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In ve sM g a tin g  the  m a g n e tic  .sym m etry  s lru c u n e  o f  Q C W  a h e ld - th e o ie iic u l anal>sis fo i e x p lo n n g  the c o lo u r c o n f in in g  m echanism  
1,,,, i.reii done III d u a l Q C O  T h e  to p o lo g ic a l s tru c iu ie  associa ied  w i i l i  the l ie ld  e q u a tio n s  has been used to e s ta b lish  the sc ie e n in g  cu ire n ts  in  
iiiii'm 'iiLa lK  Londensed Q C D  va c u u m  T h e  d e n s ity  e lle c ts  and \a r io u s  con fm e m e n t param eters a long w ith  then im p lic a tio n s  on the na tine  o l Q C D  

uLnim lidvc been d iscussed  in  in fra re d  re g im e  o f  the dua l Q C D

w in d s  C ^ m lin c m c n t,  n o n p e r tu rb a t iv c  Q C D  and S U (2 ) s y rn m e liy

I'U  s ^o s  14 SO H v , I I 3 0  *). 12 38 A w

1. liifnHJiictioii

fjii.mliiiii n in m io d y n a n i ic s  ( Q C D )  is th e  lu n d a n ie n la l th e o ry  o f  
iliL siiony m ic ra c lio n  [ 1 .2 ] w h ic h  d e s c r ib e s  the p ro p e rtie s  and  
iliL iin J e ily in g  s tru c tu re  o f  h a d ro n s  in  ic rm s  o i q u a rk s  an d  
gluons D u e to  (he a s y m p to t ic  d e g re e  o f  Ire e d o n i,  th e  g a u g e  
vnuplmg e im sta n t o f  Q C D  b e c o m e s  s m a ll in  th e  h ig h  e n e rg y  
i.iMnii w here th e  p e r tu r b a t iv e  Q C D  b e h a v io u r  g iv e s  a n ic e  

wri[)in)ii o f  the h a d ro n ic  s y s te m  in  te rm s  o f  q u a rk s  an d  g lu o n s. 
On ilie nther h a n d , in  th e  lo w  e n e rg y  re g io n , th e  s tro n g  c o u p lin g  
iiaiuK ol Q C D  le ad s  to  th e  n o n p c r tu r h a l iv c  fe a tu re s  l ik e  c o lo u r  
o iiliiicm en l, d y n a m ic a l  c h i r a l  s y m m e t r y  b re a k in g  an d  the  

“ 'iiiiiM al to p o lo g ic a l e f f e c t  | 3 , 4 ] ,  a n d  it  is h a rd  to  u n d e rs ta n d  
hy ilL itlin g  th e  q u a rk s  a n d  g lu o n s  in  a s im p le  p e rtu rb a tiv e  

’' ‘n inc i In  m id  s e v e n tie s  , N a m b u ,  't H o o i t  an d  M a n d e ls ta m  
proposal iiic  in ie rc s t in g  id e a  th a t q u a r k  c o n f in e m e n t  m a y  be  

stand us ing  th e  d u a l v e rs io n  o f  th e  m ic ro .s c o p ic  th e o ry  o f  
liii: u m v cn iio n a l s u p e rc o n d u c t iv ity  1 5 -7 ] .  In  su ch  fo rm u la t io n s ,  

magnetic c h arg es  o f  Q C D  v a c u u m  a re  e x p e c te d  to  c o n d en s e  
lead to the d u a l M e is s n e r  e f fe c t ,  w h ic h  con .stric ts the c o lo u r  

r 'ru n c  lic lds in to  th in  f lu x  lu b e s  a n d  p a v e s  th e  w a y  fo r  q u a rk  
^‘ ''^^inemcni |S |.  F u r th e rm o re , th e re  has b e e n  an extcn .s ive stud y  

Ptiic gauge s e c to r  o f  th e  la t t ic e  Q C D  f9 ,1 0 ]  a ls o , w h e re  
* -energy h a d ro n ic  p h e n o m e n a  su ch  as q u a rk  c o n fin e m e n t  

s y m m e try  b r e a k in g  h a v e  b e e n  a n a ly s e d  b y  u s in g  the

