Crma~tnne. oo

LBL-17529 Rev.
Preprint Con

E Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA
Physics Division e O

BERKELEY LABORATORY

FEB 8 1985

LIBRARY AND

Submitted for publication DCCUMENTS SECTION

QUARK EXCHANGE EFFECTS IN THE THREE AND
FOUR NUCLEON SYSTEMS

K. Maltman

December 1984

£ 4

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

e’

= peS ] |-1a7T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



December 1984 LBL-17529.rev

Quark Exchange Effects in the Three and Four Nucleon Systems1

Kim Maltman2

Lawrence Berkeley Laboratory -
University of California
Berkeley, California 94720
. U.S.A.

1
This work was supported in part by the Director, Office of Energy

Research, Office of High Energy and Nuclear Physics, Division of

High Energy Physics of the U.S. Department of Energy under Contract

DE-AC03-76SF00098.

2
Participating Guest at Lawrence Berkeley Laboratory

—2-

ABSTRACT

The quark exchange forces in the three and four nucleon systems are
evaluated in the context of a QCD-like potential model. As in the

two nucleon system the two body exchange color hyperfine interaction”
is found to be strongly repulsive. Additional effects due to the
delocalization of quarks over three or four nucleons are investigated
and found to produce small but non-negligible effects on binding ener-
gies, effects whose magnitudes, however, are shown to be sensftive to
poorly known details of the short distance features of the nuclear

wavefunctions.



1. Introduction of the nucleon occupied by quarksa). The basic physics of
In recent years studies of phenomenological models of the NN system, however, seems well established.

hadron structure incorporating what are believed to be the

important features of QCD have lead to comsiderable progress ' There are two likely scenarios for the relation of the

in our understanding of the origins of the NN forcel'll'). chizal eymetry breaking () and confinement (C) transition

16)

temperatures: Tiv(3~5)Tc, as suggested by Shuryak based

In this context the repulsive core of the NN potential is on estimates of the vacuum gluon condensate from QCD sum

17
seen to arise, via quark exchange effects, from the color rules, and T,~T., as suggested by some Monte Carlo results ).

There are some numerological arguments in favor of the former,
magnetic (hyperfine) piece of one gluon exchange between quarks,

eg. the pseudoscalar mixing pattern, which is very natural if
while the intermediate range attraction usually ascribed to Tts7ré'm but requires special dynamics if Ii~Tc. In fact
]

2R exchange appears to be due largely to the mutual color such special dynamics appear possible in the bag model.
In addition the accuracy of the gluon condensate obtained from

18)

polarization of the two nucleonsls)- The role of meson exchange
QCD sum rules has been the subject of some recent controversy °,

remains at least quantitatively unclear. It has been argued although the effect seems to be to under- rather tham over-

that contributions from mesons other than the pion should be estimate , so the situation is far from settled. Although the
two scenarios correspond to different phenomenological pictures
negligible unless the quark substructure of hadrons is anom-

_of the pion coupling, the fact that TI is at nostauSTc leads to
alously small (i.e. small relative to the imverse QCD deconf-

15). The

" very similar pictures when one averages over the nucleon volume.
inement temperature scale ~ physical hadron sizes) In the case Ty)T,, the presence of a light quark inside the

nocleon produces a regi f chirally symmetric of radids
natter of producing a phenomenological framework in which procu egion of chlrally Symm vacuum
~1/T; and since the extent of the current quark substructure of
the pion will also be ~1/Ti, the natural scale for the suppres-

titative manner is, however, more problematic, even if the sion of the pion field in the vicinity of a light quark is a

such exchange effects can be incorporated in a reliable quan-

£ imes 1/T,. 1 ly with
question of the relative magnitudes of the chiral symmetry ev times 1/ X Inplementing such a suppression smoothly w

. Ti~1 GeV and averaging over the nucleon volume one finds an

breaking and confinement scales in QCD is settled, since the average field strength suppression rather similar to what one

two 1likely scenarios correspond to rather similar pictures of would expect from a surface~coupled cloudy bag picture, softened

to take acount of surf fluctuati which 1 tural

the averaged suppression of the pion field inside the region ° un urtace tluctuatlons, ch is the natu
qualitative realization of the case TiJTc.



Given the state of our knowledge of the NN interaction,
a study of the three nucleon system is thus of considerable
interest, especially viz a vis nuclear structure. For example,
while the results of the behavior of the NN system can be cast
in the form of an effective potential, the fact that such a
potential represents the effects of both exchange interactions
and the mixing of additional states means that the sum of two
body forces in multi-nucleon systems cannot necessarily be
obtained by using the effective potential extracted from the NN
system. This is, of course, related to the question of the
presence of exotic degrees of freedom in nuclei. Such config-
urations are present in the deuteron only at rather small levels
owing to the repulsive nature of the exchange hyperfine inter-
action. This repulsion leads to a diffuse distribution for NN
component of the deuteron, thus suppressing significant overlap
with the hidden color excitations of the system, which, due to
confinement, must be well localized in space. The result is
a deuteron which is dominantly a standard nuclear system, &t
least in terms of compositio;, although the weakly excited in-
ternal degrees of freedom play a crucial role in determining the
effective nuclear interaction. Other nuclei, however, are
considerably more compact than the deuteron and, even assuming

one is able to explain their structure within the present phen-

8
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omenological framework, it is of interest to know whether,

with typical separations in such nuclei only slightly greater

than the confinement scale, the hyperfine repulsion continues

to determine the basic physics of the system and whether or not

there are significant admixtures of exotic configurations into

the nuclear ground state. 3He and 4He, being among the most

compact nuclei, are ideal systems in which to study this -

question. In addition, such tightly bound noclei may exhibit
interesting delocalization effects. Recall that the internal

kinetic energy of a nucleon is large on the scale of nuclear

binding. One therefore expects the alleviation of this

kinetic energy via delocalization to represent potentially

non-trivial binding contributions relative to a description of

the system in terms of point-like nucleons. Although such an

effect is present, in principle, in the deuteron, the smallness

of the spatial exchange integrals means that permutationally

distinct configurations of the system do not.appreciably

interfere and the resulting effect is, in consequence, negligible.

