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THREE-BODY FORCES

J. L. Friar
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT .

Three-body forces are defined and their properties discussed.
Evidence for such forces in the trinucleon bound states ard scatter-
ing reactions is reviewed._, The binding energy defects of the tri-
nucleon bound states, the “Ho charge density, the Phillips line for
doublet n-d scattering lengths, and three-nucleon breakup reactions
are discussed, together with the possible influence of three-body
forces on these observables.

INTRODUCTION AND DEFINITIONS

Traditionally, nuclear physics has attempted to describe the
nucleus as a collection of nonrelativistic nucleons interacting via
two-nucleon forces.! These forces depend on the coordinates (and
possibly momenta), as well as spins and isospins, of only two nucle-
ong. This is a tremcadous simplification which has no theoretical
justification, other than a rough consistency between predictions of
the theoretical (two-body) models and experiments. 1 use the word
"rough'" purpoesefully, bhecause a serious impediment to the advance-
ment of nuclear theory has be:n the general inability to calculate
accurate nuclear wave functions for realistic nucleon-nucleon poten-
tial models. Any luck of consistency between theory and experiment
i usually blamed on "poor structure calculations",

The few-nucleon systems, on the other hand, have traditionally
been o testing ground for new ideas because our ability to solve the
Schreodinger equation is greatest for these simple cases. Although
variational technfques have long been used to obtain wave functions
and energy eigenvalue bounds, the real impetus in this field was the
seminal work of Faddeev. 2 Originally designed to handle the bound-
arv conditions in scattering problems, Faddeev's approach to solving
the Schrodinger equatfon has been very successful in treating Lound
states as well., Ceomputational sophistication has improved dramatic-
ally in the past decade, to the point where we can experimentally
challenge predictions of the standard two-body models.3 8

if this challenge proves unsuccessful, to what cause caun the
blame be Iasd? This is always a difficult question tas answer, be-
cauge  there osre mapy oncervainties in the traditional nuclear
phvsics approachk to calculating ohservables. The major poswsible ur-
certuinties are threefold:

1. Three~-body forces exist which depend on the simeltancous
pesitions, momenta, upins, and isospinsg of three-nucleons;

2, The effect of relativity {8 non-negligible, and relativ-
istic corrections ar~ important;



3. The meson degrees of freedom and nucleon substructure make
important contributions to observables.

It should be borne in mind that these 3 categories are not distinct;
there is considerable overlap and in some cases the boundaries
between them are completely blurred.

We will concentrate our attention on the first category. The
definition of a three-body force giver above seems obvious, but is
incomplete. We must have some way of distinguishing 2 successive
two-body forces between 3 objects and a real three-body ferce. Our
working derinition for the purpose of tlis talk will be: Forces
which depend on the simultaneous coordinates of 3 nucleons, when
only nucleon degrees of freedom are taken into account. The latter
caveat is required, because there are few three-body force compo-
nents which are in any sense ''fundamental'; that is, it is possible
and proper to disagree whether certain forces are three-body in
nature or a complication two-body force situation.
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Figure 1. Various physical wsitustions which lead to three-body
forces.

The {1lustration above depicts 4 gituations which can be under-
stood as mediated by three-hody forcea. Figure (la) {llustrates 2
clectrons interacting with a polarizable nuclens by means of Coulomb
forces. T1f one chooses to treat the nucleus as an elemeilary parti-
cle, the force {6 a three-body force. If we agrer tn treat the
nucleon degrees of frecdom in the nucleus, o microrcope pointed at
that nucleus would reveal that the electrons were interacting with
the nucleons via purely two-body forces. Thus this atomic physics
conundrum i8 resotved by the answer to the question: Do we treat
the nucleus an a "frozen" swtru-tuveless objert oy as a collection of
micleons? Fignre (1b) il1lvw’raten a clagsic wituation, the three-
electron force.® The middle eledtron s imeracting via photon