' '’riispoiHlmg A uthor

A b e lia n  g a u g e  f ix in g  a p p ro a c h  |6 |  In  v ie w  o f  the fac t that the  
n o n -A b c lia n  g auge th eo ries  e x h ib it  an in h e re n t b u il t - in  d u a l 
s tru c tu re  and the assoc iated  m a g n e tic  s y m m c iry  m ig h t p la y  an  
im p o rta n t ro le  in v a rio u s  lo w -e n e rg y  h a d ro n ic  p h e n o m e n a , w e  
h a v e  re c e n t ly  fo r m u la te d  [ l l j  an  e l le e l iv e  th e o ry  o i n o n - 
p e rlu rb a tiv c  Q C D  by m a g n e tic  g a u g e  f ix in g  and h a ve  used il to  
es ta b lis h  th e  lin k  b e tw e e n  d u a l v e rs io n  o l m ic ro s c o p ic  th e o ry  
o f  s u p e rc o n d u c tiv ity  and the c o n lin e m e n l o l c o lo u re d  ch arg es  
in d u a l Q C D  v a c u u m  T h e  p urpose  o f  th is p a p e r is to fu rth e r  
e x p lo re  the m a g n e tic  s y m m e try  s tru c tu re  o f  the Q C D  v a c u u m  
and to in v e s tig a te  the l lu x  sc re e n in g  c o n d itio n s  at m ic ro s c o p ic  
scale to  a n a ly s e  the response o f  the d u a l Q C D  v a c u u m .

2. Magnetic symmetry and dual QCD Lagrangian

L e t  us firs t h r ie f iy  re v ie w  the m a g n e tic  s y m m e try  [1 2 ]  s truc tu re  
associated  w ith  the c o lo u r  g au g e th eo ry . W e  d e fin e  the m a g n e tic  
s y m m e try  as an  a d d it io n a l is o m e try  o f  the in te rn a l sp ace  
d e s c rib e d  by a K i l l in g  v e c to r  f ie ld  m  w h ic h  has the C arta n 's  
s u b g ro u p  o f  the g a u g e  s y m m e try  as its lit t le  g ro u p . F o r  the  
s im p le  ease o f  g a u g e  g ro u p  G  -  S U { 2 )  an d  the l i t t le  g ro u p  
H  =  U ( \ ) .  the K i l l i n g  c o n d it io n  as so c ia te d  w ith  the u n if ie d  
(4  +  n)  d im e n s io n a l m e tr ic  m a n ifo ld , in  la c l, reduces to the gauge  

c o v a r ia n l c o n d it io n  g iv e n  by,

-  d ^ m  +  m  =  0 , (I)

(D 2 (X )2 IA C S
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w h e re , m  c o n s li lu tc s  the a d jo in t  re p re s e n ta tio n  o1 th e  g a u g e  

g ro u p  G  a n d  is th e  g a u g e  p o te n tia l as so c ia te d  w ith  the  

g a u g e  g ro u p  C ,  'F h is  c o n d it io n  thus im p lie s  th a t the  m a g n e tic  
s y m m e try  im p o s e s  a c o n s tra in t  on th e  m e tr ic  as w e ll  as on  
c o n n e c tio n  an d  m a y  th e re fo re  be re g a rd e d  as the s y m m e try  o f  

the p o te n tia l . T h e  rn u ll ip le t  m  m a y  thus be v ie w e d  to  id e n t ify  

the h o m o to p y  o f  the m a p p in g  b e in g  the g ro u p  co sc i

s p a c e ) an d  th e  m o n o p o le  th e n  e m e rg e s  as a to p o lo g ic a l o b je c t  
w h ic h  is a s s o c ia te d  w ith  the e le m e n ts  o l the seco n d  h o m o to p y  

g ro u p  k A G I H ) .  T h e  ty p ic a l g a u g e  p o te n tia l w h ic h  s a tis fie s  

cc|. ( I ), m a y  th en  be id e n t if ie d  as.

V (̂ )̂ -  ^  ( x )  \f/{ \ ) (5i

In the magnetic gauge, it leads to the dual symmetric lidd 
equations given in the following form, '

Wf,  = A ^ , w - g i h  X  m . ( 2 )

G/jy,-I'ftt, , - a n d  1^1

S u c h  n o n - t r iv ia l  d u a l s tru c tu re  h as  a  c lo s e  re la tio n sh ip  wnh 
the c o n f in in g  p ro p e rtie s  o f  Q C D  v a c u u m . In  o rd e r  to e x p ir e  i|, 
ty p ic a l d u a l Q C D  v a c u u m  p ro p e r tie s  a n d  th e  d ynam ics  ol iin- 
s y s te m , le t us e x p re s s  th e  L a g r a n g ia n  g iv e n  b y  eq, (5 )  

q u e n c h e d  a p p ro x im a t io n  ( in  a b sen ce  o f  q u a rk s ) in  the follovnn,. 
fo rn i, "

