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We consider baryon-baryon bound states in SU(3) lattice QCD with two flavors, 2×2 spin matrices
in 2+1 dimensions, and in an imaginary time formulation. For small hopping parameter 0 < κ << 1
and large glueball mass, we show the existence of an isospin 3/2 baryon, with asymptotic mass−3 ln κ
and isolated dispersion curve. Baryon-baryon bound states of isospin zero and one are found with
approximate binding energy κ2/8 and κ2/24, respectively, using a ladder approximation to a Bethe-
Salpeter equation. The baryon-baryon interaction associated with the ladder approximation is an
energy independent spatial range one attractive potential with an O(κ2) strength. The attractive
potential does not have a meson exchange interpretation. Six-point gauge field correlations give rise
to attraction and counterbalance the Pauli repulsion to give a vanishing zero-range potential. The
overall range-one potential results from a complicated interaction between the isospin components
of the constituent quarks of the baryons.

PACS numbers: 02.30.Tb, 11.15.Ha, 11.10.St, 24.85.+p, 12.38.-t.

The determination of the particle spectrum and scat-
tering content of Quantum Chromodynamics (QCD) is
an important fundamental problem in physics. Once
the existence of baryons and mesons is established, we
want to understand the interaction between these par-
ticles such as the binding mechanism between a proton
and a neutron in the deuteron, and its relation with the
meson echange interpretation in the Yukawa theory. In
the lattice approximation to QCD, much progress has
been made towards understanding the low-lying energy-
momentum (EM) spectrum both at the theoretical (see
Refs. [1–5]) and numerical level (see Ref. [6]).

In this paper, we treat the lattice SU(3) QCD model
with two flavors, 2×2 Dirac spin matrices, in 2+1 dimen-
sions and in the strong coupling regime (small hopping
parameter κ, 0 < κ << 1, and sufficiently large glueball
mass). We use the imaginary time formulation of the
model.

Recently, for the one flavor model, we have shown the
existence of mesons and baryons with asymptotic masses
−2 ln κ and −3 lnκ, respectively, but bound states do
not occur below the two-particle threshold (see Refs. [7–
11]). Our bound state analysis is performed using a lat-
tice Bethe-Salpeter (B-S) equation, and working in the
leading order approximation in κ, for the two-particle
potential, which we call a ladder approximation.

In Ref. [12], we analyzed the two-flavor model in the
meson sector, in the same regime as above. In the lad-
der approximation, we found a meson-meson bound state
below the two-meson threshold. The mechanism respon-
sible for the binding is a gauge field correlation effect.

Here, within the same context, we consider baryon-
baryon bound states. An easy adaptation of our previ-
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ous methods allows us to show the existence of an isospin
3/2 baryon with asymptotic mass −3 lnκ and an isolated
dispersion curve. Concerning the baryon-baryon interac-
tion, we analyze the isospin zero sector and find a bound
state with asymptotic mass −6 lnκ and binding energy
of order κ2/8. The binding is a result of two effects. In
the framework of the B-S equation, gauge field correla-
tions produce attraction to cancel out the Pauli repulsion,
leading to a vanishing zero-range potential. The overall
range-one potential is a result of a complicated interac-
tion between the isospin components of the constituent
quarks of the baryons.

We give a brief description of the model and then
show how our results are obtained. Our SU(3) QCD
lattice model is the same treated in Ref. [12].
The partition function is given formally by Z =∫

e−S(ψ,ψ̄,g) dψ dψ̄ dµ(g), where the model action S is

S = κ
2

∑
ψ̄α,a,f (u)Γεeµ

αβ (gu,u+εeµ)abψβ,b,f (u + εeµ)

+
∑

u∈Z3
o
ψ̄α,a,f (u)Mαβψβ,a,f (u)− 1

g2
0

∑
p χ(gp),

with a summation over the repeated indices α, β, a and
f , and the first sum runs over u ∈ Z3

o, ε = ±1 and
µ = 0, 1, 2. For F (ψ̄, ψ, g), the normalized expectations
are denoted by 〈F 〉.