One final property of the three nucleon system of interest with

regard to nuclear structure is the possible existence of three

(and even four) body nuclear forces induced by quark-quark interactions.
It has often been suggested that three body forces might be required to
explain the binding of 33, 3He, and estimates of such effects have been
obtained in a framework involving nucleons, isobars and meson exchangeglg)

Such contributions are, of course, sensitive to the cutoffs used for



meson-baryon vertices and, in addition, further contributions are ex-
pected, in dense nuclear matter, from quark exchange effects.

In this paper we investigate quark exchange and delocalization
contributions to the energy of three and four nucleon systems. We
show that the exchange hyperfine interaction remains strongly repulsive
at short distances and that delocalization effects in the kinetic energy
as well as three and four body forces arising from quark exchange,
produce small but non-negligible corrections to nuclear binding. In
what follows we will, for simplicity, consider only the symmetric s-state
portion of the nuclear wavefunction. The presence of small admixtures
of other components, which will also lead to three and four body forces,
we do not attempt to estimate at present. In addition, effects due to
pion exchange and admiitures of non-nucleonic configuratioms into
the nuclear ground states, which are presumably responsible for the
bulk of the binding of the system, are not considered here. These
additional effects rely, for a reasonable estimatg of their magnitude,
on clarifying the role of the pion and the size of pion vertex cutoffs,

and will be the subject of future work.

2. The Model
Calculations have been performed in a QCD-inspired potential

model which has previously been applied extensively, and with consid-

20) 21)

erable success, to baryon spectroscopy and decays as well as to

the NN problemls). In the context of the NN interaction the model is

A

discussed more fully in Ref. 15). The Hamiltonian for the three (four)

nucleon system is

H=i("‘a*'&l/zmﬂ+ﬁ( bt h,,) ()

A(j

where N = 9(12). Setting i xj and
S13 = BarEyyeEay/Tsy ~ 3008

the two body confining potential H g £ is given by

Ri;{‘ - (e.+1hr; "’u(fq))(i ) (4 7‘1) (2)

and the two body color hyperfine interaction, Htgp, expected from

one gluon exchange, by

R LIS R I Y

)5%) 6

The anharmonicity, U(rij), in (2) ie meant to represent departures from
the harmonic 1limit, including the attractive short range Coulomb inter-

action of QCDa). The parameters of the model are all determined from

)As in Ref. 15), U(r,,) 1is taken to be a S function for ease of calc-

ulation. Smearing ov:g clusters reduces the sensitivity to the actual
functional form chosen. We will see later that the three body effects,
however, remain sensitive to this choice. While a Coulomb form for U
would be more realistic, one is constrained to use fixed cluster sizes
owing to the singular nature of the hyperfine interaction, and in this
limit it is not possible to satisfy the constraints of the baryon spec-

20
trum( using the Coulomb form for U in (1).
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the vork on baryon spectroscopy and are as given in Ref. 15).

3. The Three Nucleon State

Let us denote by (123;456;789) the normalized but not yet fully
antisymmetrized state of three nucleons, having total isospin (I-%, Iz)
and total spin (S-%, Sz—%i in wvhich nucléoﬁ 1 contains quarks 1,2 and 3,
nuclepn 2 quarks 4,5 and 6, and nucleon 3 quarks 7,8 and 9. In order to
simp;lify matters we deal with only fhose téms which survive complete
wtisymétriéation by choosing the astate (123;456;789) to be antisymmet-
ric with irespect to the interchange of any pair of its constituent nuc-

leon's.v Denote by Ai ik the usual color singlet combination of three quarks

- . o
Aiik_ﬁol%e*fiw:%fq'u> - @

and by ‘Pijk;lmn;rst the &spatial wavefunction of three nuclebﬁs

(1jk), (Lmn), (rst) in a relative wavefunction \’ One has

@ijk;lmn;rst-kijk)¢(!'mn)¢(t8t)?(51jk;lmn;rst'la‘v:ljk;!mn;rst) )

where'f(ijk) is the internal spatial wavefunction of the nucleon

(1K) 20

, . |
2 2
¢(1Jk)'-:7fxp(' AN )/z) 6
with

i & - -Ej)/‘ﬁv

. _ &)
A5 gy -5y - xplE

and the relative wavefunction 4’ is expressed in terms of the

usual Jacobi coordinates

-10-

Bijk;lmn;rst = ((5i+5_1+5k) /3 - (£L+Im+5;) 2rn

(8)

E’.ijk;lqm;rst * (2(£r+£s+5;) /3 -(51+sj+3k) /?

~(zp+ztr ) /3 6.
Then, taking Iz'- +1/2,
. . - 1 . -
(123;456;789) 'JGT123;ase;789“123‘456“789(‘"""“*

p.prnT -+ péotpt - ptotp}y + ntplpl - 9

SRV 1235456789
where ‘ N
(P41 153, 456,789 = (B1)193(PH) 456 (0h) 55g (10)
and ‘
()54 - (it + P T (etcl) an

is the spin-isospin wavefunction for a spip up proton (etc.).
The labels f,A refer to transformation properties under the
permutation group s3‘). The states p’ . pl, t’t and 'k’\ are given

by

8) Denoting the 2-cycles (13j) of S3 by tij' the states f, A,

which form a basis for the mixed representation of 83, transform
according to
W, f=-f T,A= A

T[.sfz ‘kf.%—l Trux:‘_ﬁ;—f—il
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',123 = (ud,-d,0,)u/df2
A
Plog = (udustdiupus-2uju,d ) /f6
{1’23 = (44 T,/
3 = A, trdt 2000 B

12)

Those involving n and/or & may be obtained from (12) by spin or
isospin lowering. The spatial wavefunctions ﬁ, f’ are normalized
with respect to the measures d3[ daA and dsndsl.. respectively.