exchange with the outer pair of electrons. The central eleciron
accomplishes this by emitting a photon, creating an electron-
b ron pair, and tnen annihilating the positron on the remaining
ele -on 1<ne, which emits another phcton. Everyoane would agree
that e lepton pair part of the diagram is special, and that without
it we .»uld be dealing with repeated two-body forces. On the other
hand, a : ‘lativistic calculation which uses Dirac wave functions for
the elect ons and two-body forces would include this process in a
natural way. In a nonrelativistic treatment, Figure (1b) depicts a
three-body force; in a relativistic treatment, it is simply two
two-body forces. Figure (1c) depicts a meson exchange current in a
deuteron, "seen" by a photon from a passing electron.!® This is the
closest thing to a '"fundamental" three-body force that I know.
Figure (1d) is relevant to our real interest. A neutrcn emits a
pion which strikes a proton, turning it into an excited state (N*),
which decays by emitting a pion, Jater absorbed by another proton.
Is this a three-body force? It is according to our definition. It
is not, however, considered as such in calculations!? which include
N*'s in the nuclear wave function as identifiable components.

Thus, "freeziung out" degrees of freedom always leads to three-
body forces: in Figure 1(a), the nucleus; in (b), the negative-
energy wave function components of the electron; in (c), the pion;
in (d), the nrucleon substructure (N*). I have spent too much time
defining three-body forces, but I have been at m:etings where the
experts have argued over such matters, leaving cveryone else con-
fused. We see, however, that the litmus test is simple: degrees of
freedom other than nucleons which are included in the nuclear wave
function don't lead to explicit three-body forces; freezing them out
produces such forces. Figure (1d) is a major (the major?) component
of the nuclear three-body force.

PROPERTIES OF THREL-RODY fORCES

Howcver we choose to define our three-body force, it will
depend on the coordinates of three nucleons, including spins, iso-
spins, etc. Thus, an ohvious restriction is that one needs at lcast
3 nucleons for ruch a force to minifest itself., We will concentrate
on the three-nucleon system, for reasons stated ecartier. The co-
ordinates of such a system are depicted in Figure (2); two dis-
tances, x and y, and one angle, 0, are required to complietely
specify the relative orientation of the three nucleons.  The most
important of these coordinates for our purposes is 0, It is
entirely reasonable, even probable, that a threc-body force vould
depend on this coordinate. 1t could, for example, be ropulsive when
the nucleons are in o Tiuear configuratiyon (00 or n) and attractive
when the configuration is isosceles (0=n/2). Thus, a three~body
force can select particular three-vody configuraticns, diminishing
some and enhancing others.  The force will obviously depend on x and
y, and the example shown in Figure (1d) depends fn an essentinl way
on spin and isospin. This means that the nanifestations of such a
force in the three-nucleon system and in nuclear matter coula be



very different, indeed, oppcsite!

X

Figure 2. Coordinates of the three-body problem.

The scales ol three-body forces are best illustrated by two ex-
amples. The threc-electron force (and possibly the first three-
nucleon force) was develeped many years ago by Primakoff and
Holstein,®? and corresponds to the diagram (1b). It is relatively
casy to calculate the force if one remembers that the electro-

magnet ic &2 term in the nonrelativistic Hamiltoniar, (;'EK/C)Z/ZE =
p2/2m -0K°;/mc+32K2/2mcz, is Jdue to the viriuzl electron-positron
"pair." Thus the force w¢ wish is ohtained by cennecting the Xz -
vertex to two K-B vertices with photons. Schematically, this force
behaves as V: ;zlmlc‘, where VC ic tie ordinary Coulomb potential

betweern two electrons.  The force is momentum-dependent, and very
weak in most circumstances heocause of the 1/c* facvor; it is a
second-order relativistic correction and most atoms are basically
nonrelativistic To the hest of my knowledge, 1t has never been
scen experinenially,

The most popular of the three-nucleon forcea is the Tucson
force, '3 which continues a tialition of naming recent forces after
citieg (Paris, Bona, Giaz, etc.). This force is purely two-pion-
exchange, the longest-ranged component of the total force. Ils con-
struction was motivited by the following argument: (1% As 11lus-
trated in Figure (1d), the primary ingredient of the two-pion-
exchange-three-body-force  (2PE3BF) {8 the off-xhell pion-nreleon
scattering amplitude; (2) Cousiderable theoretical and experimental
information exists on this quantity from particle physics; (3) We
need to consider only s~ and p- wave n-N scattering, becaure Lhe



angular momentum barrier suppresses higher partia! waves. With
these ingredients and assumptions the Tucson force was constructed.