We use the same notation and convention as appears
in Refs. [7–12]. We recall that the Fermi quark fields
ψα,a,f (u) and ψ̄α,a,f (u) belong to a Grassmann alge-
bra and are specified by α = 1, 2 ≡ +,− (spin index),
a = 1, 2, 3 (color index) and f = 1, 2 ≡ +,− (flavor or
isospin index). For the treatment of symmetries such as
gauge, charge conjugation, parity, time-reversal and rota-
tional symmetry, we refer to Refs. [8, 9]. Specifically, al-
though we will keep calling ψ a quark field and ψ̄ an anti-
quark field, we point out that under charge conjugation
C, we have Cψ±,a,f (u) 7→ ∓iψ̄∓,a,f (u) and Cψ̄±,a,f (u) 7→
±iψ∓,a,f (u). In addition, our model has global U(2)
flavor or isospin symmetry, and the transformations
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ψα,a,f1 7→ Uf1f2ψα,a,f2 and ψ̄α,a,f1 7→ ψ̄α,a,f2U
†
f2f1

, for
U ∈ U(2) and for † denoting the adjoint element, leave
the action and the partition function invariant. The
lattice points 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 ∈ SU(3)
associated with the directed bond u, u+ eµ, and we drop
U from the notation. We assume the hopping parameter
κ > 0 to be small and much larger than the plaquette
coupling parameter g−2

0 > 0. The parameter m > 0 is
fixed such that Mαβ = Mδαβ (δ denoting the Kronecker
delta) and M ≡ M(κ) = m + 2κ = 1. The quantum me-
chanical Hilbert space H and the EM operators, starting
from gauge invariant correlation functions, with support
restricted to u0 = 1/2, are obtained by a standard con-
struction (see Ref. [2]). Letting T x0

0 , T xi

i , i = 1, 2, de-
note translation of the functions of Grassmann and gauge
variables by x0 ≥ 0, ~x = (x1, x2) ∈ Z2; and for F and G
only depending on coordinates with u0 = 1/2, we have
the Feynman-Kac (F-K) formula (G, Ť x0

0 Ť x1

1 Ť 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. We do not make any dis-
tinction between Grassmann, gauge variables and their
associated Hilbert space vectors in our notation. As lin-
ear operators in H, Ťµ, µ = 0, 1, 2, are mutually commut-
ing; Ť0 is self-adjoint, with −1 ≤ Ť0 ≤ 1, and Ťj=1,2 are
unitary, so that we write Ťj = eiP j

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

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

0 = e−2H . We refer to each point in
the EM spectrum associated to zero-momentum as mass.

Define the gauge invariant fields by (see Ref. [10] for
comparison with the one-flavor case)

φ̂± 3
2

(
u0 = 1/2, ~u

)
= 1

6 εabcψ̂a−±ψ̂b−±ψ̂c−± ,

φ̂± 1
2

(
u0 = 1/2, ~u

)
= 1

2
√

3
εabcψ̂a−±ψ̂b−±ψ̂c−∓ ,

with either three ψ’s or three ψ̄’s. We will show that
φ̄` creates a particle, with total isospin I = 3/2, z-
component Iz = ` and odd parity, which we call a baryon
particle. Similarly, Cφ̄` creates anti-baryons.

From the F-K formula, for x0 6= 0 in Z, we have

(φ̄`1(
1
2
, ~u1), Ť

|x0|−1
0 Ť x1

1 Ť x2

2 φ̄`2(
1
2
, ~u2))H = −G`1`2(x) ,

(1)
where, with x = (x0 = u0

2 − u0
1, ~x) ∈ Z3, we set

G`1`2(x) ≡ G`1`2(u1, u2+~x), and we are lead to define the
associated two-point correlation function by (χ denotes
the characteristic function and * complex conjugation)

G`1`2(u, v) = 〈φ`1(u)φ̄`2(v)〉χu0≤v0

−〈φ̄`1(u)φ`2(v)〉∗ χu0>v0 = G`1`2(u− v) .

