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Abstract 

Th i s  tal k wi l l  deal wi th an ex pl oratory study of baryon 
baryon i nteracti on based an a model where quarks i nteract by 
ex changi ng o and n f i el ds .  Si x quarks are pl aced in two sp i nars 
separated by a speci f i ed d i stance R wh i ch i s  ensured wi th a 
constrai n t . The probl em i s  treated at the mean f i el d  l evel and the 
state i s  obtai ned by mi n i mi z i ng the energy f uncti onal i nc l ud i ng the 
con strai nt terms . When separated by a l arge di stance each 
three-quar k group i s  descri bed by the Bi rse-Banerjee sol i ton . Two 

· - tn.�!�r.esul �s emerge . When the separat i on i s  1 fm or l ess the not i on
of two sol i tons becomes mean i ng l ess.  The system f orms a si ng l e  
si x -quark sol i ton� For separati ons l arger than 1 f m  the spat i al 
pol ari z at i on of the sal i tans i s  the mast dominant eff ect . Unl i ke 
previ ous cal cul at i ons we obtai n some attracti on i n  the central 
potent i al at i ntermedi ate di stances . 



I n  thi s  tal k ,  based on the Ph . D.  thesi s of Fernando 
( 1 1 ,  I wi l l  descr i be a study of the behavi our of two 
sol i tons , each made up of three quarks , when they are 
cer tai n di stance apart 
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J .  Pi neda 
i nteracti ng 
hel d at a 

The wor k i s  based on the chi ral quark model of the baryon wh i ch 
Mi chael Bi rse and I ( 2 1 devel oped . I t  uses the Bel l -Mann Levy 
l i near c model [31 wi th the quark as the f ermi on . We p l ace three 
quar ks , r ed , b l ue and green , i n  the spi nor q and three others i n  

LEFT 
the sp i nor q . Usi ng a sui tab l e constrai nt we separate the 

RIOHT 
centers of the orb i ts by a prescr i bed di stance , R .  We then obtai n the 
stati onary state of  thi s  system in  the mean f i e l d  approxi mat i on .  We 
var y R f r om a max i mum val ue of 2 . 8  fm to O fm i n  steps of 0 . 1 f m .  Our 
most si gn i f i cant resul t i s  that f or R S 1 f m  the noti on of sep ar ated 
baryons f ai l .  The system merges i nto a s i ngl e si x -quar k sol i ton . We 
extract a NN potent i al f or the ex ternal r eg i on , R ) 1 f m , i n the 
sp i r i t  of  the Bor n-Oppenhei mer approx i mat i on usi ng the SU < 4 >  ansatz . 

Ther e are sever al  s i mi l ar stud i es based on the skyr mi on theory 
[ 4 J . I n  al l these stud i es ,  i ncl udi ng ours , the  spi n-f l avor degrees of  
f r eedom are kept f i x ed .  However , we al l ow f or f ul l  spat i al 
pol ari z at i on and study more spi n-f l avor sets than other author s .  The 
resul t i s  that we are the f i rst to obtai n some attract i on in the 
central NN potent i al . Desp i te i ts purel y academi c nature the resul ts 
ar e st i l l  ver y i nterest i ng .  

wi th 

The Gel l -Mann - Levy l i near c model l agrangi an i s

- �  = ;  {i yµ8 + g < u  + i r51 · � > } � + -2 <8 c�c + 8 ft · iY"� >
µ µ ? µ 

,._2 m
n ....

<c2 + �2 v2 > 2 - F m 2 <c + F ) + 
4 n n n 4X 2

m 2 - m 2 m 2 

u n n 
---------- and v2 � F 2 

2F 2 n 
--:; . we use m 
A- C 

1 200 MeV 

( 1 )

and 

gF
n 

= 500 MeV wi th Fn 
= 93 MeV . The model yi el ds a three-quar k

hedgehog sol i ton i n  the mean f i el d  approx i mat i on .  

