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Properties of the nonlocalNN interactions required for the correct triton binding energy

P. Doleschall* and I. Borbe´ly
Research Institute for Particle and Nuclear Physics, P.O. Box 49, H-1525 Budapest, Hungary

~Received 5 June 2000; published 2 October 2000!

In order to investigate their effect on the triton binding energy, a set of nonlocal1S0 and 3SD1 nucleon-
nucleon (NN) interactions is constructed in coordinate space. The properties which make possible the repro-
duction of the triton binding energy without a three-nucleon force are studied. For all of the investigated local
and nonlocal interactions the dominant contribution to the triton binding energy comes from the pole terms of
the 1S0 and 3SD1 states; consequently the singlet virtual bound state and deuteron properties have a dominant
role. Low deuteronD-state and substantialS-state short-distance probabilities, which could not be produced by
local NN interactions, are necessary requirements for the correct binding energy.

PACS number~s!: 21.30.2x, 21.45.1v, 21.10.Dr, 27.10.1h
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I. INTRODUCTION

Because of the internal structure of nucleons, a sh
range~up to 1–1.5 fm! nonlocality is undoubtedly present i
NN interactions@1#. However, there are other sources
nonlocality with a longer range. The first theoretically sou
nonlocalNN interaction was constructed by the Bonn gro
@2# in momentum space and called anr-space long-range
nonlocal interaction@3#. The definition of the term ‘‘long
range’’ @3# is r>1 fm. Unfortunately there is no informa
tion available about the actualr-space region where the Bon
potentials@2,4# become local. But one expects a significan
longer range of nonlocality than the above-mentioned 1–
fm estimate, since according to Ref.@4# already the simple
mechanism of a one-boson exchange generates nonloc
and more complicated processes can provide an even s
ger one. Recent local potential models@5,6# give a consider-
able contribution to the Yukawa tail at 2–4 fm; therefore
would not be surprising if nonlocality were extended up
this region.

To gain some empirical information about the role, t
effect, and the properties of the nonlocality of theNN inter-
action, phenomenological ‘‘inside nonlocal, outside Yuka
~INOY! tail’’ 1S0 and 3SD1 ~this is a shorter notation fo
3S1-3D1) NN interactions were constructed in coordina
space and their effect on the triton binding energy was
vestigated@7–9# . The advantage in working in coordina
space is that the range of the locality and the nonlocality
explicitly controlled. It is vital, since a fundamental proper
of the NN interaction is that it is a short-range interactio
~i.e., in coordinate space at long range it decreases a
exponential function!. The aim was to find such nonloca
forms which reproduce the triton binding energy at the sh
est possible range of nonlocality. The basic additional
quirement on the constructed INOY interactions is,
course, that they must reproduce the knownNN phase shifts
@10# and the deuteron properties. An earlier separable fo
of the nonlocal part was changed to a more general
smoother nonseparable form.

The chosen shape of the nonlocality and the constru
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interactions are described in Sec. II. The method of the tri
calculations and the effect of the INOY interactions on t
binding energy are given in Sec. III. The summary and c
clusions are given in Sec. IV.

II. INOY NN INTERACTIONS

Although it is possible to define a nonlocal form which
large distance becomes a local Yukawa tail, in numeri
calculations the handling of such a form would be extrem
difficult. Therefore an explicit separation of the interactio
into local and nonlocal parts was chosen:

Vll 8
f ull

~r ,r 8!5Wll 8~r ,r 8!1d~r 2r 8!Fll 8
cut

~r !Vll 8
Yukawa

~r !,
~1!

where

Fll 8
cut

~r !5H 12e2[a l l 8(r 2Rll 8)] 2
for r .Rll 8 ,

0 for r<Rll 8 ,
~2!

andWll 8(r ,r 8) andVll 8
Yukawa(r ) are the nonlocal part and th

Yukawa tail ~as it is defined in the Argonnev18 potential
@6#!, respectively.

The threshold behavior of the nonlocal part is separat

Wll 8~r ,r 8!5S b l r

A11b l
2r 2D l

W̃ll 8~x,x8!S b l 8r 8

A11b l 8
2 r 82D l 8

,

~3!

where

x5
gr 2

A11g2r 2
.

The W̃ll 8(x,x8) term is parametrized in the following way:
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TABLE I. Parameters of the INOYnp andnn 1S0 interactions.