By isospin symmetry G`1`2(x) is diagonal and inde-
pendent of `1 and `2, and for notational simplicity we

sometimes drop the isospin indices `1, `2. The isospin or-
thogonality relations for the two- and four-point baryon
correlation functions (see Ref. [12] for a detailed discus-
sion of the meson sector) which will be used through-
out are obtained starting from the identities (U ∈
U(2) and n = 1, 2, . . .) 〈(∏n

i=1 ψfi
)(

∏2n
j=n+1 (ψ̄U)fj

)〉 =
〈(∏n

i=1(Uψ)fi) (
∏2n

j=n+1 ψ̄fj
)〉, where n = 3 (respec-

tively, 6) for the two-point (respectively, four-point) func-
tion and we suppress all ψ indices except those of isospin.
The normalization of the φ’s is chosen so that, at zero
hopping parameter (κ = 0) and coincident points, we
have G`1`2(0) = −δ`1`2 .

For x ∈ Z3, we define the Fourier transform by
G̃k`(p) =

∑
x∈Z3 Gk`(x)e−ipx, p ∈ T3, the three dimen-

sional torus (−π, π]3. Inserting the spectral representa-
tions for Ť0 and Ťi=1,2 in Eq. (1), setting ~u1 = ~0 = ~u2,
and taking the Fourier transform in x = (x0, ~x), we ob-
tain the following spectral representation for the two-
point function Gk`

G̃(p) = G̃(~p) − (2π)2
∫ 1

−1
f(p0, λ0)dλ0α~p(λ0) , (2)

where dλ0α~p(λ0) =
∫
T2 δ(~p− ~λ)dλ0d~λ(φ̄(1/2,~0), E(λ0, ~λ)

φ̄(1/2,~0))H, where E is the product of the spectral fami-
lies for Ť0, Ť1 and Ť2, f(x, y) ≡ (eix−y)−1+(e−ix−y)−1,
and we set G̃(~p) =

∑
~x e−i~p.~xG(x0 = 0, ~x). By time re-

versal and parity, we see that G̃``(~p) is real.
The importance of the spectral representation given in

Eq. (2) is that it allows us to identify complex p singu-
larities of G̃(p) with points in the EM spectrum. Indeed,
the existence, the isolated dispersion curve and the mass
of the baryon follow by adapting the methods used pre-
viously in Ref. [8]. The dispersion curve is given by

w(~p) = −3 lnκ + r(κ, ~p)
= −3 lnκ− 4κ3 +

∑2
i=1 2[1− cos pi]κ3 +O(κ5) ,

where r(κ, ~p) is real analytic in κ and each compo-
nent of ~p. w(~p) is convex for small |~p|. The spectral
measure dλ0α~p(λ0) has the decomposition dλ0α~p(λ0) =
Z(~p)δ(λ0 − e−w(~λ))dλ0 + dν(λ0, ~λ). Letting Γ̃(p) denote
the analytic extension of G̃(p)−1, we have Z(~p)−1 =
−(2π)2 ew(~p) ∂Γ̃

∂χ (p0 = iχ, ~p)|χ=wI(~p), and the λ0 sup-

port of dν(λ0, ~λ) is contained in |λ0| ≤ |κ|5−ε and∫ 1

−1
dν(λ0, ~λ) ≤ O(κ4).

We now turn to the determination of baryon-baryon
bound states by considering the subspace of states gen-
erated by the product of isospin 3/2 baryon fields, i.e.
φ̄`1(1/2, ~x1)φ̄`2(1/2, ~x2). Also, we will consider Clebsch-
Gordan (C-G) linear combinations of these states which
represent states with definite values of total I, Iz.
Naively, this space has 16 dimensions which can be de-
composed into spaces of dimensions 7, 5, 3 and 1 asso-
ciated with I = 3, 2, 1 and 0, respectively. For co-
incident points, the dimension of the space is reduced
to one dimension. To see this, we note the pointwise
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relations φ̂±3/2φ̂±3/2 = φ̂±3/2φ̂±1/2 = φ̂±3/2φ̂∓1/2 =
φ̂±1/2φ̂±1/2 = 0. As the z-component of total isospin
is `1 + `2, we see that all states with Iz = ` = `1 + `2 6= 0
vanish. We also have the linear dependence relation
φ̂3/2φ̂−3/2 = −φ̂1/2φ̂−1/2. For ` = 0, and coincident
points, let us consider the I = 3, 2, 1 and 0 states given
by the C-G linear combinations

T̂I0 =
∑

`

cI`(−`)φ̂`φ̂−` .

