G̃(k). In this way,
we can relate k singularities in G̃(k) to the e-m spectrum.
Next, using a lattice B-S equation in a ladder approxi-
mation (see below), we look for the singularities of G̃(p)
below the two-meson threshold.

Taking the Fourier transform and inserting the spectral
representations for T 0, T 1 and T 2, we have

G̃(k) = G̃(~k) + (2π)2
∫ 1

−1

∫
T2 f(k0, λ0) δ(~k − ~λ) ×

dλd~λ(Π(1/2, ~u1)Π(1/2, ~u2),

× E(λ0, ~λ)Π(1/2, ~u3)Π(1/2, ~u4))H .

where G̃(~k) =
∑

~x∈T2 e−i~k.~xG(x0 = 0, ~x). The singulari-
ties in G̃(k), for k = (k0 = iχ,~k = 0) and e±χ ≤ 1, are
points in the mass spectrum, i.e. the e-m spectrum at
system momentum zero.

To analyze G̃(k), we follow the analysis for spin mod-
els as in Ref. [8]. We relabel the time direction coor-
dinates in G(x) by integer labels, with u0

i − 1/2 = x0
i ,

~ui = ~xi, i = 1, . . . 4, and write D(x1, x2, x3 + ~x, x4 + ~x),
x0

1 = x0
2 and x0

3 = x0
4, x0 = x0

3 − x0
2, where xi and

x are points on the Z3 lattice. Now we pass to differ-
ence coordinates and then to lattice relative coordinates
ξ = x2 − x1, η = x4 − x3 and τ = x3 − x2 to obtain
D(x1, x2, x3 +~x, x4 +~x) = D(0, x2−x1, x3−x1 +~x, x4−
x1 +~x) ≡ D(~ξ, ~η, τ +~x) and G̃(k) = ei~k.~τ D̂(~ξ, ~η, k), where
D̂(~ξ, ~η, k) =

∑
τ∈Z3 D(~ξ, ~η, τ)e−ik.τ . Explicitly, we have

D(x1, x2, x3, x4) = 〈µ(x0
1 + 1/2, ~x1)µ(x0

2 + 1/2, ~x2)

× Π(x0
3 + 1/2, ~x3)Π(x0

4 + 1/2, ~x4)〉χx0
2≤x0

3

+ 〈Π(x0
1 + 1/2, ~x1)Π(x0

2 + 1/2, ~x2)

× µ(x0
3 + 1/2, ~x3)µ(x0

4 + 1/2, ~x4)〉∗ χx0
2>x0

3
.

The point of all this is that the singularities of G̃(k) are
the same as those of D̂(~ξ, ~η, k) and the B-S equation for
D̂(~ξ, ~η, k) and its analysis are familiar (see Refs. [8, 9]).

The B-S equation in operator form, and in what we
call the equal time representation, is D = D0 + D0KD.
In terms of kernels, with x0

1 = x0
2 and x0

3 = x0
4,

D(x1, x2, x3, x4) = D0(x1, x2, x3, x4) +∫
D0(x1, x2, y1, y2)K(y1, y2, y3, y4)D(y3, y4, x3, x4) ×

δ(y0
1 − y0

2)δ(y0
3 − y0

4) dy1dy2dy3dy4 ,

where D0(x1, x2, x3, x4) = G(x1, x3)G(x2, x4) +
G(x1, x4)G(x2, x3), and we use a continuum no-
tation for sums over lattice points. D, D0 and

K = D−1
0 − D−1 are to be taken as matrix oper-

ators acting on `s2(A), the symmetric subspace of
`2(A), where A =

{
(x1, x2) ∈ Z3 × Z3/x0

1 = x0
2

}
. In

terms of the (~ξ, ~η, τ) relative coordinates and tak-
ing the Fourier transform in τ , the B-S equation
becomes (see Ref. [8]) D̂(~ξ, ~η, k) = D̂0(~ξ, ~η, k) +∫

D̂0(~ξ, ~ξ ′, k)K̂(−~ξ ′,−~η ′, k)D̂(~η ′, ~η, k) d~ξ ′d~η ′. With k

fixed, D̂(~ξ, ~η, k), etc, is taken as a matrix operator on
`2(Z2), for k = (k0,~k = ~0) on the even subspace of
`2(Z2). K̂(−~ξ ′,−~η ′, k), in general, acts as an energy-
dependent nonlocal potential in the non-relativistic
lattice Schrödinger operator analogy.