/•(/n) __ J pw h e re , IS the A b e l ia n  c o m p o n e n t  o f  an d  th e  secon d  

p a rt on r ig h t h a n d  s id e , w h ic h  is c o m p le te ly  d e te rm in e d  b y  the  
m a g n e tic  s y m m e try , is the m a g n e tic  (d u a l)  c o u n te rp a rt  W ith  
the c h o ic e  o l G  an d  H  as s im p le  S U { 2 )  an d  1) g a u g e  g ro u p s , 

one can  f ix  th e  m a g n e t ic  g a u g e  by ro ta t in g  m  to  the th ird

d ire c t io n  in  is o sp a cc  su ch  tlia t , i h — = | 0 , 0 ,  l|^  M t lh c n  

leads to the re d e f in it io n  o f  the p o te n tia l (e q . ( 2 ) )  as g iv e n  b e lo w , Q C I^  l .a g ra n g ia n  an d  has th e  lo l lo w in g  fo rm

- V ( 0  ^ 0 ) ,

w h e re  the c f le e l iv e  p o te n tia l ^ ( 0 * 0 )  is o b ta in e d  by gsmmju 

s in g le -lo o p  e x p a n s io n  te c h n iq u e  1 13] a lo n g  w ith  the req^jircnuni 
o f  the u lt r a -v io le t  fm ite n e s s  a n d  in fra re d  in s ta b il ity  o l^ u  dijai

w i l t i  ih e  p a rt im c lc n /.iU io ii

0 )
V ( 0 * 0 )  =  — 0 l l + ( 0 * 0 ) ‘ 2 In

0*0
0 (i

^ s m  (X cos [ i  'j

s in  a  sm  / j  a n d  U  =  e x p  ( - a  I2 ) [ ~ f i  h ) -

, cos a

I ’he part is the  m a g n e t ic  p o te n t ia l f ix e d  c o m p le te ly  by  

(he m a g n e tic  s y m m e try . T h e  c o rre s p o n d in g  f ie ld  s tre n g th  ( in  
m a g n e tic  g a u g e ) m a y  th e n  be id e n t if ie d  as,

(4 )

w h e re , a; ,  =  -  A ,̂ ,  an d  „ .

H e n c e , the to p o lo g ic a l p ro p e rtie s  o f  th e  m a g n e tic  s y m m e try  
m a y  he b ro u g h t in to  th e  d y n a m ic s  e x p lic it ly .  H o w e v e r ,  in  o rd e r  

to  a v o id  th e  p ro b le m s  d u e  to  th e  p o in t - l ik e  s tru c tu re  an d  th e  
s in g u la r  b e h a v io u r  o f  th e  p o te n t ia l a s s o c ia te d  w ith  m o n o p o lc s ,

w e  use th e  d u a l m a g n e t ic  p o te n t ia l B̂ ^̂  ̂ ( w ith  a s s o c ia te d  f ie ld

s tre n g th  as B^^, )  f o r  to p o lo g ic a l  ( m a g n e t ic )  p a r t  o f  th e  

fo rm u la t io n  an d  at th e  s a m e  t im e  in tro d u c e  a c o m p le x  s c a la r  

f ie ld  0  fo r  th e  m o n o p o le . S u c h  c o n s id e ra t io n s  le a d s  to  th e  

f o l lo w in g  g a u g e  in v a r ia n t  Q C D  L a g ra n g ia n  in  p re s e n c e  o f  th e  

q u a rk  d o u b le t  s o u rc e  ( * P ( a ) ) ,  g iv e n  by ,

w h e re  0 i]  = ( 0 0 ^ ) ^ ^  is the v a c u u m  e x p e c ta t io n  va lue  ol ('• Hk 