We wish to emphasize several aspects of this force, and similar
forces. Firstly, it is very spin dependent and isospin dependent
because the basic pion-nucleon ingredients are so dependent.
Secondly, it is momentum dependent, although there is some evidence
that the momentum-dependent terms are relatively unimportant.
Thirdly, although of one-pion-range in each pair of nucleons, it has
very strong short-range behavior which <ceems to dominate the
physics. Fourthly, it does not include the exchanges of other
mesons.

S€chematically, the Tucson force has the form V2/Mc2, where V
is the two-body one-pion-exchange potential and M is 'a mass which we
can take to be the nucleon mass. The form suggests a size ccsre-
sponding to a relativistic correction. Unlike the atomic case, the
nu’ lear three-body force should be appreciable.

It should be borne in mind that the construction oI such forces
is a theoretical exercise with limited experimental input. Hcw much
progress on the two-nucleon problem would have been made without
experimental input? A certain amount of cautior should be exercised
by allt

EVIDENCE FOR THREE-BODY FORCES IN BOUND STATES

One can argue that relativistic corrections in a nucleus should
be a few percent on the average.!*® In the trinucleon system, the
total potential energy is cstimated to be 50-60 MeV.3 A few percent
of tnis wovld be on the order of 1 MeV. Of course, the kinetic
cnergy largely cnnce]g the potential cnergy, lraving a residue of
B.5 MeV binding for "H. Thus, a change of only a few percent in
potential energy would have an appreciable cffect on the binding
energy. Table 1 shogs the regvlts of recent calculations3'7'8'15 of
the properties of “He and "H using only two-body potentials agd
their comparison with experiment. The Qinding Lnergy refers to “H
only; the binding encrgy Jifference of "He and H is an interesting
and partly unrcsolved prohlem. The Reid Soft Core, Super-Soft Core,
Paris, and Argonne poetertials o1l underbind the triton by 1.0 - 1.3
MeV and have a correspondingly too large radius. While one cannot
be certain that the underbinding would not be eliminated by a judi-
ciously rearranged two-body petenti- it im a priori reasonable to
investigate other possibilities.

Another possibility is relativistic corrections!? to our non-
relativistic two-hady potentiai model. We have already seen Lhat
the three-hody ferces can be viewed in this light. Most calcula-
tions of the former effects find a small residue resulting from a
cancellation of the relativistic corrections to the kinetic and
potential energies. None of these calculations are sufficiently
definitive to rule oat the possibility thet relativistic corrections
te the two-body model are nnimportant.



TABLE I. Comparison of calculated trinucleon properties vs.
experiment. The four models correspond to the Reid Soft Core,

Supersoft Core (C), Paris and Argonne potentials. The radii
include the intrinsic sizes of the nucleons.

<r2>3 <rz>§ £
Model He H B
RSC 2.09 fm 1.83 fm 7.2 MeV
ssc(c) 2.00 fm 1.76 fm 7.6 MeV
Paris 2.02 fm - 7.4 Mev
Argonne (V14) 2.06 fm 1.81 fm 7.4 MeV
Expt. 1.86(3) fm 1.69(5) fw 8.5 MeV

Another possibility is that three-body forces are important and
account for the discrepancies in the trinucleon bound states. At
this time there exist five calculations®’'6°15716»17 ,5ing part or
all of the Tucson force and realistic two-body forces. Unfortun-
ately, ncne of the calculations are identical and none get the same
result. There is rough agreement that the azttractive p-wave part of
the Tucson force gives 1.0 - 1.5 MeV additional binding when recnm-
mended valuves of the coupling constants are used. The s-wave part
of the interaction, however, is repulsive and estimated to decrease
binding by 0.4-1.0 MeV. The net result varies from 0 to 1.3 MeV,
according to the calculations. Since the two-body force models,
calculational techniques, and approximations used to obtain these
numhers were quite different, it is not clear what the problem is. I
pcrsonally doubt that the two-body model makes that much difference,
but T have no precof of this assertion. These calculalions are very
different and resolution of the problem will come with time.

Another intcresting and controversial comparison is shown in
Fipure (3), which depicts the charge density of “He, with "experi~
mental" data, and densities calculated at Los Alamos!® using the
Reid Soft Core two-body potential with and without a Coulomb inter-
action bpetween Lhc twe protons. 1 use the word experimental
advisedly, =since considerable theoretical assumptions and extra-
polatio.s are vequired to extract this density from the experimental
data, The error bars are statistical only and are considerably
gmalier than the sum of the theoretical uncertainties. Neve:rthe-
less, the hole reflrrts:f longstanding probicm: the lack of theore-
tical strength in the "l charge form factor in the region of the
secondary maximum. The form factor F(q?) is simply the Fourier
transform of the charge density p(r), normalized to 1. Inverting
this relationship provides a way of calculating p(r) at any point.