The fully antisymmetrized state of three nucleons may now
be obtained by applying the nine-quark antisymmetrizer to
(123;456;789) and normalizing. The resulting expression consists
of 280 terms, representing the 280 ciistinct ways of arranging
9 quarks into three identical nucleons. Using the available

partial antisymmetries of (ijk;fmn;rst) one can write the expec-

tation value of H in the resulting state as

<(123;1.56;7a9)ln{|(123;456;7a9)> - 27 |(126;453;789)) +
54[(129;453;786)> + 1621(169;452;783)) - (13)
36 |(483;159; 726\ 1? '

= {(123;456;789)} uii:dilpiuza;ass;ns)) IN?

vhere
2 = ¢ 276 4 56t + 2162¢(D - 36¢(? (14)

The 9 quark antisymmetrizer has been written down previously by Suzuki

22)

. and Recht™™’, 1In (14) the quantities c“) are given by

-12-

¢ = ¢(123;4563789) | (123;4565789)>
= {(123;456;789) | P, | (123;4565789)7 = 1

¢ = ¢(123;456;789) | (126;453;789))
= ((123;4563789) I | (123;456;789)>

¢ = ¢123;456;789) 1 (129;453; 786)> (15)
= <(123;456;789)1 P, (123;456;789)>

¢ = ¢(123;4565789) 1 (169;452;783)
= ((123;456;789)|Pl’| (123;456;789))

¢{®) = ¢(123;456;789) 1 (483;159;726))
s ((123;456;789)!1’5! (123;456;789))

In wvhat follows we will refer to the permutations occurring in the kets

of (15) as Pi (i=1,...,5) rather than Pi(123;456;789).

4. The Four Nucleon State

In analogy to section 3 we define the normalized but not yet
fully antisymmetrized state of four nucleons, antisymmetric with respect
to quark interchange within any given nucleon and also with respect to

nucleon interchange, and with total spin and isospin zero, to be

eBmn:rats . |
(13k;tmn; rst; uvw) mTijk;lm;rat;uw Ai.;)kA motrst (16)

P
Ayvw {g -1 (p’p&n’“ﬂijk;!m;rst;uw

wvhere the sum runs over all 4! permutations, P, of #, pd, nt, n¥ and

48
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D 4 scstmms oty = STt BirserPia _ an
q‘)(B:l_']k;lnu'z;rst;uvw’ l‘-ijk;lmn;rst;uw’ Eijk;lmn;rst;uw)
The vector

Eﬁjk;lmn;rst;uvw = [3(: T L) /3 - Gt +rk)/3 - l oy ten) /3
- (mz ) /3]//3 (18)

is the third Jacobi coordina;e for the four nucleon system, and v is
a (symmetric) relative wavefunction of ‘the four nucleons. Applying the
twelve quark antisymmetrizer to (16) and using the existing partial
antisymmetries one obtains, for the expectation value of H in the fully

antisymmetrized state

&(123;456;789;10,11,12)] H{|(123;456;789;10,11,12)7
~54|(1265453;789;10,11,12) + 216 {(129;453;786;10,11,12))
+648 1(169;452;783;10,11,12)>-144 | (483;159;726;10,11,12))
-4861(1,2,12;453;786310,11,9))+243 |(126;453;7,8,12;10,11,9))
-38881(169;452;7,8,12;10,11,3))~3888 }(159;4,2,12;783;10,11,6)>
-38881(1,5,12;483;726;10,11,9)) -648}(1,2,12;4,11,6;10,8,9;753))
-12961(159;4,8,12;7,11,3;10,2,6)y } /N’

= {(123;456;789;10,11,12)|H Z¢i|P1(123;456;789;10,_11,12))/}12

' (19)
where

Zo( €(123;456;789;10,11,12) | P, (123;4563789;10,11,12)p

2]:7' e - e

i=1

-14-

with 1 the coefficients appearing in the braces in (19) and
Pi(123;456;789;10,11,12) the corresponding permutations of (123;456;
789;10,11,12) which we will refer to, for brevity, in what follows,

as Pi'

5. Evaluating the Enerpies of the Three and Four Nucleon States

Before evaluating (13) it is instructive to examine the
origin of the térms contained therein. In what follows let i,3
be particle labels. Then, owing to the color dependence of the
two body operators, H j, in (1), the expectation <K123 45637891

13[(123 ;4563 7892) vanishes unless 1,j belong simultaneously

to either {1,2,3}, {4,5,6) or {7.8,9}. similarly {(123;456;789)|
Hij|(126;453;7892> is zero unless 1,] are both elements of
either {1,2,3,4,5,6} or {/,8,9}. As a result the two body part

of the first two terms of (13) can be recast as

< (123;456; 789)| 3(2 13§ 122354567893 -9 (123;459; 736))}
-9 Z_ u’jl(lzs 453; 789))) /n?

4(5!|

(21)

where we have taken advantage of the symmetries under relabelling
to obtain this expression. We immediately recognize the last

term in (21) as the sum of the two nucleon exchange interactions.
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The 1nterpretat16n of the first two terms is less clear.
From (15) we see t@at they can be combined in the form
3

&(123;456;789)| 3 ‘_Z‘s,?“u-sc(”) [Q123;456;789) /N2 (22)
Then, since, as we will see below, 0(2)( 0, C(S)-O and
|54c(3)+162c(“|<< 27¢® » and since the net contribution of
the quark-quark forces to the energy of the nuclebn is nega-
tive, the effect of these terms is to destabilize the bound
three nucleon system relative to the isolated three nucleon
state. Note that one need not, in general, have C(z)< 0 so
this destabilization is a characteristic property of the three
nucleon system. Note also that the second term in braces in
(21), which has been evaluated in terms of direct matrix el-

ements in order to arrive at (22), is a genuine three-body

effect. However, we see from (22) that its role is, in fact, similar
to that of the normalization constant Nz, i.e. 1t is a delocalization
effect rather than an exchange interaction in the usual sense of the
word. For this reason, in what follows, ve will distinguish it from
the remaining terms in (21), which produce genuine three body exchange
forces. A similar analysis holds for (19). The terms in;olving perm-
utations 2,3,4,5 contain pleces corresponding to internal nucleon in-
teractions modified by delocalization amongst the remaining nucleons,
while, owing to the color structure of the two body operators, the P7
term consists entirely of two body exchange interactions similarly
modified. Note that it is common practice to refer to the contribu-

tions of PZ‘ (P3+PA+P5) in (13), (19) and (P6+P7+P8+P9+P10+P11+P12)

g

-16-

in (19) as representing, respectively, non-local two, three and four
body nuclear forces. Such non-local forces will, therefore, contain
the effects of kinetic energy as well as the pseudo-two, three and
four body contributions discussed above. In order to make contact

with the results of Suzuki and Hechtzz)

we will quote our results in
this form. In light of the discussion above, howevér, and the plaus-
ibi;ity of attributing modifications in the total kinetic energy to
delocalization, we will also present the results in the following
form: 1) the effect of delocalization on the single nucleon internal
two body forces and also on the reduction of the total kinetic energy
relative to the value for point-like nucleons with the same internal
kinetic energy as an isolated nucleon and in the same nuclear wave-
function, 2) the remaining non-local two, three and four body nuclear
forces, now arising solely from quark interactions among the partici-
pating nucleons.