The key to successfully solve the B-S equation is to
obtain appropriate decay properties for the kernel of K.
In particular, we want a temporal decay faster than the
two-particle decay, here κ4|x0

3−x0
1|. The typical tool em-

ployed to obtain the decays is the hyperplane decoupling
method (see Refs. [8, 9] and references therein). Next,
we look for a solution to the approximate equation where
K is replaced by its first non-vanishing order in κ, that is
commonly called a ladder approximation L to K. These
ingredients together with the control of perturbations to
the ladder approximation lead to a rigorous solution of
the B-S equation and two-particle spectral results for the
complete model as in Ref. [9].

For our case, and as is well known, D does not have
temporal decay, due to vacuum contributions. Even after
subtracting out these contributions, and using the hyper-
plane decoupling method, we obtain only a κ4 falloff of
K for temporal distance one. This would force us to deal
with an energy-dependent potential in the ladder approx-
imation. To avoid these complications, replace the kernel
D(x1, x2, x3, x4) by h(x1, x2)D′(x1, x2, x3, x4)h(x3, x4)
in all expressions above, where h(xi, xj) = cδ(xi − xj) +
(1− δ(xi − xj)), c =

√
3/2, and D′ is the partially trun-

cated D, obtained by subtracting, such as for x0
2 ≤ x0

3,
〈µ(x0

1 + 1/2, ~x1)µ(x0
2 + 1/2, ~x2)〉〈Π(x0

3 + 1/2, ~x3)Π(x0
4 +

1/2, ~x4)〉 from D(x1, x2, x3, x4). From now on, without
changing the notation, we assume these replacements
have been made. Note that when e.g. x1 = x2 in
the expression for Π(x1)Π(x2), the color diagonal quark
terms are zero by Pauli exclusion, essentially producing a
change in normalization. For the case of a non-composite
boson field, this does not occur, and for the case of the
composite baryon field φ, with one-flavor quarks as in
Ref. [1], we have [φ(x)]2 = 0 by Pauli exclusion. Our
case is intermediate, and with this modified D, D0 be-
haves as a good unperturbed part of it. Finally, with this
new D, K has the appropriate decay κ6|x0

3−x0
1| and the

coincident point contribution is zero until O(κ2).

We now obtain our ladder approximation L to K
(see Ref. [4]). L is given by the κ2 contribution to
D−1

0 DsD−1
0 , the first non-vanishing term in the Neu-

mann series for K = D−1
0 − [D0 + Ds]−1, where

Ds = D − D0. We obtain, with c′′(κ) = (
√

2/3 −
1)κ2/8, L(x1, x2, x3, x4) = c′′(κ)

∑
j=1,2; ε=±1 [δ(x2 −
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x1 + εej)δ(x3 − x2)δ(x4 − x3) + δ(x3 − x1)δ(x4 − x1)×
δ(x2 − x1 − εej) + δ(x2 − x1)δ(x3 − x1 − εej)δ(x4 −
x1) + δ(x2 − x1)δ(x3 − x1)δ(x4 − x1 − εej)] and, in rel-
ative coordinates and for c′(κ) = 2c′′(κ), L̂(~ξ, ~η, k0) =
c′(κ)

∑
j,ε[δ(~ξ)δ(~η − εej) + δ(~ξ − εej)δ(~η)], with the ab-

breviated notation k0 for k = (k0,~k = ~0), which we omit
below. In the lattice Schrödinger operator analogy, L̂
corresponds to a nonlocal energy independent potential,
where we recall that a local potential is given by contri-
butions to L(x1, x2, x3, x4) with x1 = x3 and x2 = x4.
The nonlocal potential, which occurs here, results from
the κ2 contribution with one (three) of the fields in D
and D0 at a point y, for example, and the other three
(one) at the nearest neighbor points y + εej .

Next, we derive the solution of the B-S equation in the
ladder approximation which reads

D̂(~ξ, ~η) = D̂0(~ξ, ~η) + c′(κ)
∑

j,ε[D̂0(~ξ,~0)D̂(εej , ~η)

+D̂0(~ξ, εej)D̂(~0, ~η)] .