o n e - lo o p  c f le c l iv e  p o te n t ia l th e n  in d u c e s  m a g n e tic  sym nnin  
b re a k in g  in  a d y n a m ic a l  w a y  w h ic h  le ad s  10 the i iu i m̂ kik  
c o n d e n s a t io n  o t  th e  Q C D  v a c u u m . T h e  p re s e n c e  ol ilh 
m o n o p o le  f ie ld  thus s ig n a ls  th e  c ro s s -o v e r  to  the eonckiivil 
p h ase  o f  Q C D  v a c u u m  a n d  th e re fo re  acts  as an order pai\iiiiLici 
fo r  su ch  a p h a se  Ir a n s ilu in . F u r th e r , th e  a b o v e  Lagrangian lia 
the fo rm  th a t e x a c t ly  c o in c id e s  w ith  th at o f  the G m /b e i 'j ami 
L a n d a u  ty p e  L a g r a n g ia n  1141 o f  th e  m ic ro s c o p ic  tlie in \ 0! 
s u p e r c o n d u c t iv i t y  a n d , t h e r e fo r e ,  e s s e n t ia l ly  has ili i’ Ike  
c o n f in in g  ie a tu re s  a s s o c ia te d  w ith  it. I t ,  in  fac t, ensures ilu 
a p p e a r a n c e  o f  t w o  p h a s e s  in  Q C D  v a c u u m . O n e  is ilî  
d e c o n fin e m e n l phase , w h e re  the  m a g n e tic  s y m m e try  is presciud 
an d  th e  o th e r  is the c o n f in e m e n t  p h a s e , w h e re  the magnLin  ̂
s y m m e try  is in d e e d  b ro k e n  d y n a m ic a l ly .  In  th e  first phase, imi 
o n ly  the q u a rk s  b u t th e  m o n o p o lc s  a ls o  a p p e a r  as the physical 
p a r t ic le  sta tes . O n  th e  o th e r  h a n d , in  th e  c o n fm c n ie n i phase 
th e y  d is a p p e a r  f ro m  th e  p h y s ic a l s p e c tru m  t>f the theory flu 
m a g n e t ic  c o n d e n s a tio n  o f  Q C D  v a c u u m , th e re fo re . leads lo 
e m e r g e n c e  o f  an  e f f e c t  w h ic h  is  d u a l to  th e  w e ll kno^vn 
M e is .s c n e r e f fe c t  o f  c o n v e n t io n a l s u p e rc o n d u c tiv ity . A s a icsuli 
th e  c o n f in e m e n t  o f  a n y  c o lo u re d  (e le c t r ic )  source becoiiK^ 
u n a v o id a b le  in  su ch  a  v a c u u m  in  its c o n f in e d  phase, in  addiiion 
the  c o n f in e d  p h a s e  re f le c ts  i t s e l f  in  te rm s  o f  th e  appcaianccol 
tw o  d i f f e r e n t  m a s s  m o d e s , s c a la r  a n d  v e c to r  ones, ol the 
c o n d e n s e d  v a c u u m . T h e  v e c to r  m o d e  w h ic h  is essentially
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ilic m ass o f  th e  d u a l g a u g e  f ie ld  ( m ^ )  d e te rm in e s  th e  

in i ig n iiu d e o flh c d u a l M e is s n e r e f fc c t  a n d  th e  sc a la r  m o d e  
resp o n d s 10 th e  th re s h o ld  e n e rg y  to  e x c ite  th e  m o n o p o le s  in  

dual O f ’D  v a c u u m . In  th e  m a g n e t ic a l ly  c o n d en s ed  Q C D  v a c u u m  
^viih lii iitc  m o n o p o le  d e n s ity , th e  p a ra m e te rs  s p e c ify in g  these  

m odes o f  d u a l Q C D  v a c u u m  a re  c lo s e ly  re la te d  to  the

density w h ic h  is id e n t if ie d

(9 )

[|,c n u m e r ic a l c o m p u ta t io n  o f  w h ic h  w i l l  b e  used  to  e x p la in  the  
j in lin m g  p ro p e r tie s  o f  d u a l Q C D  v a c u u m  in  the n e x t se c tio n .

3. F lu x  screening in m agnetically condensed dual QCD  
vuciiuin and confinement mechanism

In o rd e r to  v is u a lis e  th e s e  r e la t io n s h ip s  a n d  th e ir  p o s s ib le  
iiiip liL a iio n s  on th e  n a tu re  o f  d u a l Q C D  v a c u u m  an d  c o lo u r  
.w iilm cm cnt, le t us try  to  a n a ly s e  th e  s u p e rc u rre n t s tru c tu re  o f  
lLi(d (X  v a c u u m  re s u lt in g  f ro m  th e  c o n d e n s a tio n  o f  n io n o p o lc  
o iiliL M iia lio n s  F o r  th is  p u rp o s e , le t  us s ta rt w ith  th e  f ie ld  

Liiiuhniis asso c ia ted  w ith  the L a g ra n g ia n  g iv e n  b y  cq . (7 )  w h ic h  
jiL lIl l iv e d  in  th e  fo r m  as g iv e n  b e lo w .