The hedgehog sol ut i on produces a baryon wi th three quarks , 
ant i symmetr i c  i n  color , occupyi ng i denti cal  sp i n-f l avor state of the 
f or m  

( 2 )  
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< a >  
r(rm) 

( b ) 

Fi g . 1 ( a )  G < r >  and F <r > , (b ) a < r >  
and n (r )  i n  uni ts of F 

Fi g . 2  Geometry of the t wo-sol ­
i ton system . The centers of the 

two sp i nors are an the 2-ax i s  
equi d i stant f rom the or i g i n .  

( 3 )  

and C &  + 1 >  Xh 
=O . ( 4 )  

. ·  -J=.i-;;-:--i a shows G ( r )  and F < r )  vs . r .  The hedgehog meson f i el ds have 
the f orm 

a (� >  = u ( r ) , n <1- > = n ( r ) r  , ( 5 )  
Ol Ol 

and thei r d i st r i buti ons are shown i n  f i g  l b .  I t  shoul d be r emembered 
that the hedgehog sol uti on is obtai ned i n a par t i cul ar f r ame . I n  
thi s  f r ame t h e  baryon i c state h a s  onl y  three quar ks - no mesons or qq 
pai r s .  The act of proj ecti on of sp i n  or i sosp i n produces mesons and 
qq pai r s .  In the SU ( 4 )  ansatz we i gnore the r ol e of these bosons and 
the hedgehog baryon wi l l  i s  taken to have the composi t i on 

I B > = � < l b
++

, -31 2 >  - l b
+

, - 1 12>  + l b0 , 1 1 2 >  - l b- ,  3 1 2 > >  

- c 1 12 > { I P ,  - 1 1 2 >  - I n ,  1 12 » . < 6 >  

When the 
spi nors have 

separ at i on R bet ween the sol i tons 
the f orm  

qRIOHT , LEF"T = [. � �1 a · r 

s c  I � + �12  I > X

F < I �  + � 1 2 1 > �

i s  very l arge t he 

] ' ( 7 )  

The f orms of sp i n-f l avor spi nor x used and the l abel s of the baryons , 
when f or med wi th three quar ks i n  such sp i nors are l i sted bel ow .  

< Ba )
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(8b )  

< Be ) 

( 8d )  

The choi ce of coordi nate system i s  shown i n  f i g .  2 .  These f orm a 
c ompl ete set of orthogonal  sp i n-f l avor sp i nors  and thei r use 
si mp l i f i es the cal cul ati ons consi derab l y .  We consi der the systems 
HH , HH and HH . The remai n i ng 7 conf i gurati ons wh i ch can be made 

X Z 
out of the set ( 8 >  are obtai n abl e f rom these three wi th some sui t ab l y 
chosen symmetry operati on .  For ex amp l e ,  H H may b e  obt ai ned f romz y 
HHz by a rotati on about the z ax i s  through n .

The mean f i el d  cal cul ati on i nvol ves f i nd i ng the stat i onary poi nt 
< not the mi n i mum > of  the constrai ned energy f unct i on 

and 

� ( qRIOHT ' qLEFT 9 o ,  �
) = E ( qRIOHT ' qLEFT ' o , � ) 

>.. J'd3r q 't q - >.. J'd 3r q 't q RIGHT R IOHT RIOHT LEFT L EFT LEFT 

>..J'd3r [ q:IOHTzqRIOHT - q�EFTz qLEFT J , ( 9 )  

... 3 ... . ...  ... . ... ...  
E (qRIOHT ' qLEFT ' o, n ) = J'd rqR IOHT

{-i a · V g ( o + l Y5T · n ) } qRIOHT
3 1' . ...  -+ . -+ -+ 3 -+ 

+ J'd rqLEFT {-i a · V  g ( o + l Y5T · n ) }qLEFT + J'd r U <o , n ) , ( 10 )  

where U < o , � >  i s  the meson i c  potenti al g i ven eq ( 1 ) . The l ast l agrange 
mu l t i p l i er term i n  ( 9 ) ensures the separat i on between the sol i tons . 
At the stati onar y poi nt we requ i r e  that 