In order to evaluate (13), (19) we require the matrix elements,
in the relevant sectors, of the spin, space and color operators ap-
pearing in (1), (2), and (3). The calculation of the spin and color
matrix elements is straightforward. The results are presented in the
Appendix. In order to complete the evaluation, however, we must choose
a form for the three and four nucleon relative wavefunctions, ?. Since
we are interested primarily in the three and four body exchange effects
it is the short distance behavior of ? which most concerns us. Unfor-
tunately, one must consider this behavior to be rather ill-determined.

Not only are hidden color configurations expected to be present in 3He,
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)

4He at the level of a few percent or so? ,» but one does not yet know
how well the short range parts of NN potentials, which are presumed to
represent effects of the exchange hyperfine interaction, actually re-
produce the short ramge quark exchange forces at typical nuclear dens-
itiesb). In addition, since the scale of chiral symmetry breaking in
QCD is not yet clarified, and, as a result, one does not have clear
guidance in choosing cutoffs for pion coupling vertices, one does not
know whether (and if so, to what extent) pionic effects are damped in
systems such as‘3He, 4Be. Such»effects, undouﬂtedly, have a bearing
on attempts to rectify the well known discrepancies of the binding

19)

energies and charge form factors of the three nucleon system , but,

while they represent interesting avenues of investigation in their own
right, we do not attempt to.pursue them in this paper. In order to
procede, therefore, consider wavefunctions of the form originally pro-

24)

posed by Fearing and Khannazs) for the symmetric s-state portion of w:

a)Sauer and Wiese23)

estimate the percent of hidden color configurations
in 3He to be .5%Z. If one includes also the spatially excited hidden col-
or configurations claimed to produce much of the intermediate range NN

15)

attraction , this percentage will be increased even further. In AHe,

combinatorial factors double the two body exchange amplitudes over those
in 3He so that hidden color configurations induced by quark-quark forces
could well be present at the level of several %.

b)As a crude illustration, if one extracts bound state equivalent poten-

tialsls) from the exchange forces alone in the two NN channels and then

evaluates the 3N expectations using these potentials for a range of pure
Gaussian nuclear wavefunctions, one finds that the resulting expectations
reproduce the results of the actual exchange interactions to an accuracy

of only about 10%Z at typical nuclear densities.

-18-

Pt

I e Y, Z)Hj -c e SR 2))
2,2 2 2 %, .2 >
bl o)

where R, L, E are the nuclear Jacobi coordinates, as in (8), (17), N

-

is the normalization constant relative to these coordinates, and‘sij=

’l‘(d - B_«) is the separation between nucleons i,j. The constants /80, /31, [

are chosen so as to reproduce, as well as possible, the charge form fac-

tors of the systems in question. For 3He we will use the values cited
26)

.
.

as models I and II in Aerts and Dover

Model I: ,8°=;117 MeV, /91=626 MeV, C=1.0 (20
Model II: ,6°=154 MeV, /81=328 MeV, C=.925 :

27) and the location of

The former yields the correct rms charge radius
the first minimum of the form factor but is generally too small at large
q2. The latter produces too small a charge radius and, correspondingly,

too large a form factor at small qz, but reproduces the position of the

first minimum and the correct magnitude in the region of the subsequent

maximum. The features of these model wavefunctions should not be taken
too literally. In evaluating the form factors, for example, the ex-
change contributions due to quark antigymmetrization have been neglected.
If one includes them one finds an outward shift of the first minimum

.3 fm—2 for model II and 1 fm-2 for model I) and a 10% reduction in
the magnitude of lF(qz)I in the region of the subsequent maximum. In
addition, contributions from the quark pair and meson exchange cur-

rentszs)

, pion induced three body forces and isobarszg) will modify
the predictions at larger qz, as will the presence of hidden color con-

figurations which, being highly localized due to confinement, will pro-
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duce effects much like those of 6q, 9q bag-like substructure530’31).

The use of these model wavefunctions, therefore, represents a first
estimate of the effects in question, a comparison of the corresponding
results serving as a test of the sensitivity of the calculation to the
range of plausible nuclear wavefunctions. For 4He, subject to the same
caveats, we employ the following modelg:
Model I: ,3°=iso Mev, f.=375 MeV, C=1.0 2
Model II:4 =154 MeV, f =328 MeV, C=.925
The former has been adjusted to fit the charge form factor out into
the first minimum, while the latter, which simply employs the param-
eters of model II in (24), has the first minimum occuring at too small
a value of q2 but does somewhat better in the region of the subsequent
maximum. Since the parameters of the two models are reasonably close
one obtains a good idea of the sensitivity of the results. The charge
form factors for the two models (without exchange effects) are shown

in Figure 1. The experimental points are from McCarthy ggigl.az)

Frosch et &.33) .

, and

6. Results

The results are summarized in Tables 1-4. In Table 1 we present
the direct (D), two body (2B), and three body (3B) contributions of the
kinetic energy (KE), hyperfine (HF) and confinement (C) pieces of the
Hamiltonian, (1), to the energy of 3He, taking as a two body effect the
pseudo-two body contributions discussed in section 5. For reference,

the values of the corresponding direct contributions for three nucleons

A

-20-

in the same nuclear wavefunction but with no exchange effects are in-
cluded in brackets. & is the nuclear cluster parameter of (6). The
value employed in baryon spectroscopyzo) is 320 MeV. As an aid to
understanding the sensitivity of the resutls to nucleon cluster size

we have also performed the calculation with %=240 MeV and R=400 MeV.