I ,))• /{ '■ ')*'

1

-124 [ 4 0 0 * l n | 0 o “ ( ^ ^ 0 ) } | 0  =  0 . ( 10)

( I I )

I Iksl lield e q u a tio n s  g o v e r n in g  th e  m a g n e tic  c o n d e n s a tio n  
-I QC 1) v a c u u m ,  i n v o l v e  th e  i n t e r a c t io n  b e tw e e n  th e

iiucruscopic f ie ld  0  a n d  th e  d u a l g a u g e  f ie ld  an d  hence

k.ul U) typ ica l f lu x  s c re e n in g  cu iT c n ts  d u e  to  s tro n g  c o rre la tio n s  
mioiiL’ to p o lo g ic a l c h a rg e s . F o r  s m a ll v a r ia t io n s  in  the m o n o p o le  
iKld w in ch  a rc  s m a ll e n o u g h  in  c o m p a r is o n  w ith  c o h e re n c e  

( in  th e  c o n f in e m e n t  r e g i m e ) ,  th e  f ie ld  s a t is f ie s ,  

(p' ~ {) =  r)^ (p , a n d  e q . ( 1 1) th e n  ta k e s  th e  fo rm  g iv e n  as,

In L o ic n i/ g a u g e , th is  e q u a t io n  m a y  b e  e x p re s s e d  as.

(12)

(1 3 )

o f  th e  d u a l Q C D  v a c u u m  an d  th e re fo re  le ad s  to  th e  m ass o f  the  
v e c to r  m o d e  ( )  as g iv e n  b e lo w .

= -
3 2 ; r -

- « m ( 0 ) (14 )

T h e  v e c to r  m o d e  m ass thus a p p e a rs  as a fu n c tio n  o f  the  
d e n s ity  o l Q C D  m o n o p o lc s  p a r t i c ip a t in g  in  th e  v a c u u m  
c o n d e n s a tio n . T h e  Q C D  sc a le  is thus e x p e c te d  lo  re s lr ic l the  
m o n o p o le  d e n s ity  u p lo  a f in ite  c r it ic a l v a lu e  fo r  the c o lo u r  
c o n tin e rn e m  o f  c o lo u r  is o ch a rg es . T h e  m a s s iv e  v e c to r  eq . ( 13 )  

also dem onstTales that the Q C D  v a c u u m , as a resu lt o f  d y n a m ic a l 
b re a k in g  o l m a g n e tic  s y m m e try , a c q u ire s  p ro p e rtie s  s im ila r  lo  
that o l a re la t iv is t ic  s u p e rc o n d u c to r  w h e re  the q u a n tu m  fie ld s  
g e n e ra te  th e  n o n  / e r o  e x p e c ta t io n  v a lu e  a n d  in d u c e  th e  
s c re e n in g  cu rre n ts  Fhe m assless (d u a l)  g a u g e q u a n ta  w h ic h  
p ro p a g ate s  in  ih is  d u a l Q C D  (c o n d e n s e d ) v a c u u m  then sa tis fies  
a e q u a tio n  o i th e  fo rm ,

(1 5 )

w h e re , (m , 0 )  is the  c u rre n t th at res ides in the v a c u u m  and  

IS g e n e ra te d  as a res u lt o l the m a g n e tic  c o n d e n s a tio n  o f  the  
Q C D  v a c u u m . C o m p a r is o n  o f  eq  ( 13 )  an d  eq . ( 1 5 )  a lo n g  w ith  
the use o f  c q . ( 1 4 ) then  leads lo

y ; 7 ( / » , 0  B uh (16 )

w h ic h  is the ty p ic a l sc re e n in g  c u rre n t c o n d it io n  e s tab lish e d  in 
d u a l Q C D  v a c u u m . In  the s ta tic  case, it redu ces to  the lo m i  
g iv e n  as,

7 ‘"‘-(m,0) = -////, B (17 )

T h e  s e ttin g -u p  o f  such c o n d it io n  fo r the s c reen in g  cu rre n ts  
in  d u a l Q C D  v a c u u m  th en  m a k e s  th e  c o n f in e m e n t  o f  a n y  
c o lo u re d  so urce  in e v ita b le . In  the p resen t d u a l fo rm a lis m , the  

f ie ld  strength  ^^iv  has Us fie ld  co n ten t as H  (c o lo u r  m a g n etic  

f ie ld )  and -  E  (c o lo u r  e le c tr ic  f ie ld ) ,  w ith  th e  c o lo u r  e le c tr ic  

f ie ld  id e n t if ie d  as,

£ „ , = V x B .  ( l» )

In  ih e  sta tic  case, it s a tis fies  the f ie ld  e q u a tio n  g iv e n  hy.