>..J'd 3r C q 't z q RIOHT RIOHT q 1' z q l = R .  
L EFT LEFT 

( 1 1 )

The stati onary poi nt i s  f ound by f reez i ng the sp i n-f l avor states to 
that chosen f or very l arge R ,  i . e . , HH , HH or HH , and varyi ng the . X Z 
space f unct i ons .  The are 1 2  space f uncti ons i n  the prob l em ,  8 
associ ated wi the the sp i nor s ,  v i z , 

[ 
B 

] 
R I OHT , LEFT 

qRIOHT , LEFT = ' 
io  Fx +i o F y +i o F z 

X R J:GHT,LETT y R I GHT , LEFT Z R IGHT,LEFT 

and 4 wi th the meson f i el ds ,  v i z ,  u ( x , y , z ) , n ( x , y , z > , n ( x , y , z ) and 
X y 

n z < x , y , z ) . For each val ue of R a  two-centered harmon i c  osc i l l ator

potent i a l i s  chosen wi th the centers separated by a d i stance c l ose to  
but  not equal to R .  Al l space f unct i ons are ex panded in  ter ms of  the 
e i genfuncti ons of thi s two-centered harmon i c  osc i l l ator . 

Cal cul at i ons f or the HH and HHz conf i gur at i ons c ou l d be c ar r i ed

out on a VAX wi th an FPS ar ray processor . But f or t he HH 
)( 
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conf i gurat i on it  was neccesary to use a CRAY XMP . 

- - - -1 
. .  

< a >  [ - - ��� <c > 

��- -�� 
< e >  ( f ) ( g ) 

F i gs . 3 Meson ex changes between two baryons . 

Bef ore present i ng the resul t s  a f ew remar ks are i n  ord er . A mean 
f i el d cal cul at i on i nc l udes onl y tree graphs .  The resul t i ng meson 
ex changes between two baryons are of 7 t yp es shown i n  f i gs . 3 a thr u · 
g .  Fi g .  3a i s  the ord i nary one-meson ex change wi th f orm f act or due 
to  spat i al ex tensi on of the quar k d i stri buti ons . F i gs .  3b thru · 3f 
show contr i but i on to the f orm f actors due to the meson c l ouds ar ound 
the baryons . Fi g .  3g does not r epr esent one-meson ex change and has 
some i nterest i ng f eatur es when 4 p i ons are i nvol ved . Together w i th 
f i gs 3d i t  shows how the · o  ex change · potent i al i s  mai n l y  due t o  
contact i n ter act i on bewteen the p i on cl oud sources of o .  Thi s 
ex p l a i ns the l ow ( 500 MeV > mass of the o i n  nucl ear physi c s . F i g 3g 
al so generates some p ex change f orce .  

The  preced i ng r emar ks are usef ul and  have some rel evance to our 
cal cul at i ons . However , the overwhel mi ngl y i mportant featur e of our 
i nvest i gat i ons i s  the pol ar i z ab i l i t y of the baryons , i . e . ,  the 
dyn ami cal aspects of the quar k structure .  Of course , col or 
pol ar i z abi l i t y  i s  si mpl y not al l owed i n  a mean f i el d  cal cul at i on .  By 
putt i ng 3 quar ks i n  the same orb i t we ensure that the wavef unct i oni s 
col or s i ngl et not j ust gl obal l y  but l oc al l y ,  even though the 
ef f ect i ve l agr ang i an i s  i nvar i ant on l y  under gl obal col or gauge 
transf ormat i on .  For pract i cal r easons we choose and then f reez e the 
spi n-f l avor degree of f reedom. But we do  al l ow f ul l spat i al degr ee 
of f r eedom . As the f ol l owi ng resul t s  wi l l  show , the spat i a l 
pol ar i z at i on determi nes the mai n  f eatures of our r esul ts . 