ISA ISB ISC ISD

R00 (fm) 2.0 2.0 2.0 2.0
a00 (fm21) 2.0 2.0 2.0 2.0
y00 (fm) 2.0 2.0 2.0 2.0
V0 (MeV fm23) 2240.3 2302.0 2308.1 2480.7
a0 (fm21) 2.298 2.351 2.507 3.050
a08 (fm21) 1.725 2.000 2.232 2.869
x0 (fm) 0.0 0.0 0.0 0.0
x08 (fm) 1.043 1.103 1.215 1.300
V00

i (MeV fm23) 8108.0 8175.0 8349.0 7679.0
2231.480 2121.013 288.1928 2102.247

20.8785 20.8812 20.8744 21.420
V00

2 (MeV fm23) for nn 2224.247 2115.096 283.2243 296.6726
b00

i (fm21) 1.553 1.602 1.673 1.727
1.685 1.754 1.965 3.494
0.5000 0.5000 0.5000 0.414

c00
i (fm21) 1.604 2.008 2.356 1.987

1.927 1.806 1.327 0.3091
0.5000 0.5000 0.5000 0.600

z00
i (fm) 0.0 0.0 0.0 0.0

0.6000 0.6488 0.6728 0.700
1.500 1.500 1.500 1.000
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W̃ll 8~x,x8!5e2[all 8F(y,yll 8)(x2x8)] 2

3Fd l l 8Vl$e
2[al (x2xl )]

22[al8(x82xl8)] 2

1e2[al (x82xl )]
22[al8(x2xl8)] 2

%1~12d l l 8!

3$V10e
2[a1l (x2x1l )]

22[a1l 8(x82x1l 8)] 2

1V20e
2[a2l (x2x2l )]
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1(
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nll 8

Vll 8
i e2[b

ll 8
i

(x1x822z
ll 8
i

)] 22[c
ll 8
i

(x2x8)] 2G ,

~4!

where

F~y,yll 8!5H y/yll 821 for y.yll 8 ,

0 for y<yll 8 ,
y25x21x82.

To satisfy the required symmetry of the interaction t
following conditions must be fulfilled:

all 85al 8 l , yll 85yl 8 l , Vll 8
i

5Vl 8 l
i ,

bll 8
i

5bl 8 l
i , zll 8

i
5zl 8 l

i , cll 8
i

5cl 8 l
i .

The introduction of thex,x8 variables assures an eve
behavior of the potentialW̃ll 8(x,x8) to the r→2r or r 8
→2r 8 transformation. Therefore at the origin of thre
dimensional coordinate space the derivative exists.
05400
It has to be emphasized that within this framework t
central parts of the INOY interactions already include t
diagonal part of the tensor force~contrary to the usual for-
mulation of local potentials!.

The first terme2[all 8F(y,yll 8)(x2x8)] 2
of formula ~4! was

chosen to secure the cutoff of the nondiagonal part of
interaction at largerr ,r 8 values. The first terms inside th
squared brackets~outside the sum! are the off-diagonal cen
tered terms. The second term~i.e., the sum! contains the
diagonal centered terms: these terms have their maxim
absolute values on ther 5r 8 diagonal and decrease with in
creasingur 2r 8u values.

Since the1S0 and 3SD1 interactions play a dominant rol
in binding the triton, and since the local or nonlocal charac
of the higher partial-wave components of theNN interaction
has no considerable effect on the triton binding energy@7#, at
present only1S0 and 3SD1 INOY interactions were con-
structed.

Some parameters were fixed for all potentials. These
b l5g52.0 fm21 and a l l 851.0 fm21. The cutoff param-
eterRll 8 for the Yukawa tail is chosen in most cases to be
fm, which seems to be rather large.R0051 fm is an accept-
able choice for theS-wave interactions; however, a low deu
teronD-state probability requires a higherRll 8 value. There-
fore except for one case~ITA 3SD1 force! an Rll 852 fm
value is used. This means that suppression of the Yuk
tail starts at 4 fm and it turns to zero at 2 fm. Correspon
ingly, the nonlocality stretches out to the 3–4 fm region~al-
though at 4 fm it is already very small!. The overlap region
of the local and nonlocal parts of the interactions is theref
the 2–4 fm region.
4-2
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TABLE II. Parameters of theS-wave part of the INOY3SD1 interactions.