The former value corresponds to a nucleon whose entire charge radius

is produced by its quark substructure. In Table 2 we recast the results
of Table 1 in terms of the "true" two and three body exchange forces

and delocalization (DELOC) effects on 1) the kinetic energy, and

2) the internal two body forces within individual nucleons. The ration-
ale for doing this has been discussed in section 5. The delocalization
energies quoted represent 1) the difference between the total KE and
that expected for three nucleons in the same nuclear wavefunction but

without exchange effectsa)

, and 2) the difference between the direct
plus pseudo~-two body contributions and the expectation value in three
isolated nucleons of the two body potential operators, respectively.
Positive (negative) entries, therefore, correspond to effective anti-
binding (binding) contributions. Tables 3 and 4 present analogous re-

sults for 4He.' Since the calculations, in this case, are rather lengthy

only the value =320 MeV has been employed. The 2B contributions of

a)

As usual there i8 an ambiguity regarding the mass parameter for the
relative motion of the three quark clusters. The naturélly occuring
paraméter, which follows from (1), is 3mq, or greater by about 5% than
the nucleon mass. In order to make the comparison of delocalization
effects consistent we have evaluated the effectively-point-like-nucleons

relative kinetic energy using 3mq rather than MN'
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Table 4 inclﬁde the pseudo-four body (pseudo-4B) contfibution of the
P7 term in (19).

We see, from Tables 2 and 4, clear evidence for the softening
of the momentum distributions of quarks in 3He, 4He, an effect solely
attributable to delocalization. Interpreting this #s an increase in
the effective confinement volume of quarks in nuclei we see that the

effect is essentially that discussed by Close 55_31.3h)

as a possible
expianation of the EMC effect. In the present context the delocaliz-
ation results in binding contributions, relative to what would be ex-
pected for effect;vely point-like nucleons, of 5-10 MeV in 3He and
15-20 MeV in hHe.. The specific values obtained, of course, are subject
to uncertainties ‘associated with the use of the non-relativistic form
of the quark kinetic energy. In contrast, the effect of delocalization
on the internal two body interactions of individual nucleons is effect-
ively repulsive and sufficientiy 1argé that thé_combined delocalization
effects are uniformly anti-binding. Since the pseudo-two and three body
contributions are neéative for both the confinement and hyperfine pot-
entials (the.three body contributions, however, being quite small and
not affecting the qualitative features of the discussion) this conclu-
sion is strengthene& if one chooses to combine pseudo~two and three
body with other two and three body effects, as in Table 1. Comparing
Table 1 to 2 (or 3 to 4) one sees that thefpseudo-two body effécts tend
to obscure the basically repulsive character of the two body'e#change
forces. This is especially true in 4He where the pseudo~two bbqy to

"true" two body ratio is enhanced by a combinatorial factor of.2 rela-

-22~

tive to its value in 3He. Considering, therefore, Tables 2 and 4, so
as to remove this effect, one sees that the exchange hyperfine inter-
action remains strongly repulsive and dominates the exchange confine-
ment force, just as in the two nucleon system. The repulsive core nat-
ure of this effect is even more evident if one considers wavefunctions
of the form (23), but with C=0. .In such cases one finds, aslao is in-
creased, an increase in the binding contributions due to the exchange
confinanent interaction, but an even more rapid increase in the repul-
sive contribution of the exchange hyperfine force. In the model wave-
functions (24), (25) this repulsion is partially alleviated but still
produces substantial residual anti-binding. While we have yet to in-
vestigate the structure of mixing and mesonic effects, these observa-~
tions suggest that, while there may be non-trivial admixturés of unu~
sual configurations into the nuclear ground states, the resulting states,
not only here, but in heavier nuclei as well, will not be radicall& ex~
otic in composition.

Let us now turn to the three and four body effects. Note first
that Model IIb for 3He differs from that employed by Suzuki and Hechtzz)
only in the structure of the short-range piece of the confinement pot-—
ential. The present result of +.24 MeV for the total three body con-
ﬁ;ibution 1s, therefore, to be compared with the result -.22MeV obtained
iﬁhRef. 22. We are forced to conclude that three body effects are sen-
sitive to the short distance structure of the confinement potential.
Tﬁ;s contrasts marked%y with the case of the deuteron where two body

confinement effects were not only small but also considerably smaller
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in magnitude than two body hyperfine effectsls). While one can prob-

ably be confident that the order of magnitude of non-local quark in-
duced three body binding contributions in three nqcleon systems is a
few hundred keV, and thus of importance in understanding the features
of the nuclear ground state, any calculated values must be treated
with considerable scepticism in the absence of calculations employing
a more sophisticated potential in which the hyperfine spatial depen-
dence is regulated, thus allowing polarization of the clusters by the
hyperfine force and, thereby, presumably, making the Coulomb form of
the short-range confinement potential compatible with the entirety of
the baryon spectrum. One also sees, from the Tables, considerable
sensitivity of the various three body contributions to the choice of
the nuclear wavefunction as well as a strong dependence of the three
body hyperfine contribution on nucleon cluster size. Note that, in
AEe, we predict sizable (1-2 MeV) three body effects, again sensitive
to the shorﬁ distance structure of the nuclear wavefunction. This is
not uneﬁpected since the strength of th;ee body forces in 4He is en-
hanced by a combinatorial factor of 4 over that in 3He. In light of

the model dependence of the 3He results, however, the 4

He éalculation
should be treated as only an order of magnitude estimate. A further
understanding of the sensitivity of the results to the short distance
part of the nuclear wavefunction is obtained by noting that, for wave-
functions of the form (23) with C=0, it is the three body hyperfine

4
force that dominates the three body confinement force in He, and not

vice versa. The situation changes, in the presence of pairwise anti-
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correlations because the size of three body effects is a result of
significant cancellations between the P3 and P4 parts of (19) and
this cancellation is considerably more sensitive in the case of the
spin dependent hyperfine interaction. The same remarks apply to the
three nucleon system. Note finally that there are small but non-neg-
ligible four body effects (Table 3). If one considers only the four
body interactions (Table 4), however, the effects are safely small,
so that the bulk of the four body effects arise only as a result of
delocalization,