In particular
2 .
plo) = % [ F(4?) q2dg (1)

The form factor is 1 if the momentum transfer q vanishes, decreases
to 0 as q? increases, becomes negative, turns around and approaches
G again. It is in the region of large negative values that theoret-
ical calculations have always been deficient. This region of q2
accounts at least qualitatively for the hole in p at the origin,
which follows from the structure of the integral in (1). Various
reasons have been advocated for this deficiency, including meson-
exchange currents and three-body forces. The former 1s an except-
ionally complicated business involving relativistic corrections,
which we will ignore.!%* The second explanation has a particularly
simple geometrical aspect, which has galvanized the theoretical
community. We will assume it is correct for the purpose of expos-
ition.

*He Point RSC5 Charge Density
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Figure 3. 3He charge density calculations vs. experiment.

Consider Figure (2) again. The coordinate r in p(r) is the
distance from one of the protons (taken to be the bottom nucleon on
the figure) and the center-of-mass of the system (the cross). Thus
we have the geometrical relationship: r=2y/3. Clearly, vanishing r
implies vanishing y, and this further implies a linear configuration
of nucleons. Our thecretical models have too much attraction for
such a configuration, implying two large a value { p(r). We need
to decrease this configuration, while increasing he binding, which
depends more on the isosceles configurations. A t.ree-nucieon force
can accumplish both these goals if it behaves as follows:



We need to Three-body force should be

A. Deplete linear configurations; Repulsive at 9=0,n;
B. Enhance isosceles configurations; Attractive rear 0=mn/2;
C. Inciease binding. Net attractive.

Tnis scenario is possible, and attractive from a theoretical view-
point. Time vill tell if it is correct or merely a chimera.

Three further aspects of the "hole" need to be discusted before
abandoning the topic. Although the hole locks very I%fge in Figure
(3), it requires less than 1% of the total ch.irge in “He to fill it
in completely. This is consistent with our rarlier estimate of thLe
size of the three-body force, and folluws from the presence of r? in
the volume element of integration. In addition, the hole has no-
thing to do with repulsion in the nucleon-nucleon force. The charge
density is actually an integral over the wave function, which has
the structure

p(r) ~ J- q’z(x:3r/2pe)d3x1 (2)

where we have replaced y by 3r/2 as indicated earlier. Moreover, it
is easy to visuvalize that for y=r=0, the wave function iz inde-
pendent of the variable 6. Figure (4) depicts the major component
(u) of the "He wave function for 8=0. The deep trough I call "death
valley" is due to the strong short-range repuision when two nucleons
try to overlap (y=x/2). The charge density p(0) is given by an
integral along the y=0 plane and is most strongly influenced by ihe
large structure in the vicinity of x=1.5 fm, which is near where the
nucleon-nucleon force is most attractive. Thus, "death valley” has
relatively little effect on p(o). Finally, the previously discussed
inconclusive calculations using the Tucson force find a small effect
on p(o).

Figure 4. Principal component of the 3He wave function calculated
Lsing the Reid Soft Core potential model.



EVIDENCE FOR THREE-BODY FORCES FROM SCATTERING

In principle, scattering processes should provide much more in-
formation than bound states in the search for evidence of three-hody
forces. In fact such evidence is lamentably scant, and is tied .n a
curious way to the bound state evidence.