ITA ITB ITC ITD ITE ITF

R00 (fm) 1.0 2.0 2.0 2.0 2.0 2.0
a00 (fm21) 1.5 2.0 2.0 2.0 2.0 2.0
y00 (fm) 1.5 2.0 2.0 2.0 2.0 2.0
V0 (MeV fm23) 2242.6 2253.0 2258.1 2264.3 2151.1 2100.0
a0 (fm21) 2.938 2.873 2.790 2.497 2.473 2.744
a08 (fm21) 2.176 1.804 1.811 2.262 2.543 2.773
x0 (fm) 0.0 0.0 0.0 0.0 0.0 0.0
x08( f m) 1.200 1.050 1.050 1.050 1.000 1.000
V00

i (MeV fm23) 9094.0 9529.0 9512.0 8488.0 9184.0 8547.0
2119.993 2235.533 2245.815 2149.037 2190.600 2257.249

20.8660 20.7290 20.7271 21.133 21.154 21.168
b00

i (fm21) 1.712 1.760 1.748 1.739 1.746 1.748
1.469 1.878 1.858 1.699 1.497 1.507
0.5500 0.4391 0.4437 0.5000 0.5044 0.50

c00
i (fm21) 1.671 1.809 1.840 2.003 1.853 0.987

0.9988 1.670 1.657 1.398 1.295 1.509
0.8000 0.5059 0.5006 0.7000 0.7000 0.70

z00
i (fm ) 0.0 0.0 0.0 0.0 0.0 0.0

0.4858 0.6000 0.6000 0.6523 0.6214 0.61
1.400 1.200 1.200 1.200 1.193 1.189
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Following the experience gained by the application o
separable form of the nonlocalNN interaction earlier@7#,
forms which produce higher zero-energy singlet or deute
S-state wave functions at short distance~similarly to the
wave functions of the Bonn potentials@2,4#! were selected.
For this requirement a strong off-diagonal attraction has
be built into the nonlocal potentials. The terms outside of
sum of formula~4! represent this off-diagonal part. The ce
ter of this attractive off-diagonal part was kept atr 50 (x0
50.0 or x0150.0) which is not unconditionally necessar
This type of the off-diagonal term is suppressed by
threshold behavior forlÞ0 values; therefore it is not prese
in the higher partial-wave components of the interactio
(V250.0 andV2050.0).

A technical remark: usually four digits are given for th
parameters, and the calculations are insensitive to a b
accuracy. However, theV00

2 values are used for the fine
tuning of the singlet scattering length and the deuteron b
ing energy; therefore here more digits are required.

To compare the results provided by INOY interactio
with those of a a local potential, the Argonnev18 potential
@6# was chosen as a reference local potential. However,
electromagnetic terms were omitted and small correctio
Gaussian terms were added in the inside region~at 0.8 fm for
the 1S0 and at 1.5 fm for the3S1 potential! in order to
reproduce thenp, nn scattering lengths and the deuter
binding energy. This reference Argonne potential is deno
as ARG throughout the present paper.

Four 1S0 and six 3SD1 interactions were constructed an
labeled as ISA, ISB, ISC, ISD and ITA, ITB, ITC, ITD, ITE
ITF, respectively. Their parametrization is shown in Tab
I–IV. All of these interactions fit the Nijmegen phase shi
@10# with high accuracy, and therefore they are nearly o
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shell equivalent ~together with the Argonnev18 and
Bonn-CD @4# potentials!.

The INOY 1S0 interactions differ mainly in the short
distance behavior of the zero-energy wave functions~nor-
malized to 1 atr 55 fm). The np zero-energy INOY1S0

wave functions are shown in Fig. 1. The scattering leng
and effective ranges~Table V! are practically the same for a
of the INOY 1S0 interactions and coincide with those of th
reference Argonnev18 potential ~although the effective
ranges are slightly different!. The np INOY interactions
were fitted; the parametrizations of thenn interactions are
the same, except for theV00

2 values, which were adjusted t
thenn scattering length of the Argonne potential. These v
ues ofV00

2 for thenn pair are shown in a separate line~Table
I!.

There are two groups of the INOY3SD1 interactions: in
the first one the deuteronD-state probability is varied, while
the short-distance deuteronS-state wave function was kep
high. These are the ITA (PD55.38%), ITB (PD54.20%),
ITC (PD53.90%), and ITD (PD53.60%) interactions; the
deuteronS-state wave functions produced by them are sho
in Fig. 2. In the second group the deuteronD-state probabil-
ity is kept the same (PD53.60%) and the short-range deu
teron S-state wave function is varied. These are the IT
ITE, and ITF interactions and their deuteronS-state wave
functions are shown in Fig. 3. The deuteron and low-ene
properties produced by the Argonne and INOY tensor int
actions are listed in Table VI.