T̂30 = T̂10 = 0 as φ̂`φ̂−` = −φ̂−`φ̂`. Since φ3/2φ−3/2 =
−φ1/2φ−1/2, T̂20 = 0. Finally, T̂00 = 2φ̂3/2φ̂−3/2.

We now employ the F-K formula which furnishes a
4-point correlation function. Similar formulas hold for
states with definite I, Iz values upon taking the cor-
responding C-G linear combinations. For x0 6= 0 and
~T ~x=(x1,x2) ≡ Ť x1

1 Ť x2

2 (with x = (x0 = v0 − u0, ~x) ∈ Z3)

(φ̄`1(1/2, ~u1)φ̄`2(1/2, ~u2), (Ť0)|x
0|−1

× ~T ~xφ̄`3(1/2, ~u3) φ̄`4(1/2, ~u4))H = −G`1`2`3`4(x) ,

where G`1`2`3`4(x) ≡ G`1`2`3`4(u1, u2, u3 + ~x, u4 + ~x) and,
for u0

1 = u0
2 = u0 and u0

3 = u0
4 = v0,

G`1`2`3`4(u1, u2, u3, u4) =

〈φ`1(u1)φ`2(u2)φ̄`3(u3)φ̄`4(u4)〉χu0≤v0

+ 〈φ̄`1(u1)φ̄`2(u2)φ`3(u3)φ`4(u4)〉∗ χu0>v0 .

We obtain a spectral representation for G`1`2`3`4(x) and
its Fourier transform G̃`1`2`3`4(k) which allows us to re-
late the complex k singularities of G̃`1`2`3`4(k) to the EM
spectrum. Inserting the spectral representations for Ť0

and Ťi=1,2, and taking the Fourier transform gives

G̃`1`2`3`4(k)= G̃`1`2`3`4(~k)− (2π)2
∫ 1

−1

∫
T2 f(k0, λ0)

× δ(~k − ~λ) dλ0d~λ(φ̄`1(1/2, ~u1)φ̄`2(1/2, ~u2),

× E(λ0, ~λ)φ̄`3(1/2, ~u3)φ̄`4(1/2, ~u4))H ,

where G̃`1`2`3`4(~k) =
∑

~x∈T2 e−i~k.~xG`1`2`3`4(x
0 = 0, ~x).

The singularities of G̃`1`2`3`4(k), for k = (k0 = iχ,~k = 0)
and e±χ ≤ 1, are points in the mass spectrum.

To analyze G̃`1`2`3`4(k), we follow the method of analy-
sis for spin models as in Ref. [13]. To use a notation closer
to that of Ref. [13], we relabel the time direction coordi-
nates in G`1`2`3`4(x) by integer labels, with u0

i−1/2 = x0
i ,

~ui = ~xi, i = 1, . . . , 4, and write D`1`2`3`4(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 ob-
tain D`1`2`3`4(x1, x2, x3 + ~x, x4 + ~x) = D`1`2`3`4(0, x2 −
x1, x3 − x1 + ~x, x4 − x1 + ~x) ≡ D`1`2`3`4(~ξ, ~η, τ +
~x), and G̃`1`2`3`4(k) = ei~k.~τ D̂`1`2`3`4(~ξ, ~η, k), where

D̂`1`2`3`4(~ξ, ~η, k) =
∑

τ∈Z3 D`1`2`3`4(~ξ, ~η, τ)e−ik.τ . Ex-
plicitly, we have

D`1`2`3`4(x1, x2, x3, x4)=〈φ`1(x
0
1 + 1/2, ~x1)

× φ`2(x
0
2 + 1/2, ~x2)φ̄`3(x

0
3 + 1/2, ~x3)

× φ̄`4(x
0
4 + 1/2, ~x4)〉χx0

2≤x0
3

+ 〈φ̄`1(x
0
1 + 1/2, ~x1)φ̄`2(x

0
2 + 1/2, ~x2)

× φ`3(x
0
3 + 1/2, ~x3)φ`4(x

0
4 + 1/2, ~x4)〉∗ χx0

2>x0
3

.