V x £ „ ,  = J  ( (19 )

U s in g  the s c re e n in g  c u rre n t c o n d it io n  g iv e n  by cq . ( 1 7 )  a lo n g  
w ith  cq . ( 1 8 )  and  ta k in g  th e  cu rl o f  eq . ( 1 9 ) ,  o n e  can  im m e d ia te ly  

d e d u c e .

1 Ills eq u a tio n  a p p e a rs  as th e  e q u a t io n  o f  th e  m a s s iv e  v e c to r  
w hich m a y  b e  id e n t i f ie d  w i t h  th a t  o f  th e  c o n d e n s e d  m o d e

V ^ £ „  = » ( « £ „ (20)
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le ad s  ih e  G in z b u r g -  L a n d a u  ( G L )  p a ra m e te r  as g iv e n  by,

Heniwati Nandan, H C Pandey and H C Chandola

F o r  the  s im p le s t case o f  o n c -d in ie n s io n a l v a r ia t io n  in  c o lo u r  

c lc t r ic  f ie ld  in  th e  h a lf -  p la n e  ji >  0 , eq.  ( 2 0 )  re d u c e s  to  th e  

e q u a tio n  g iv e n  b y

d ^ E

dx^
^ = m i  E

w h ic h  has its e x p o n e n t ia l s o lu t io n  g iv e n  by, 

=  E „ ( 0 )  e x p  ( - W f l . v ) .

(21)

(22)

T h is  e q u a t io n  d e m o n s tra te s  th a t th e  c o lo u r  e le c tr ic  f ie ld  

p e n e tra te s  th e  d u a l Q C D  v a c u u m  u p to  a d e p th  o f  g iv e n

lU /) -  I — Ak
(23)

L id) _  
Q C D  “

m .

( 24)

I t  c le a r ly  s h o w s  th a t th e  s c re e n in g  c u rre n t in  d u a l Q C D  
v a c u u m  as a re s u lt o f  m o n o p o lc  c o n d e n s a tio n , g iv e s  r ise  to  a 
fo rc e  w ith  ra n g e  in v e r s e ly  p r o p o r t io n a l to  th e  m ass  o f  th e  
c o n d e n s e d  v e c to r  m o d e  ///^,. T h e  a b o v e  r e la t io n  b e tw e e n  
p e n e tra t io n  d e p th  a n d  th e  d e n s ity  o f  c o n d e n s e d  m o n o p o lc s  
p la y s  an im p o r ta n t  ro le  in  fu r th e r  e x p lo r in g  the Q C D  v a c u u m  
p ro p e r tie s . T h e  c h a ra c te r is t ic  m ass  an d  le n g th  sca les  in d u a l 

Q C D  d e p e n d  on th e  s tro n g  c o u p lin g  c o n s ta n t, cx  ̂ -  /  4 n  ,

an d  the c o u p lin g  c o n s ia n t in  Q C D  is k n o w n  to h a v e  the ru n n in g  
b e h a v io u r  as c o n f ir m e d  b y  the v a r io u s  d e e p  in e la s t ic  le p to n -  
n u c le o n  s c a tte r in g  a n d  e'  -  c  a n n ih i la t io n  e x p e r im e n ts . In  lo w  
e n e rg y  re g im e  G e V , the  s tro n g  c o u p lin g  rises ( a ^  >  0 .2 )  an d  a ll 
the  n o n -p e r tu rb a t iv e  e ffe c ts  ( l ik e  th e  c o lo u r  c o n f in e m e n t )  s ta rt 
a p p e a r in g  th e re . A s  s u ch , fo r  th e  n u m e r ic a l c o m p u ta tio n  o f  the  

d u a l Q C D  c h a ra c te r is t ic  sc a le s , le t  us use th e  d if fe re n t  e x tre m e  