The fit of the ITA interactions was not too difficult with
shorter range of nonlocality~the Rll 8 and yll 8 values are
smaller!, because the deuteronD-state probability was al-
lowed to be higher~it was not fitted to a given value!. How-
4-3
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TABLE IV. Parameters of theD-wave part of the INOY3SD1 interactions.

ITA ITB ITC ITD ITE ITF

R22 (fm) 1.0 2.0 2.0 2.0 2.0 2.0
a22 (fm21) 1.5 2.0 2.0 2.0 2.0 2.0
y22 (fm) 1.5 2.0 2.0 2.0 2.0 2.0
V2 (MeV fm23) 0.0 0.0 0.0 0.0 0.0 0.0
V22

i (MeV fm 23) 6000.0 4679.0 4876.0 5010.0 5169.0 5172.0
339.0 366.2 360.8 435.3 397.0 394.9

1.959 15.53 15.96 20.36 20.81 21.14
0.8488 0.8344 1.650 1.685 1.697

b22
i (fm21) 1.500 1.117 1.100 2.000 2.000 2.000

1.76 2.039 1.960 1.433 1.443 1.444
1.017 0.9533 0.9215 1.247 1.255 1.252

0.7613 0.8015 0.9000 0.9076 0.910
c22

i (fm 21) 2.500 1.648 1.652 2.000 2.000 2.000
2.000 0.6183 0.6337 1.605 1.574 1.585
1.500 1.752 1.718 1.705 1.714 1.719

0.9111 0.9084 1.100 1.100 1.100
z22

i (fm ) 0.0 0.0 0.0 0.0 0.0 0.0
0.7182 0.7000 0.7000 0.6900 0.7000 0.70
1.382 1.300 1.300 1.300 1.300 1.300

2.000 2.000 2.000 2.000 2.000

TABLE III. Parameters of the tensor part of the INOY3SD1 interactions.

ITA ITB ITC ITD ITE ITF

R02 (fm) 1.0 2.0 2.0 2.0 2.0 2.0
a02 (fm21) 1.5 2.5 2.5 2.5 2.5 2.5
y02 (fm) 1.5 2.5 2.5 2.5 2.5 2.5
V10 (MeV fm23) 0.0 0.0 0.0 2141.6 2150.0 2150.0
a10 (fm21) 2.085 2.000 2.000
a12 (fm21) 1.230 1.250 1.250
x10 (fm) 0.0 0.0 0.0
x12 (fm) 1.000 1.000 1.000
V20 (MeV fm23) 0.0 0.0 0.0 0.0 0.0 0.0
V02

i (MeV fm23) 216930.0 24713.0 25236.0 23477.0 23576.0 23583.0
2369.1 2178.6 2151.0 263.16 257.09 257.75

28.951 216.56 213.39 28.579 28.142 28.444
22.085 21.966 24.966 24.925 24.950

20.6651 20.6596 20.6557
b02

i (fm21) 2.000 1.582 1.640 1.785 1.922 1.921
1.418 2.162 2.073 2.029 2.070 2.039
0.8093 1.282 1.450 1.632 1.579 1.566

0.6781 0.7075 0.9915 0.9717 0.972
0.7000 0.7098 0.7080

c02
i (fm21) 2.000 0.5425 0.4913 1.009 0.9822 0.97

1.411 0.5577 0.4840 0.4694 0.4700 0.46
1.218 0.7041 0.4821 0.4934 0.4945 0.49

1.285 0.7974 0.6596 0.6627 0.661
0.9000 0.9000 0.9000

z02
i (fm ) 0.0 0.0 0.0 0.0 0.0 0.0

0.6487 7.0000 0.7000 0.7000 0.7000 0.70
1.300 1.300 1.300 1.100 1.100 1.100

2.000 2.000 1.600 1.600 1.600
2.400 2.400 2.400
054004-4
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ever, if the deuteronD-state probability was forced to b
lower, the Yukawa tail had to be cutoff at a larger distan
(Rll 852.0 fm) and longer-range nonlocality was necess
to fit other quantities~mostly the mixing parameters!. The
deuteron binding energy, the asymptotic normalizationAS ,
and the quadrupole momentumQD were fit to 2.224 575
MeV, 0.8848 fm21/2, and 0.275 fm2 values, respectively. Fo
the quadrupole momentum the 0.275 fm2 value was chosen
because the meson exchange current contribution of
pions increases this value near the experimental 0.2862

value. The other asymptotic normalization constantAD /AS
and the root mean square radiusr rms are results without any
fit.