The ener g i es bf the HH , HHz and HHx syst ems f or O  < R <. 2 . 8 f m

are shown i n  f i g .  4 .  For HH and HH there  are cl ear breaks  a t  R � 1 
Z X 

f m .  The sol ut i on f or R=2 . 8 f m ,  regarded as asymptot i c  sol ut i on f or 
our purpose , def orms con t i nuousl y to yi el d  sol ut i ons f or smal l er R 
down t o  the breakpoi nt , R . For R < R no sol ut i on c an be

CRIT CRIT 
f ound wh i ch i s  on the outerbranch . For these l ower R ' s  sol ut i ons c an 
be gener ated by  star t i ng f rom R=O , i . e . , the 6 quar ks ar e put i n  two 
sp i nor s havi ng the same center , and then i ncreas i ng R wh i l e
gener at i ng sol ut i ons  wh i c h ar e c on t i nuousl y connec t ed .  For HH>= t he

i nner b r anch a l so stops at R � R 
CRIT

to t ou c h  the HH outer br anch  at R 
Z CRIT

The HH i nnerz 
Bu t we have 

b� anc h appear s 

ver 1 -f  1 ed t h a t  



R i s  not a b i f urcati on poi n t .
CRIT 
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F i g .  4 The energ i es of the 3 

channel s f or O < R < 2. 8 f m .
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F i g .  S The rms rad i us of 
q RIOHT

f or HH channel f or O < R < 2. 8 f m .

Wh i l e  the energy curve f or H H  shows n o  break study o f  other 
f eatures of the sol ut i ons do show sharpl y  d i f f erent behavi our as R 
decreases bel ow a R � 1 f m .  As an ex amp l e ,  the r ms rad i us of the 

CRIT 
r i ght orb i tal as a f unct i on of R i s  shown i n  f i g  5 .  The dramat i c  
i ncrease i n  the si ze  as R decreases bel ow R can b e  understood by 

CRIT 
ex ami n i ng the potenti al , -g (o + F

n > ,  seen by the quar ks due to the o

f i el d .  Thi s poten t i al i s  deep and attracti ve at the center s  of the 
scal ar densi ty whi ch are c l ose to the centers of the sp i nors when 
they are wel l separated . The potenti al  goes to z ero as z � + oo. For 
l arge R the potenti al i s  z ero at z =O al so .  Si nce the , quark energy  
< ei genval ue )  is  negati ve the  o potenti al f orms a barri er between the 
t wo centers keep i ng the sp i nors l ocal i z ed . As the sol i tons come 
c l ose together the potent i al at z =O starts to decrease . At R = 1 . 2
f m  i t  f al l s  bel ow the quar k energy al l owi ng f or the sp i nors to 
spread . The spreadi ng i ncreases r a.p i d l y  as R i s  decreased f ur t her .

We do not have any ex p l anat i on f or the breaks i n  the HH and HH 
)( 

cases . For the f ormer we do f i nd an assoc i ated change i n  the 
topol ogy of the meson f i el ds but i ts causal connec t i on to the 
oc cur ence of the break i s  not cl ear . 

The resul ts of the c a l cul at i on show c l ear l y  that i nsi de of 1 f m  
the bar yon-bar yon i nterac t i on may not be descri bab l e  i n  ter ms of 
potent i al s . I t  i s  more n atural to i nvoke the i dea of a compound 
system of 6 quarks . We may cal l i t  a si x -quar k sol i ton . Of cour se , 
th i s  i dea has been advoc at ed very f orcef ul l y  by  Ki ssl i nger C 5 J . 
Lomen and h i s col l abor ators C 6 J  have used thi s i dea , whi ch i s  a 
n atur al ex t ensi on of the Feshbach-Lomon approach , to anal yz e the NN 
phasesh i f ts .  