Using D̂0(±εei,~0) = D̂0(~0,∓εei) and D̂0(εei, ε′ej) =
D̂0(εej , ε′ei), i, j = 1, 2 and ε, ε′ = ±1, we only
need to determine D̂(~0, ~η) and D̂(ei, ~η), i = 1, 2, in
D̂(~0, ~η) = D̂0(~0, ~η) + 2c′(κ){D̂0(~0,~0)

∑
j D̂(ej , ~η) +

2D̂0(e1,~0)D̂(~0, ~η)} and D̂(ei, ~η) = D̂0(ei, ~η) +
2c′(κ)

∑
j [D̂(ej , ~η)D̂0(ei,~0) + D̂(ei, ej)D̂(~0, ~η)]. Let-

ting M denote the 2 × 2 matrix with entries
M11 = M22 = 4c′(κ)D̂0(~0, e1), M12 = 4c′(κ)D̂0(~0,~0)
and M21 = 2c′(κ)[D̂0(e1, e1) + D̂0(e1, e2)], the only sin-
gularities of D̂(~0, ~η) and D̂(ej=1,2, ~η) , on the imaginary
k0 axis, below the two-meson threshold, occur as zeroes
of det[I −M]. The same holds for D̂(~ξ, ~η).

To analyze the B-S equation, we develop an ap-
proximate correspondence with a one-particle lattice
Schrödinger operator resolvent equation (H − z)−1 =
(H0−z)−1− λ(H0−z)−1V (H−z)−1, where H = H0+λV ,
H0 = −a∆/2 [∆ is the lattice Laplacian on `2(Z2)] and
V is a nonlocal potential. To obtain this correspondence,
we keep only the product of one-meson contributions to
D̂0(~ξ, ~η, k0) to get

D̂0(~ξ, ~η, k0) ' 2(2π)2
∫

T2

Z(~p)2 cos ~p.~ξ cos ~p.~η

eik0 − e−2w(~p)
d~p .

Using the small distance behavior of the two-point func-
tion G, we find Z(~p) ' (2π)−2c−1

20 e−w(~p), c20 = 1, where
c20κ

2 is the κ2 contribution to 〈µ(0)Π(e0)〉. Writing
w(~p) ' mκ + cmκ2(−∆̃(~p)), cm = 1/4, where −∆̃(~p) =
2

∑
j=1,2(1− cos pj), and letting k0 = i(2mκ− ε′) so that

ε′ > 0 is the meson-meson binding energy, D̂0(~ξ, ~η, k0) '
2

(2π)2

∫
T2

cos ~p.~ξ cos ~p.~η

2cmκ2[−∆̃(~p)]+ε′
d~p. With these approximations

in the ladder B-S equation, we make the identifications
a = κ2/2, λ = [1−

√
2/3]κ2/4, V =

∑
j,ε[δ(~ξ)δ(~η−εej)+

δ(~ξ − εej)δ(~η)] and z = −ε′/2 in the lattice Schrödinger
resolvent equation, acting on the even subspace of `2(Z2).

We now turn to the determination of the negative en-
ergy bound state spectrum of H ′ = −∆/2+αV = a−1H,
α = λ/a = (1−

√
2/3)/2, first for any α real. As a self-

adjoint operator V has the discrete spectrum 2, −2 and 0
with multiplicities 1, 1 and ∞, respectively. As −∆/2 is
bounded, with absolutely continuous spectrum [0, 4], H ′

has a negative energy bound state with binding energy
≈ 2|α|, for large |α|, regardless of the sign of α. The re-
solvent equation for H ′ is solved in the same way as the
ladder B-S equation and leads to the determinant zero
condition (1 + 4αR01)2 − 8α2R00(R11 + R12) = 0, for a
bound state of binding energy b, where, for R0(~ξ, ~η) =
(2π)−2

∫
T2 [cos ~p.~ξ cos ~p.~η]/[

∑
j=1,2(1− cos pj)+ b] d~p, we

set R00 = R0(~0,~0), R0j = R0(~0, ej) and Rij = R0(ei, ej).
Using the identities R01 = −1/2 + (1/2)(2 + b)R00 and
R11 + R12 = (2 + b)R01, obtained by multiplying the in-
tegrand of R00 by the denominator and also the denomi-
nator squared of R00, the bound state equation becomes
(1− 2α)2 + 4α(1− α)(2 + b)R00 = 0 . As R00 is positive,
there is no solution for 0 < α < 1; there is a solution
for α < 0 and α > 1. For our meson-meson problem,
0 < α = [1 −

√
2/3]/2 < 1, so there is no meson-meson

bound state in our model.
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