It has to be noted that there seems to be a relation betw
the deuteronD-state probability (PD) and the asymptotic
normalization constantAD /AS . A decrease of the deutero
D-state probability leads to an increase of theAD /AS ratio
~see Fig. 4!. It was stated in Refs.@11,12# that the one-pion
exchange tail has a dominant effect on theAD /AS value.
Indeed, a higherAD /AS value at large distances means
lower D-state wave function in ther 53 –4 fm region. This
is the manifestation of the strong coupling between theS-
and D-state wave functions generated by the tensor fo

FIG. 1. Zero-energy1S0 wave functions. ARG denotes the Ar
gonne@5# potential, while ISA, ISB, ISC, and ISD denote differe
versions of the INOY potentials.

TABLE V. 1S0 nn and np scattering lengths and effectiv
ranges.

ARG ISA ISB ISC ISD

ann (fm) 18.487 18.487 18.487 18.487 18.487
r nn (fm) 2.839 2.801 2.801 2.801 2.801
anp (fm) 23.748 23.748 23.748 23.748 23.748
r np (fm) 2.696 2.680 2.679 2.679 2.680
05400
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Therefore a higherAD /AS value makes a lowerD-state prob-
ability feasible: the wave function in the internal region
suppressed. But this dependence is a tendency only; ther
important additional parameters to be described. In fact
Fig. 4 all the INOY interactions are nearly on a comm
line, while the Argonnev18 and Bonn-CD interactions ar
below this line. The reason could be the lower value for
quadrupole momentum (0.275 fm2 for the INOY interac-

FIG. 2. DeuteronS-state wave functions. ARG denotes the A
gonne@5# potential, while ITA, ITB, ITC, and ITD denote the dif
ferent versions of the INOY potentials.

FIG. 3. DeuteronS-state wave functions. ITD, ITE, and ITF
denote different versions of the INOY potentials with the sa
deuteronD-state probability (PD53.60%).
4-5



inter-

82
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TABLE VI. Deuteron properties, triplet scattering lengths, and effective ranges given by different
actions.

ARG ITA ITB ITC ITD ITE ITF

«D (MeV) 22.22458 22.22458 22.22458 22.22459 22.22457 22.22457 22.22456
PD (%) 5.764 5.381 4.202 3.899 3.604 3.601 3.600
QD (fm2) 0.2699 0.2746 0.2748 0.2747 0.2747 0.2752 0.2751
AS (fm21/2) 0.8851 0.8849 0.8849 0.8849 0.8849 0.8849 0.8848
AD /AS 0.02509 0.02571 0.02636 0.02658 0.02678 0.02682 0.026
r rms (fm) 1.9674 1.9666 1.9654 1.9652 1.9655 1.9658 1.9660
at (fm) 5.4192 5.4190 5.4190 5.4190 5.4190 5.4190 5.4190
r t (fm) 1.7532 1.7538 1.7533 1.7534 1.7538 1.7539 1.7540
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tions and 0.270 fm2 for the Argonne and Bonn-CD poten
tials!, since the Bonn OBEPQ and OBEPR potentials wh
produce aQD50.274 fm2 lie on the line of the INOY inter-
actions~although these potentials are different in the se
that they do not fit the Nijmegen phase shifts!. It indicates
that the dominant parameter which labels thePD2AD /AS
nearly linear dependence is the quadrupole momentum.

III. TRITON CALCULATIONS

The Faddeev code which was used for solving the bo
state problem is based on a separable expansion of the
body interactions; therefore a sufficiently accurate separ
expansion of the ARG and INOY interactions was co
structed using the Ernst-Shakin-Thaler~EST! @13# method.
To check the effect of the pole terms on the triton bindi
energy, rank-1 separable expansions were made atE1
50.0 MeV and atE15«D'22.22475 MeV for the1S0
and 3SD1 interactions, respectively; i.e., the unitary pole a
proximation@14# was constructed. Otherwise the EST expa
sions were performed at zero and negative energy val

FIG. 4. Dependence of the asymptotic normalization cons
AD /AS on the deuteronD-state probability.
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The on-shell momentum values for the expansion were c
sen as the square root of the absolute values of the en
points.