v a lu e s  o f  a ^ ( > ( ) . 2 )  m  n o iv p e r t u r b a l iv c  re g io n  a n d  th e  

a s s o c ia te d  p a ra m e te rs  [1 1 ]  as g iv e n  by,

g = l . 6 6 ,  / i „ , ( 0 )  = 0 . 6 3  fo r  a ,  = 0 . 2 2 ,

^  =  3 .4 7 ,  = 0 . 8 7  fo r  a ,  = 0 . 9 6

U s in g  th e  r a t io  o f  tw o  c h a ra c te r is t ic  m ass  sca les  as f ix e d  b y
1

th e  e f fe c t iv e  p o te n t ia l an d  g iv e n  b y  I m  ^ =  y I T  ' ,

w e  ca n  e v a lu a te  th e  m a s s  o f  th e  v e c to r  an d  s c a la r  m o d e s  fo r  
s tro n g  c o u p lin g s  in  th e  n o n -p e r tu r b a t iv c  re g im e  as,

=  1 .6 6  G e V , = 2 . 4 4  G e V  fo r  a  , = 0 . 2 2  ,

= 0 . 9 3  G e V , = 0 . 6 5  G e V  fo r  a ^  = 0 . 9 6 .

T h e  in v e rs e  o f  th ese  tw o  m a s s  sc a le s  s t r a ig h tfo rw a rd ly  le ad s  

to  th e  p e n e tra t io n  a n d  c o h e re n c e  le n g th s  re s p e c t iv e ly  in  d u a l 
(s u p e rc o n d u c t in g )  Q C D  v a c u u m . T h e  tw o  le n g th  s c a le s  th en

w h ic h  p la y s  an  im p o r ta n t  ro le  in  id e n t i fy in g  th e  b e h a v i o u r  oi 
Q C D  v a c u u m . In  th e  p re s e n t s c e n a r io , it m a y  then  be shown 

th a t the G L  -p a ra m e te r  ta k e s  th e  v a lu e , kQ^p >  I , for the 

o l lo w  d e n s ity  o f  c o n d e n s e d  m o n o p o le s , w h ic h  belongs U) ilx 
re g io n  o l r e la t iv e ly  lo w e r  c o u p lin g s  in  in fra re d  reg im e  M o ri 

p re c is e ly , as an e x a m p le  fo r  th e  ca se  o f  a   ̂ =  0 .2 2 , we

=  I , w h ic h  g u a ra n te e s  th e  t y p e - I l  superconducim i! 

b e h a v io u r  o f  d u a l Q C D  v a c u u m . H o w e v e r ,  in  case o l su lfiucn il) 
h ig h  d e n s ity  o f  c o n d e n s e d  m o n o p o le s  w h ic h  be longs lo 

case o f  r e la t iv e ly  h ig h e r  c o u p lin g s , th e  G L -p a ra m e te rs  takes i Ik*

v a lu e s  (e. fi . ,  fo r  a ,  =  0 .9 6 ,  k^̂ ^̂ p =  1 .4 7  ), th e  G I .  paranicUr

is e s t im a te d  as k^f^!p = 0 . 6 9  , w h ic h  in d ic a te s  that the Q ( ’D 

v a c u u m  beh aves  lik e  ty p c - I  s u p e rc o n d u c tin g  va c u u m . M (hcnu:i 
fo r  the  p u rp o s e  o f  c o m p a r is o n  an d  to  see th e  e ffe c t  o f  the Îu im k  
o f  c o n d e n s e d  m o n o p o le s  on  th e  Q C D  v a c u u m  slruLim Y, om 
ca n  fu r th e r  e s t im a te  th e  v a r io u s  v a lu e s  o f  the  characutnsiu  
le n g th  an d  m ass sc a le s  di.scussed a b o v e  in  an id e n lK a l w.jv Ini 
a n a ly s in g  th e  n a tu re  o f  Q C D  v a c u u m . S u c h  an cstniM ic  
s u m m a r iz e d  in T a b le  1 an d  has b e en  g ra p h ic a lly  prcscnkcl id 
F ig u re  I .