The point of the considerations above is that the
singularities of G̃`1`2`3`4(k) are the same as those of
D̂`1`2`3`4(~ξ, ~η, k). The B-S equation for the four-point
function D`1`2`3`4 and its analysis are familiar, and have
been treated in Refs. [8, 12, 13]. The same considerations
can be applied to states which are C-G linear combina-
tions of the above product states, as our T ’s.

By isospin symmetry, the l6 two-baryon isospin sec-
tors decouple. We now restrict our attention to
the zero isospin sector, and suppress the isospin in-
dices from the notation unless they are strictly neces-
sary. For our I = 0 state, we take the C-G linear
combination

∑
` c0`(−`)φ̄`(1/2, ~x1)φ̄−`(1/2, ~x2). Letting

T (x1, x2) denote the time translation of the above by
x0

1 = x0
2 and x0

3 = x0
4, the associated four-point func-

tion is D(x1, x2, x3, x4) = 〈T (x1, x2)T̄ (x3, x4)〉χx0
1≤x0

3
+

〈T̄ (x1, x2)T (x3, x4)〉∗ χx0
1>x0

3
.

Next, we write a B-S equation for D. 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, we have

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) is obtained from
D(x1, x2, x3, x4) by erroneously applying Wick’s
theorem to the one-baryon composite fields in
D(x1, x2, x3, x4), and we use a continuum notation for
sums over lattice points. Explicitly, D0(x1, x2, x3, x4) =
−G(x1 − x3)G(x2 − x4) − G(x1 − x4)G(x2 − x3) where
we have used the fact that the two-point function
G`1`2(x) is diagonal in `1, `2, and independent of their
values. In terms of the (~ξ, ~η, τ) relative coordinates
and taking the Fourier transform in τ only, the B-S
equation becomes (see [13]) D̂(~ξ, ~η, k) = D̂0(~ξ, ~η, k) +∫

D̂0(~ξ, ~ξ ′, k)K̂(−~ξ ′,−~η ′, k)D̂(~η ′, ~η, k) d~ξ ′d~η ′. The
above equation corresponds, roughly speaking, to
an equation for the kernel of a one-particle lattice
Schrödinger operator resolvent equation. The B-S kernel
K(−~ξ ′,−~η ′, k), in general, acts as an energy-dependent,
non-local potential.

We modify D so that the associated K has the im-
proved decay cκ8|x0

1−x0
3|. We replace D(x1, x2, x3, x4)

by h(x1, x2)D(x1, x2, x3, x4)h(x3, x4), where h(x, y) =
[1−δ(x−y)]+ 1√

2
δ(x−y). Without changing the notation,
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hereafter, we assume these replacements have been made.
It is important to observe that without this modifica-
tion, we have to consider energy-dependent potentials.
The modification for x1 = x2 and x3 = x4 is related to
contributions to the four-point function consisting of six
overlapping gauge bonds with a fixed orientation, which
gives an attractive contribution to the potential (see Ref.
[12] for a discussion in the meson-meson case). Denoting
the coefficient of the κn contribution of a quantity by a
superscript (n) we have D

(0)
0 (x1, x2, x3, x4) = −δ(x1 −

x3)δ(x2 − x4) − δ(x1 − x4)δ(x2 − x3), and D
(0)
0 = D(0).

Thus, K(0)(0) = 0. We remark that if the gauge field
correlations mentioned above are ignored, we obtain a
repulsive potential K(0)(0).