The necessary accuracy of the separable expansion o
original NN interactions was reached with a rank-5 expa
sion for the 1S0 , 1P1 , 3P0 , 3P1 , 1D2, and 3D2 interac-
tions, rank-11 expansion for the3SD1 interaction, rank-10
expansion for the3PF2 and 3DG3 interactions, and rank-4
expansion for the1F3 , 3F3, and 3F4 interactions. The effect
of the G-wave interactions were checked with rank-41G4

and 3G4 and rank-3 3G5 expansions. Besides these sep
rable expansions rank-41S0, rank-9, and rank-153SD1
separable expansions were also constructed for checking
accuracy. The EST energy points for the different inter
tions are shown in Table VII.

The dependence of the triton binding energy on the
cluded partial-wave components is shown in Table VI
Since the effect of theG-wave interactions is very small, th
binding energy values are accurate up to three digits with
them. The triton binding energy produced by the Argon
v18 potential ~although the potential is slightly modified!
agrees very well with the reported values~7.62 MeV in Ref.
@4# or 7.61 MeV in Ref.@15#!.

The triton binding energies for the different1S0 ~ARG,
ISA, ISB, ISC, and ISD! and 3SD1 ~ARG, ITA, ITB, ITD,
ITC, ITD, ITE, and ITF! interactions in the presence of th
ArgonneP-, D-, andF-wave interactions~but note that the
F-H coupling is neglected! are shown in Table IX.

It is evident that the chosen nonlocality of the1S0 and
3SD1 interactions produces the correct triton binding ene
only together. The first row~the 1S0 interaction is the Ar-
gonne one! or the first column~the 3SD1 interaction is the
Argonne one! of Table IX clearly shows an underbound tr
ton. The calculations with the Argonne3SD1 interaction
produce nearly the same results for local or nonlocal1S0
interactions~the first column of Table IX!. The situation is
different if the local1S0 interaction is fixed~first row of the
Table IX!: there is a variation of the triton binding energ
due to the different deuteronD-state probabilities of the dif-
ferent interactions, although the best result is nearly half
MeV less than the experimental value.

The situation changes significantly if both1S0 and 3SD1
interactions are nonlocal, although the different INOY1S0
interactions have varied effect. Depending on the deute

nt
4-6
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TABLE VII. Energy points of the EST separable expansions. For tensor forces the energy poin
doubled, except for the bound-state energy («D) point.

Ei (MeV)

Rank-4 ARG1S0 0 220 2120 2300
Rank-5 ARG1S0 0 215 250 2150 2350
Rank-4 INOY 1S0 0 230 2120 2500
Rank-5 INOY 1S0 0 215 250 2125 2500
Rank-9 3SD1 «D 220 260 2130 2350
Rank-113SD1 «D 0 220 260 2130 2350
Rank-153SD1 «D 0 220 250 290 2150 2250 2500
Rank-5 1P1 0 212 255 2125 2250
Rank-5 3P0 0 210 230 290 2250
Rank-5 3P1 0 215 250 2125 2250
Rank-103PF2 0 210 230 2100 2300
Rank-5 1D2 0 220 275 2250 2800
Rank-5 3D2 0 220 260 2150 2400
Rank-103DG3 25 220 250 2150 2400
Rank-4 1F3 0 230 2100 2300
Rank-4 3F3 and 3F4 0 225 280 2200
Rank-4 1G4 and 3G4 0 225 275 2160
Rank-3 3G5 0 225 2100
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D-state probability produced by the different INOY3SD1
interactions, the increase of the singletS-state zero-energy
wave function at anr 50 value~see Fig. 1! slightly increases
the triton binding energy. However, this is not a one-to-o
correspondence: the maximum of the triton binding ene
with the ITA interaction is reached with the ISB interactio
while the maximum with the ITD interaction is reached wi
the ISD interaction~this is the maximum value of the trito
binding reached with these interactions!.