T a b ic  1. L e n g ih  scales and condensed m o n o p o le  d e n s ily  estin ia lc in i 

( ^ C t)  va cu um

G e V (fm  ’ )

j u n

( fm )

c(.0

( fm )

0 . 2 2 1 6 6 0  I.S6 0 .6 3 4 0  118 0  0 8 0 1  ̂ '

0 2 4 1 7 3 0 159 0  6 5 4 0  1 2 1 0  0 86 1 40

0 47 2 4 2 0  170 0 7 5 0 .1 5 7 0  1^7 1 00

0  9 6 3 47 0  183 0 87 0  2 0 9 0 30(1 0 (iV

T h e  g ra p h ic a l p lo t  o f  d i f f e r e n t  v a lu e s  o f  penetration anJ 
c o h e r e n c e  le n g th s  f o r  v a r io u s  v a lu e s  o f  d e n s ity  ol ihc 
c o n d e n s e d  m o n o p o le s  d e m o n s tra te s  th a t the  Q C D  vacuum 
c h a n g e s  its  n a tu re  f r o m  ty p e - l  to  t y p e - l I  at a  p a rtic u la r  value ol 
th e  d e n s ity  o f  th e  co n d cn .sed  m o n o p o le s . In  o th e r words, the 
p h a se  c h a n g e  in  Q C D  v a c u u m  f r o m  t y p e - I  to  ly p e - I l  occurs loi 
th e  c r it ic a l v a lu e  o f  th e  d e n s ity  o f  th e  c o n d e n s e d  m o n o p o lc s  to 
in d u c e  th e  p h a s e  c h a n g e  in  Q C D  v a c u u m  f ro m  ty p c -I to type H 

b e h a v io u r , is c o m p u te d  as (0) =  0 .7 5  fm  '  as show n in 
F ig u re  1.

4. Conclusion.s
T h e  a b o v e  a n a ly s is  s h o w s  th a t th e  d u a l su percon ductin g  
f o r  Q C D  vacuum b a s e d  o n  th e  d y n a m ic a l  b rea k in g  ol the
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iuiictic symmetry provides an attractive possibility for the 
,nation of quark confinement. ITic screening mass for the 

lull ‘'uugc bosons has a direct dependence on the density of 
.(Uiclcnscd monopoles in QCD vacuum and leads to some 
iiiuicsiing insights for the dual QCD vacuum. The graphical 
iliii lor the characteristic length scales clearly shows that in the 

inirared regime with considerably high density of the 
n̂uk'iiscd monopoles, the QCD vacuum favours type-1 

.iipcivonducting behaviour whereas it .switches over to type- 
11 su|K'iconducting once the monopolc density falls down 
n̂iisKlcrably to its critical value.

Monopole density (fm'")
linuR I hols loi ihc characlcnsiK lengths in dual 0̂ 1̂  showing ihc 
iiiKiuii luiiiic ol the superconducting QCD vacuum in high and relatively 
I' ilui u\ scciois of the condensed monopoles

111 addition, the characleristic length scales conipuled here, 
!aiilici load to the eslimalion of ihc masses of ihe magnetic 
l̂ 'luckilK in dual QCD vacuum . As a specific case for, a typical 
ukic nl strong coupling, Oi  ̂ = 0.22 the vector glueball assumes 
‘I mass dose to the value of 1.66 GeV whereas the scalar glueball 

lie dose to 2.44 GeV. Since the corresponding monopolc 
(0,63 fm') falls much below the critical value, the QCD 
lavours lype-ll behaviour in such case. However,

b e y o n d  th e  c r it ic a l c o u p lin g  v a lu e  o f  a  , =  0 .4 7  (a t w h ic h  the  

c h a ra c te ris tic  le n g th  scales le ad  to  the v e c to r  and  sca la r g lu e b a ll 

m asses as 1 .25  G e V  e a c h ), w h ic h  c o rre sp o n d s  to  the c r it ic a l  

m o n o p o le  d e n s ity  p o in t ( 0 .7 5  fm  ') ,  the  Q C D  v a c u u m  is pushed  

to  th e  t y p c - I  s u p e rc o n d u c t in g  p h a s e  w h ic h  g u ra n te c s  the  

ab so lu te  c o n fin e m e n t o f  an y  c o lo u r  e le c tr ic  so urce p resen t. I t  is 

in te re s tin g  that a ll ihc  c o n fin e m e n t p a ra m e te rs  d iscussed  ab o ve  

arc in  g ood  a g re e m c n l w ith  o u r p re v io u s  resu lts  based on f lu x  

lu b e  m o d e l [ I I )  o f  Ihe  Q C D  v a c u u m  as w e ll  as w ith  the results  

o b ta in e d  by o th e r au th o rs  115) a lso .
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