If neutrons at vanishing energy are scattered from deuterons,
the scattering lengths are measured, of which there are two. The
deuteron spin of 1 couples to the neutron's spin 1/2 to form two
independent total spin combinations: quartet (3/2) aad doublet
(1/2). The quartet scattering length is large and influenced pri-
marily by the valuquf the deuteron binding energy. The doublet
scattering length 2 is small and strongly coupled in a somewhat
mysterious way with the corresponding values of the triton binding
encrgy. ® This feature is known as the Phillips line2?? and is
depicted in Figure (5), with 4 theoretical points?1’22 ysed to
generate the fitted line, and the one (uniitted) experimental point.
The triton binding energy defect that seems to be a universal
ffiiura of "realistic" two-body potential calculations means that
a is too large, since E_ is toco small. r ftever physics accounts
for the bindingz defect would also move a closer to the exper-
imental point, assuming that the Phillips line is indeed a universal
feature of doublet scattering lengths. Calculations by Torre,
Benaycun, and Chauvin® show that this general trend is followed wken
three-nucleon forces are included.
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In order to exploit the additional freedom one has in scatter-
ing, one should work at slightly higher energy. Frankly, I'm unot
sure what types of experiments should be performed. If the geo-
metrical feature of three-body forces we discussed earlier is
correct, perhaps experiments of the the type shown in Figure (6)
will show sensitivity to three-body forces. Figure (6a) depicte a
bound neutron (open circle) and proton (shaded circle) colliding
with a proton in the center-of-mass. Two possible final state
configurations are shown, with an isosceles scheme in {b) ond a
collinear one in (c). These processes should show some sensitivity
to three-body forces. Detailed calculations would be necessary to
make this argument convincing.

88— —o o— |~0<0 o~

(a) (b) (¢)

Figure 6. Various final state configurations from p+d scatterinyg.

Finally, it has been suggested?? that the small discrepancy be-
tween the neutron-neutron scattering lengths from the d(m ,y)2n and
d(n,2n)p reactions may result from *hree-nucleon force effects in
the final state of the latter reaction. This is an intriguing
speculation which also requires more detailed calculations.

CONCLUSIONS AND SUMMARY

It is obvious that much more work needs to be performed on this
rapidly developing area of investigation. Because of the inherent
limitations of purely theoretical efforts to understand hadronic
physics, our approaches to the three-nucleon force should be
diverse; there will be many revisions of the forces. Currently
there is no concrete evidence for three-nucleon forces, but several
intriguing possibilities are suggestive. In recent calculations of
the additional triton binding due to the Tucson force, all is
chaotic. This is quite understandable in view of the complexity of
the calculational problem; order will appear in time. The few-body
field remains a very active area for the investigation of new ideas
and fundamental nuclear mechanisms: in this case, the effect of
three-nucleon forces.
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ABSTRACT

Three-body forces are defined and their properties discussad.
Evidence for such forces in the trinuclcon bound states and scatter-
ing reactions is reviewed._ The binding energy defects of the tri-
nucleon bound states, the “He charge density, the Phillips line for
doublet n-d scattering lengths, and three-nucleon breakup reactions
are discussed, together with the possible influence of three-body
forces on those cbservables.

INTRODUCTION AND DEFINITIONS

Traditionally, nuclear physics has attempted to describe the
nucleus as a collection of nonrelativistic nucleons interacting via
two-nucleon forces.l Thene forces depend on the coordinates (and
possibly momenta), as well as spins and isospins, of ounly two nucle-
ons. This is a tremendous simplification which has no theoretical
justification, other than a rough consistency between predictions of
the theoretical (two-body) models and experiments. I use the word
"rough" purposefully, because a serious impediment to the advance-
ment of nuclear theory has been the general inability to calculate
accurate nuclear wave functions for realistic nucleon-rucleon poten-
tial models. Any lack of consistency brtween theory and experiment
is usually blamed cn "poor structure calculations".

The few-nucleon systems, on the other hand, have traditionally
Leen a tusting ground for new ideas because our ability to solve the
Schr6dinger equation is greatest for these simple cases. Although
variational techniques have long been used to ohtain wave functions
and energy cigenvalue bounds, the real impetus in this field was the
seminal work of Faddeev.?2 Originally designed to handle the bound-
ary conditions in scattering probiems, Faddeev's approach Lo solving
the Schrodinger equation has been very successful in treating hound
states as weil. Computaticnal sophistication has improved dramatic-
ally in the past decade, to the point where we can experinentally
challenge predictions of the standard two-body models.d 8

If this challenge proves unsuccessful, to what cause can the
blame be laid? This is always a difficult question to ansver, be-
cause there are many uncertainties in the traditional nuclear
physics approach to calculating observables. The major possible nn-
certaintics are threefold:

1. Three-body forces exist which depend on the simultancous
positions, momenta, spinsg, and isospins of three-nucleons;

2. The effect of relativity {5 non-negligihle, and relativ-
istic corrections are important;