The triton binding energy depends on the deuteronD-state
probability in a well-defined, characteristic way~see Fig. 5!.
There are two different curves: the lower one is produced
the Argonnev18

1S0 potential, the upper one by the INOY
1S0 and 3SD1 interactions simultaneously. It has to be not
that the triton binding energy produced by the Bonn-CD p
tential @4# lies on the curve given by the INOY interaction

The fact that the triton binding energy is predominan
determined by the zero-energy1S0 and the deuteron boun
state wave functions is demonstrated by using a simple
tary pole approximation~UPA! model @14# for the 1S0 and
3SD1 interactions. In this model the form factors of th
rank-1 separable interactions are those of the the pole te
~for the singlet interaction the zero-energy wave funct
produces nearly the pole term because the virtual bound
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pole is in the vicinity of the zero-energy value!. Performing
the triton calculations with these rank-1 separable inter
tions, the basic features of the results~see in Table X! are
practically the same as those obtained with the full inter
tion. It is not a new result~e.g., @16#!, but it was forgotten
when the separable expansion method was abandoned
more accurate handling of the full realisticNN interactions.

IV. SUMMARY AND CONCLUSIONS

The assumption of nonlocality itself does not solve t
triton binding energy problem. A wide variation of nonloc
potentials can be constructed without having a noticea
effect on the binding. To be able to reproduce the corr
triton binding energy without an additional 3N force, a spe-
cial set of phenomenological INOYNN interactions had to
be constructed. It was found, however, that at least for
present interactions a price had to be payed for it:~i! the
Yukawa tail, especially the tensor part, had to be cut off a
relatively far distance~between 2 and 4 fm! and conse-
quently a long-range~up to 3–4 fm! nonlocality had to be
used, and~ii ! a strong off-diagonal attraction centered atr
50, r 8'1 fm had to be built in.

On the whole, the nonlocal interactions used to produ
TABLE VIII. Calculated triton binding energies~in MeV! for various includedP-, D-, F-, andG-wave
Argonnev18 interactions.

Rank-5 1S0, rank-11 3SD1

P, D P, D, F P, D, F,
P waves waves waves G waves

ARG 1S0 , 3SD1 7.446 7.383 7.615 7.618 7.624
ISA 1S0, ITD 3SD1 8.614 8.433 8.488 8.488 8.490
4-7
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the correct triton binding energy have a relatively simp
form: from an attractive nonlocal sea a strong short-ra
nonlocal repulsion emerges near the origin.

Before a more detailed discussion of the results it ha
be emphasized again that all of the interactions used or
ferred to in the present work~Argonne, Bonn-CD, INOY!
are practically on-shell equivalent, since all of them fit t
Nijmegen phase shifts. Therefore the effect of the nonlo
interactions on the triton binding energy is an effect of t
different off-shell properties of these interactions as co
pared to the off-shell properties of the local potentials.

The results~Table IX! allow one to make a cautious qua
titative statement: in the presented model roughly half of
missing binding energy of the triton, as compared to the lo
potential model, comes from the low~3.6%! deuteron
D-state probability~the largest triton binding with the ARG
1S0 interaction is 8.034 MeV with the ITE tensor force!, and
the other half comes from the structure of theS-state wave
functions. These features both are connected with the no
cality of the interactions.

FIG. 5. Dependence of the triton binding energy on the deute
D-state probability. ThePD values define the applied tensor forc
~see Table VI!, except forPD53.60%. Here the ITD interaction is
used.

TABLE IX. The calculated triton binding energies~in MeV!
with the inclusion of theS-, P-, D-, andF-wave interactions. The
P-, D-, andF-wave interactions are the Argonnev18 potentials.

3SD1

ARG ITA ITB ITC ITD ITE ITF

ARG 7.618 7.681 7.878 7.936 8.015 8.034 8.0
ISA 7.632 7.871 8.255 8.361 8.488 8.473 8.4

1S0 ISB 7.603 7.874 8.279 8.390 8.524 8.502 8.4
ISC 7.566 7.863 8.287 8.402 8.542 8.514 8.4
ISD 7.535 7.846 8.283 8.401 8.547 8.513 8.4
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For separable potentials the dominant dependence of
triton binding energy on the deuteronD-state probability has
been known for more than 30 years@17#, and a similar de-
pendence seems to be valid for the INOY interactions and
the Bonn potentials too. At least, the position of t
Bonn-CD potential on the triton binding energy versus de
teronD-state probability plot~Fig. 5! strongly supports this
statement. The low triton binding energy of the localNN
interaction also fits into this picture, since all of these pote
tials produce a deuteronD-state probability higher than 5%
which seems to lead inevitably to an underbound triton.