To obtain higher order contributions in κ, we use an
expansion for K for arbitrary points. Separating out
the invertible D(0) (D(0)

0 ) from D (D0) and using the
Neumann series we have, with δD = D − D(0) (δD0 =
D0 − D

(0)
0 ), K =

∑∞
n=0 (−1)n[(D(0)−1

0 δD0)nD
(0)−1
0 −

(D(0)−1δD)nD(0)−1]. As D
(0)
0 = D(0), δD0 = O(κ3)

and δD = O(κ2), we have K(2) = [D(0)
0 ]−1δD(2)[D(0)

0 ]−1.
The κ2 contribution comes from oppositely oriented over-
lapping spatial bonds. By rotational and translational
invariance, and after performing the gauge integration,
we get

δD(2)(x1, x2, x3, x4) = κ2D(2)(1)
∑

j,ε δ(x2 − x1 − εej)

× [δ(x1 − x3)δ(x2 − x4) + δ(x1 − x4)δ(x2 − x3)] ,

where D(2)(1) = (1/12)
∑′〈φ`1 φ̄`3 ψ̄α1a1f1ψβ2a1f2〉(0)

〈φ`2 φ̄`4 ψ̄α2a2f2ψβ1a2f1〉(0)Γe1

α1β1
Γ−e1

α2β2
c0 `1`2c0 `3`4 , where∑′ denotes the sum over `1, `2, `3, `4 with `1 + `2 =

`3 + `4 = 0 and the fields in 〈...〉 are all at the site zero.
Evaluating the above we find −(−κ/2)2 so that, with

λ = −aκ2, a = 1/16 > 0, K(2)(x1, x2, x3, x4) =
λ

∑
j,ε δ(x2 − x1 − εej)[δ(x1 − x3)δ(x2 − x4) + δ(x1 −

x4)δ(x2 − x3)], which we take as our ladder approxi-
mation L to K. For L̂, we have L̂(~ξ, ~η, k0) = λδ(~ξ −
~η)

∑
j=1,2[δ(~ξ − ej) + δ(~ξ + ej)], which has the interpre-

tation of a spatial range one attractive potential.
The approximate B-S equation is solved as in Refs. [10,

12] but here D̂0(~ξ, ~η, k0) has the spectral representation

D̂0(~ξ, ~η, k0) = −2
∫
T2 d~p cos ~p.~ξ cos ~p.~η {(2π)−2[G̃(~p)]2

+(2π)2
∫ 1

−1

∫ 1

−1
f(k0, λ0λ′0)dλ0α~p(λ0)dλ′0α~p(λ′0)}.

The condition for a bound state is (see Ref. [12])
1 − 2λ[D̂0(e1, e1, k0) ± D̂0(e1, e2, k0)] = 0. Letting k0 =
i(2m − ε), ε > 0, retaining only the product of one-
baryon contributions, dλ0α~p(λ0) ≈ Z(~p)δ(λ0−ew(~p))dλ0,
and recalling that G̃(0)(~p) = −1, Z(~p) = −(2π)−2e−w(~p),
w(~p) = w(~0)+O(κ3), we have the bound state condition
1− 2λ[−1− (eε − 1)−1] = 0, with the approximate solu-
tion ε = 2aκ2. Thus, there is a bound state with binding
energy ε = κ2/8.

To understand the origin of the attractive potential,
we decompose D(2)(1)κ2 as R + A, where R has only
the diagonal sums `1 = `3 and `2 = `4; A only has non-
diagonal terms. R is positive (implying a repulsive poten-
tial) although it has some negative contributions. Tak-
ing into account the form of the quark-anti-quark me-
son field (see Refs. [11, 12]), i.e. a ψ̄−,a,fψ+,a,f ′ field,
and since α1 = β2 and α2 = β1, these negative con-
tributions do not have a meson exchange interpretation.
Each term of the non-diagonal part is negative (imply-
ing an attractive potential) and only contributions with
α1 = β2 = α2 = β1 = − and f1 = −f2 occur, so that
there is no meson exchange interpretation.

Similar considerations hold for the I = 1, 2, 3 sectors
resulting in an attractive potential and a bound state for
I = 1 with binding energy ε = κ2/24; a repulsive po-
tential and no bound state for I = 2 and I = 3. The
repulsive contribution R increases with I and the attrac-
tion A decreases. For I = 2, 3, the repulsion dominates.

We are presently using the same methods to determine
the bound state spectrum of the more realistic 3 + 1 lat-
tice QCD with 4×4 Dirac matrices and two flavors. This
model accommodates protons and neutrons and the exis-
tence of the deuteron, from first principles, should emerge
from our analysis.
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