We now turn t o  t he ex ter i or reg i on .  W i th the l 1 m 1 ted 
i nf or mat i on ,  vi z ,  on l y thr ee sp 1 n-f l a vor c onf 1 gurat 1 on s � ava i l ab l e we 
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c an ex tract some i nf ormat i on about the baryon-baryon i nteract i on 
on l y  i f  we make drasti c assumpt i on s .  W e  must assume that resul ts of 
the mean f i el d  c al cul at i on can be descr i bed by a sum of l ocal 
potent i al s  between the consti tuents  quar ks of the two b aryons and the 
b aryon-baryon potenti al can be obtai ned by f ol d i ng these quar k-quark 
potent i al s .  We wr i te the quark-quark potent i al i n  the f ol l owi ng 
f orm;  

1 
l a l b 

9 
cy ( R )  

= ' [ 
V < R > + 25 9 , b  C 

9 +a  +b+ 25 Vt < R >  T ' T  { 

Her e a and b l abel the quar ks i n
f actors are so chosen that upon 
potenti al  

V ( R )  = V ( R )  
C 

+ 

+a "'· +b .,.,
o · R  0 · R

the two 
f ol di ng 

V +a +b +a +b < R >  0 · o T · T  
SS 

1 +a +b 
3 0 · o } . < 1 2 )  

baryons . 
( 1 2 )  g i ves 

The numer i cal  
f or the NN 

C 1 3 )  

where the subscr i pts 1 and 2 stand f or the two nucl eons .  The 
poten t i al s  V < R > , V < R >  and Vt < R >  f or R > 1 fm , ex tracted f rom our

C SS 

cal cul at i ons are shown i n  f i g .  6. The central potent i al shows a 
shal l ow attract i ve part . Smal l as i t  i s ,  thi s  i s  the f i rst t i me any 
attr act i on has been seen i n  a study of sol i ton-sol i ton i nter act i on .  

F i g .  7 c ompares the central  potent i al , Vc < R > , obtai ned i n  thi s

cal cul at i on w i th the one o ex change potenti al between two sol i tons 
wh i ch are kept f roz en i n  the f orm  they have when they are f ar apart . 
Of cour se , th i s  i s  what i s  of ten done i n  a convent i onal cal cul at i on 
of OBE potent i al . The overwhel mi ng rol e of spat i al pol ar i z at i on of 
the sol i tons i s  ver y c l ear . 

We get at tract i on where others had not because C a >  we i nc l ude 
the HHx channel and (b > we al l ow spat i al pol ar i z at i on .  In f i g . B  we

p l ot the var i ous component s  of t he total energy as f uncti ons of R 
for � l f m  < R < 2 . 8 f m .  The quar k k i net i c energy i s  g i ven by KQ . K

0 1 .. ... 
-Jd 3r <Vo > � and �� i s  the s i mi l ar quant i t y f or the p i on f i el d .2 n 
and H

Qn 
are the quar l<: meson i nteract i on energ i es and u the

meson-meson i nter act i on energy . As f unc t i ons of R f i ve of these s i x 
quanti t i es behave si m i l ar l y f or the three channel s .  The ex cep t i on i s
the  quar � k i net i c  ener gy . I t  shows a r ap i d  decr ease wi t h  decr teasi ng 
R f or the HHx ch annel , but not f or the ot h er channel s .  I t  i s  c l ear l y

the sour ce  of the attrac t i on i n  Ve thus reconf i rmi ng the ver y 
i mpor t an t  r ol e of sp a t i al  pol ar i z at i on .  
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F i g 6 Ve , V5 5  and Vt a s  f unct i ons o f  R .  The dashed l i ne r epresent5

the Bonn potent i a l . 
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F i g .  7 V c <R > and the ' f roz en '

o-ex change potent i a l . 

Fi g .  8 Var i ous contr i butor s t o  

t h e  energy i n  the 3 c hannel s .  

Fer nando Pi ned a and I ac knowl edge our grat i tude to T om Cohen . 
Woj te� Br on i ows� i and M i �e B i r se f or thei r hel p dur i ng the c ourse of 
t h 1  s wor � . .  
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