In conclusion, quark exchange effects in light nuclei may play
a non-trivial role in determining ground state properties. Reliable
estimates of the size and sign of such effects, however, require con-
siderably more sophisticated models of nucleon structure and quark-
quark interactions than are presently available. Nonetheless, one
must expect important and basically non-nuclear effects to be present
unless one is prepared to accept a quark core size considerably smaller

than the .6 fm usvally advocated in potential models of the nucleon.

n
~



TABLE 1: Contributions to the Energy of

3Hea)

model
contrib- Ia Ib Ic IIa IIb IIc
ution
KE D 802.3 1414 .8 2201.3 817.9 1431.1 2219.0
(809.8) (1420.7) (2206.2) (828.6) (1439.6) (2224.9)

HF D ~372.6 ~382.4 -386.5 . -367.7 -381.6 ~386.7

(~390.0) (-390.0) (-390.0) (-390.0) (-390.0) (-390.0)
cCD ~-875.6 -898.7 -908.2 -864.1 -896.7 -908.7

(-916.5) (-916.5) (~916.5) (-916.5) (-916.5) (~916.5)
KE 2B 28.5 21.4 15.0 35.2 22.0 12.9
HF 2B 51.0 18.5 7.4 54.7 15.7 5.1
C 2B ~36.3 -15.1 -6.8 -43.5 -15.6 -6.0
TOTAL 2B 43.2 24.8 15.6 43.4 22,1 12.0
KE 3B .18 .23 .13 1.56 .67 .18
HF 3B 2,00 .29 .04 2.07 .08 -.01
C 3B -.21 -.19 -.07 ~1,75 -.51 -.10
TOTAL 3B 1.97 .33 .10 1.98 W24 .07
a)

All entries in MeV; The subscripts a,b,c on the model numbers refer to the

choices d=240,320,600 MeV, respectively. All other notation as in text.

TABLE 2: Resummed Contributions to the Energy of 3Hea)
contrib-mOdel Ia Ib Ic IIa IIb IIc
ution

DELOC KE -7.5 -5.9 -4.9 -8.7 -8.5 -5.9
DELOC (HF+C) 38.9 17.0 7.9 50.2 19.1 7.5
HF 2B 56.8 21.0 8.6 62.0 18.4 6.2
C 2B -22.7 -9.2 -4,1 =26.5 -9.2 -3.5
TOTAL 2B 32.1 11.8 4.5 35.5 9.2 2.7
HF 3B 2.00 .29 .04 2.07 .08 -.01
C 3B -.21 -.19 -.07 -1.75 -.51 -.10
TOTAL 3B 1.79 .10 -.03 .32 -.43 -.11
a)

Notation as in Table 1

and the text.

All entries in MeV. 2B

and 3B results here are solely the result of quark-quark in-

‘teractions.

-gz-

—gz—

P
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Contributions to the Energy of 4l-lea

model I 11

contrib~
ution
KE D 1840.3 1849.4

(1939.2) (1929.5)
HF D =-493.5 -498.4

(-520.0) (-520.0)
cCD. -1157.8 -1169.4

(-1222.0) (~-1222.0)
KE 2B 75.3 61.0
HF 2B 31.5 24,4
C 2B -50.0 -41.0
TOTAL 2B 56.8 44,4
KE 3B 5.19 3.55
HF 3B .30 .04
C 3B -3.49 -2.45
TOTAL 3B 2.00 1.14
KE 4B .40 .24
HF 4B .45 .27
C 4B -.23 -.18
TOTAL 4B .62 .33

a)Notation as in Table 1 and the text. K=

320 Mev.

All entries in MeV.

A

)
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Resummed Contributions to the Energy of AHea

TABLE 4:

model I II
contrib-
ution
DELOC KE -18.0 ~15.4
DELOC (HF+C) 42.9 38.3
HF 2B 43.9 34.6
C 2B -20.9 -17.1
TOTAL 2B 23.0 17.5
HF 3B .69 .32
C 3B ~2.57 ~1.78
TOTAL 3B -1.88 -1.46
HF 4B .10 .05
C 4B -.06 ~.07
TOTAL 4B - .04 -.02
a)

320 Mev.

All entries in MeV.

Notation as in Table 3 and the text. o=

2B, 3B, and

4B entries are solely the result of quark-

quark interactions.

2

)
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APPENDIX

For compactness let us write the matrix elements of Hij between
€(123;456;789)] and 1Pk(123;456;789$> as (ij),. Where there is no
danger of confusion we will, in addition, drop the subscripts. Then,
using the permutational symmetries of kijk; mn;rstf} , one can easily
obtain the following relations between the different (ij). Any matrix

elements not shown vanish from color considerations. ¢
Plz (12)=(13)=(23)=(45)=(46)=(56)=(78)=(79)=(89) (AD)

Py: (13)=(23)=(16)=(26)=(34)=(35)=(46)=(56)
(14)=(15)=(24)=(25)
(78)=(79)=(89) (A2)
(12)=(45)

(36)

P, (14)=(15)=(24)=(25)=(17)=(18)=(27)=(28)=(47)=(48)
=(57)=(58)
(13)=(23)=(19)=(29)=(34)=(35)=(46)=(56)=(67)=(68)
=(79)=(89) (A3)
(16)=(26)=(37)=(38)=(49)=(59)
(12)=(45)=(78)

(36)=(39)=(69)

~
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Bt (26)=(25)=(37)=(38) =(46)=(56) =(79) =(89)
(27)=(28) =(34)=(35) =(49) =(59) =(67) =(68)
(12)=(13)=(16)=(19)
(16)=(15)=(17)=(18)
(47)=(48)=(57)=(58) (A4)
(23)=(69)
(26)=(39)
(29)=(36)
(45)=(78)

P ¢ (14)=(16)=(17)=(18)=(24)=(25)=(28)=(29)=(35)=(36) -
=(37)=(39)=(47)=(49) =(57) =(58) =(68) =(69)

(12)=(13)=(23)=(45)=(46)=(56) =(78)=(79) =(89)

(15)=(19)=(26) =(27) =(34) =(38) =(48) =(59)=(67)

Similarly, for <(123;456;789;1o,11,12)lnij|Pk(123;456;789;1o,11,122>
we obtain the following results where, for Pl,...,Ps the relations

(Al),...,(AS), which are still valid, are not explicitly written.