All of the sensitivity of the triton binding energy to th
off-shell properties of theNN interactions is rooted in the
pole terms~the deuteron bound state and the zero-ene
singletS-state form factors!. This is true for all combinations
of the presently used interactions~see Table X!: in all cases
already the pole terms approximately determine the bind
energy. In this way the strong correlation between the pr
erties of these pole terms~for example the sensitivity to the
deuteronD-state probability! and the triton binding energy
can be understood.

It is interesting to note without a plausible explanati
that the effect of the higher partial-wave components of
NN interaction is different for the local Argonne and for th
nonlocal INOY interactions~see Table VIII!. The mostly re-
pulsiveP-wave interactions have a significantly larger effe
in the case of INOY interactions, while the attractiveD-wave
interactions have a larger effect in the case of the Argo
potential. As a consequence, the overall effect of theP-, D-,
F-, andG-wave interactions is attractive for the Argon p
tential, while it is repulsive for the INOY interactions. It wa
shown@7# that the same effect arises if theP- and D-wave
interactions are also changed to nonlocal ones.

The nonlocality range of the INOY interactions is muc
larger than nowadays commonly accepted. On the o
hand, at present no convincing information seems to e
about the allowedr-space range for the nonlocality. If th
complete one-pion exchange contribution to theNN interac-
tion is already nonlocal@4#, then nonlocality in the region o
the two-pion exchange is perhaps not entirely infeasible.

In the presented work an attempt was made to de
those features which allows the reproduction of the trit
binding energy without the introduction of three-nucle
forces. It seems to be evident that for this purpose a nonlo
NN interaction is necessary, because~i! the low deuteron
D-state probability required for the correct triton binding e
ergy could not be produced with a local potential@3,15# ~pro-

n

TABLE X. Calculated triton binding energies~in MeV! with
rank-1 1S0 and rank-13SD1 interactions.

3SD1

ARG ITA ITB ITC ITD ITE ITF

ARG 7.638 7.840 8.064 8.116 8.165 8.147 8.12
ISA 7.744 7.986 8.300 8.375 8.448 8.425 8.40

1S0 ISB 7.744 7.989 8.300 8.390 8.467 8.443 8.41
ISC 7.739 7.986 8.310 8.397 8.478 8.454 8.4
ISD 7.732 7.981 8.311 8.399 8.483 8.459 8.42
4-8
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vided the knownNN data have to be also reproduced!, and
~ii ! the zero-energy singlet and deuteronS-state wave func-
tions at smallr values have to be enhanced, which is possi
only with a reasonably strong off-diagonal attraction of
nonlocal interaction. All other tested nonlocality structur
~which does not mean that all possible ones were tes!
were unable to reproduce the triton binding energy.

It is clear that the nonlocal interactions have to
checked in other processes too. For example, the electrom
netic properties of the deuteron can be studied. Also, the
a feature of the INOY interactions which indicates that
earlier discussion has to be reopened: the connection o
deuteronD-state probability and theAD /AS ratio ~see Fig. 4!
indicates that a high value forAD /AS is preferable. There
were analyses@18# which predicted thisAD /AS value; nev-
ertheless, later the value of Ref.@19# was accepted. This
lower value is more acceptable for the local potentials, wh
all produce a high deuteronD-state probability.

The results of this work do not prove that theNN inter-
action must have the proposed form and that 3N force does
not exist. Although the INOY interactions are purely ph
nomenological ones~except for their Yukawa tail!, some of
v

. J

. C

J

s.
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their properties seem to be similar to those of the Bonn
tentials:~i! the deuteronS-state wave functions of the Bon
OBEPQ potential@2# and of the Bonn-CD potential@4# are
also enhanced at a small distance, and~ii ! the triton binding
energy produced by the Bonn-CD potential lies on the sa
line in the binding energy versus the deuteronD-state prob-
ability plot ~Fig. 5!. Therefore it is quite possible that th
proposed phenomenological potentials belong to the s
family where the Bonn potentials are. Using coordina
space makes the extent of the nonlocality visually more c
trolled; nevertheless, one has too much freedom defining
potentials and the connection to a more sound theore
base can be lost. Still, using this freedom the requiremen
a low deuteronD-state probability was found. It is an ope
question whether the Bonn model is able to lower even f
ther the deuteronD-state probability or whether such an a
tempt leads to unrealistic parameter values.
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