P (10,11)=(10,12)=(11,12)=(12) (a6)
P,:  (10,11)=(10,12)=(11,12)=(78) ' (A7)
Py, Py, Pt (10,11)=(10,12)=(11,12) (a8)
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(13)=(23)=(1,12)=(2,12)=(34)=(35)=(46)=(56)=(67)=(68)
=(79)=(89)=(9,10)=(9,11)=(10,12)=(11,12)

(14)=(24)=(15)=(25)=(1,10)=(1,11)=(2,10)=(2,11)=(47)=(48)
=(57)=(58)=(7,10)=(7,11)=(8,10)=(8,11)

(16)=(26)=(19)=(29)=(37)=(38)=(3,10)=(3,11)=(49)=(59)
=(4,12)=(5,12)=(6,10)=(6,11)=(7,12)=(8,12) 9

(17)=(18)=(27)=(28)=(4,10)=(4,11)=(5,10)=(5,11)

(12)=(45)=(78)=(10,11)

(36)=(69)=(9,12)=(3,12)

(39)=(6,12)

(13)=(23)=(16)=(26)=(34)=(35)=(46)=(56)=(79) =(89)

=(7,12)=(8,12)=(9,10)=(9,11)=(10.12) =(11,12)
(14)=(15)=(24)=(25)=(7,10)=(8,10)=(7,11)=(8,11) (A10)
(12)=(45)=(78)=(10,11)

(36)=(9,12)

(47)=(48)=(57)=(58)=(4,10)=(4,11)=(5,10)=(5,11)
(17)=(18)=(1,10)=(1,11)

(24)=(25)=(46)=(56)

(27)=(28)=(6,10)=(6,11)

(2,10)=(2,11)=(67)=(68)

(34)=(35)=(49)=(59)

(37)=(38)=(9,10)=(9,11) (A11)

(3,10)=(3,11)=(79)=(89)

-32-

(7,10)=(7,11)=(8,10)=(8,11)
(7,12)=(8,12)=(10,12)=(11,12)
(12)=(16)

(13)=(19)

(14)=(15)

(23)=(69)

(29)=(36)

(2,12)=(6,12)

(3,12)=(9,12)

(4,12)=(5,12)

(78)=(10,11)

1,12)

- (26)

39

(45)

(27)=(28)=(57)=(58)=(2,10)=(2,11)=(5,10)=(5,11)

(37)=(38)=(79)=(89)=(6,10)=(6,11)=(10,12)=(11,12)

(3,10)=(3,11)=(9,10)=(9,11)=(67)=(68)=(7,12)=(8,12)
(12)=(45)=(15)=(24)

(13)-(56)=(19)=(4,12) (A12)
(16)=(34)=(1,12)=(49)

(17)=(18)=(4,10)=4,11)

(1,10)=(1,11)=(47)=(48)

(23)=(2,12)=(56)=(59)

I
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© (26)=(35)=(5,12)=(29)

(7,10)=(7,11)=(8,10)=(8,11) h
G6y=09,12)

(39)=(6,12)

(3,12)=(69)

(78)=(10,11)

) -

25) -

10° (12)=(13)=(45)=(56)=(27)=(67)=(38)=(48)

(14)=(16)=(25)=(35)=(37)=(47)=(28)=(68)
(2,10)=(2,11)=(3,10)=(3,11)=(4,10)=(4,11)=(6,10)=(6,11)

(29)=(39)=(2,12)=(3,12)=(49)=(69)=(4,12)=(6,12)

(1,10)=(1,11)=(5,10)=(5,11)=(7,10)=(7,11)=(8,10)=(8,11)

(17)=(18)=(57)=(58)

(19)=(59)=(7,12)=(8,12)

(1,12)=(5,12)=(79)=(89) (A13)
(23)=(26)=(34)=(46)

(9,10)=(9,11)=(10,12)=(11,12)

(15)=(78)

(24)=(36) :

0,12

(10,11)

-34-

Pll: (15)=(25)=(17)=(27)=(1,10)=(2,10)=(1,11)=(2,11)=(34)=(36)
=(38)=(39)=(47)=(67)=(4,10)=(6,10)=(4,12)=(6,12)
=(58)=(59)=(8,11)=(9,11)=(8,12)=(9,12)

(l3)=(23)=(142)=(2,12)=(65)=(56)=(4,11)=(6,11)=(78)=(79)
=(8,10)=(9,10)

(14)=(24)=(16)=(26)=(48)=(68)=(49)=(69)=(18)=(19) (Al4)
=(28)=(29)

(35)=(37)=(57)=(10,11)=(10,12)=(11,12)

(3,10)=(3,11)=(5,10)=(5,12)=(7,11)=(7,12)

(12)=(46)=(89)

(3,12)=(5,11)=(7,10)

Pt (12)=(13)=(15)=(19)=(23)=(26)=(2,10)=(37)=(3,11)=(45)
=(46)=(48)=(4,12)=(56)=(59)=(6,10)=(78)=(79)
=(7,11)=(89)=(8,12)=(10,11)=(10,12)=(11,12)

(14)=(18)=(1,10)=(1,11)=(24)=(27)-(Z9)=(2,12)=(35)=(36)(Als)
=(38)=(3,12)=(47)=(4,11)=(57)=(5,10)=(5,12)
=(68)=(69)=(6,11)=(7,10)=(8,10)=(9,11)=(9,12)

(16)=(17)=(25)=(2,11)=(39)=(3,10)=(49)=(4,10)=(58)=(6,12)

=(7,12)=(8,11)

One can also use the antisymmetry of the nuclear spin-isospin wave-
functions and the symmetry of the nucleon spin-isospin wavefunction
to show that the following matrix elements from the list above vanish:

125, (195 1,9)10, (1,10),00 (1,125, (234, (9,10) )5, (19) 4,
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(9’12)10 and (10,11)10. All matrix elements occuring in (13), (19)
can be written as a product of matrix elements in the color, space,
and joint spin-isospin sectors. Given (4), (9), (11), (12) those
involving color or spin-isospin are straightforward to compute. The
results are given in Tables Al, A2,

In order to evaluate the spatial matrix elements for 3ﬂe it is

convenient to choose the natural internal coordinates of the config-

uration (123;456;789),. namely [123. 3123. £4S6’ 3456’ Z789’ 3’789’

Ry23;456;789° 2123;456;789°
the subscripts on 5’ L for concision, one has, in the CM system

In terms of these coordinates, dropping

L VL RS T R WY o
= L8 + B2 - 2155106 - 155002
3= L6 + }if2 422 106

F RN YN S VRS W RV ) 0

ol 7 RR VERY SWICEN AWIE (A16)

Xs

Eo= LA - BUf7 +28 U6

SR VAT S R S

g™ 2l - 2309006 - £ 3004/7
9= 206 42,5106

from vhich one obtains, also
Z( v /"m) - -(v W )/z(m -(
AR wj78)/m :

A.56 789

7123 "123 ’456 a1
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For AHe the expressions (Al16) for Tiseses Tg are modified by the ad-

dition of a factor —E/,/l—Z. Since
~

Lo = 312 - 34 15 1,/E +‘C10,11,12/ﬁ
1y = 3EJ12 - 3y 5 o0 - Lio,11,12/7 (A18)

A R TRIRTY O

(A17) is modified by the addition of

+v2

2
-V.“/(2(3m)) -
EC 40,11,12

(Vf )/2m (A19)
10,11,12 .
(A16), -(A18) allow us to construct all quark—quatk separations, ~1j’

as well as the zijk’ etc. for any configuration P in terms of the
natural coordinates of (123;456;789) or (123;456;789;10,11,12). All

the spatial integrals then follow straightforwardly and analytically

by Gaussian integration.
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Table Al (continued)
Table A1 : Color and Spin-Isospin Matrix Elements for 3Hea)

Kk cg} Is
i,3 (ij)k (ij)k
_ 4 1,2 ~2/27 13/972
1 1,2 -2/3 -1/4
1,4 1/27 -9/972
0 1 1
2,3 -2/27 ) -11/972
2 1,2 =2/9 . 17/108 3,4 1/27 5/972
1,3 ~2/9 - -7/108 : 3,6 -2/27 5/972
1,4 1/9 1/108 3,9 4/27 -7/972
3,6 4/9 25/108 4,5 -2/27 13/972
7,8 -2/9 1/108 4,6 -2/21 1/972
4] 1/3 -4/108 4,7 -1/54 -1/972
(4] 1/9 -20/972
3 1,2 ~2/27 -43/972
1,3 =-2/27 T 57972 5 1,4 1/18 -1/162
1,4 - 1/27 3/972 . 0 o 0
1,6 -2/27 ~11/972 )
_ 2) The labels,k, are as defined in the text. The matrix elements
3,6 4/27 -11/972 (i;j)c01 and (:l.j)Is are the color matrix elements of the operator
0 1/9 44/972 (51/2).(Aj/2), and the spin-isospin matrix elements of the

operator‘§i.§j, respectively. By 1,j=0 (for overlap) we mean
that the operators in question are replaced by the identity oper-
ation of the appropriate sector.
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Table A2: Color and Spin-lsospin Matrix Elements for 4Hea)

k4,3 ungt wn,®

6 1,2 -2/81 137/8748
1,3 -2/81 -31/8748
1,4 1/81 -3/8748
1,6 -2/81 1/8748
1,7 1/81 5/8748
3,6 4/81 97/8748
3,9 4/81 1/8748
(o] '1/27 -100/8748

7 1,2 =2/27 -17/2916
1,3 -2/27 ~1/2916
1,4 1/27 7/2916
3,6 4/27 -25/2916
o 1/9 4/2916

8 1,2 -2/81 -47/8748
1,3 -2/81 25/8748
1,4 1/81 21/8748
1,7 1/81 -7/8748
1,12 -2/81 9/8748
2,3 -2/81 1/8748
il e

2,4
2,6
2,7
2,10
2,12
3,4
3,6
3,7
3,9
3,10
3,12
4,5
4,7
4,12
7,8
7,10

7,12

1,2
1,3
1,4
1,6

1,7

-2/81
4/81
1/81
1/81

-2/81
1/81

-2/81

-2/81
4/81

-2/81
4/81

-2/81

~1/162
1/81

-2/81
1/81

-2/81

1/27

-2/81
-2/81
1/81
1/81

1/81

=40-

-23/8748
89/8748
-1/8748

7/8748
1/8748
-7/8748
~31/8748
- 5/8748
5/8748
13/8748

-43/8748
25/8748
-2/8748

1/8748

-47/8748

0
13/8748
28/8748

-19/8748
17/8748
21/8748

5/8748

-6/81748
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1,10
2,3
2,5
2,6
2,7
3,6
3,7
3,9
3,10
3,12
7,8

7,10

1,2
1,4
1,7
2,10
3,6

3,9

~1/162
-2/81
4/81
~2/81
1/81
1/81
-2/81
4/81
-1/162
1/81

-2/81

1/324

1/27

1/54

1/54

1/108
-1/54

-1/54

—41-

4/8748
5/8748
1/8748
13/8748
1/8748
1/8748
11/8748
-41/8748
-1/8748
-7/8748
-19/8748
1/8748

-4/8748

-5/8748
-~3/8748
3/8748
4/8748
2/8748

0

11 1,2
1,3
1,4
1,7
3,5
3,10

3,12

12 1,2
1,4
1,6
3,4

0

-2/81
-2/81
-1/162

1/81

-2/81

-2/81
4/81

1/27

-1/81

~1/324
5/324
1/162

1/54

-42-

9/8748
9/8748
5/8748
-5/8748
9/8748
25/8748
~13/8748

-36/8748

1/5832
-1/5832
1/5832
1/5832

-4/5832

8)All notation as in Table Al.

which are identical to those of Table Al, have been omitted.

The entries for k=1,...,5,
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FIGURE CAPTIONS

Figure 1:

Model Charge Form Factors for aﬂe
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