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Effects of multipion correlations on the source distribution in ultrarelativistic heavy-ion collisions
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The multipion correlation effect on the source distribution is studied. It is shown that multipion Bose-
Einstein correlations make the average radius of the pion source become smaller. The isospin effect on the pion
multiplicity distribution and the source distribution is also discussed.@S0556-2813~98!03702-9#

PACS number~s!: 25.75.Gz, 11.30.Rd, 12.38.Mh, 25.75.Dw
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Ultrarelativistic hadronic and nuclear collisions provide
unique environment to create dozens, and in some cases
dreds, of pions@1–3#. To study the pion source distribution
in these processes, therefore, one must take into accoun
effects of multipion Bose-Einstein~BE! correlations@4–14#.
Among others, Lam and Lo@4# suggested that the large
isospin fluctuations were due to the Bose nature of the e
ted pions. Pratt@7# suggested that if the number of bosons
a unit value of phase space is large enough, bosons
condense into the same quantum state and a pion laser c
be created. Considering isospin effects, Pratt and Zelevin
@8# used the method in Ref.@7# to explain Centauro event
@15,16#. Zajc @6# first used the Monte Carlo method to an
lyze multipion Bose-Einstein correlation effects on two-pi
interferometry. A detailed derivation of multipion Bose
Einstein correlations can be found in Ref.@12#. The bosonic
nature and isospin of the pion should affect the single-p
spectrum distribution in coordinate space. However, this
sue has not yet been discussed in the literature. The pur
of this paper is to analyze the effects of multipion corre
tions and isospin on the source distribution in coordin
space.

We begin with write down the definition for then-pion
inclusive source distribution:

Pn~x1 , . . . ,xn!5^ j * ~x1!••• j * ~xn! j ~x1!••• j ~xn!&, ~1!

which can be explained as the probability of observingn
pions at point$xi ,i 51,n% all in the samen-pion event. Here
j (x) is the current of pions, which can be expressed
@9,12,13#

j ~x!5E j ~x8,p!exp$ ip~x2x8!%g~x8!d4x8d4p, ~2!

where j (x8,p) is the probability amplitude of finding a pio
with momentump, emitted by the emitter atx8. g(x8) is a
random phase factor which has been taken away f
j (x8,p). All emitters are uncorrelated in coordinate space

^g* ~x!g~y!&5d4~x2y!. ~3!

Taking the phase average and using Eq.~3!, one can reex-
press then-pion inclusive distribution@Eq. ~1!# as

Pn~x1 , . . . ,xn!5(
s

r1,s~1!•••rn,s~n! , ~4!
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r i , j5r~xi ,xj !5^ j * ~xi ! j ~xj !&, E r~x,x!d4x5n0 .

~5!

Here s( i ) denotes thei th element of a permutation of th
sequence 1,2,3, . . . ,n, and the sum overs runs over alln!
permutations of this sequence.n0 is the mean pion multiplic-
ity without multipion Bose-Einstein correlations.

Taking into account then-pion correlation effect, the nor
malized modified i -pion inclusive distribution inn-pion
events,Pi

n(x1 , . . . ,xi), can be written as

Pi
n~x1 , . . . ,xi !5

E ) j 5 i 11
n d4xj Pn~x1 , . . . ,xn!

E ) j 51
n d4xj Pn~x1 , . . . ,xn!

, ~6!

which can be explained as the probability of findingi pions
at point$xj , j 51,i % in n-pion events.

Now we define the functionGi(x,y) as @7,12#

Gi~x,y!5E r~x,x1!dx1r~x1 ,x2!dx2•••r

3~xi 22 ,xi 21!dxi 21r~xi 21 ,y!. ~7!

From the expression ofPn(x1 , . . . ,xn) @Eq. ~4!#, the
single-pion inclusive distribution in coordinate space can
expressed as

P1
n~x!5

1

n

1

v~n!(i 51

n

Gi~x,x!v~n2 i !, ~8!

with

v~n!5
1

n! E Pn~x1 , . . . ,xn!)
k51

n

d4xk . ~9!

Here v(n) is the pion multiplicity distribution probability.
Experimentally, one usually mixes all events to analyze
single-pion inclusive distribution. Thus the single-pion incl
sive distribution reads

P1
f~x!5

(n51
` v~n!nP1

n~x!

^n&(nv~n!
, ~10!
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with

^n&5
(n51

` v~n!n

(nv~n!
. ~11!

Using Eq.~8!, one can write down the single-pion inclusiv
distribution

P1
f~x!5

1

^n&(i 51

`

Gi~x,x!. ~12!

In the following, we will employ a simple model to analyz
the multipion correlation effects on the source distributio
We assume that

r~x,y!5n0S 1

pR1
2D 3/2

exp@2~xW1yW !2/4R1
2#

3exp@2~xW2yW !2/4R2
2#Ad~x0!d~y0!. ~13!

HereR1 andR2 are the parameters that represents the ra
of the chaotic source and the correlation length of pio
respectively.x5(x0 ,xW ) are the pion’s four-dimensional co
ordinates. Then,Gn(x,y) can be expressed as

Gn~x,y!5n0
nAd~x0!d~y0!anexp$2an~xW21yW 2!1gnxW•yW %,

~14!

where

an115a12
g1

2

4bn
, gn115

g1gn

2bn
, bn5an1a1 , ~15!

and

an115anS 1

bn
D 3/2S 1

R1
2D 3/2

, ~16!

with

a15
1

4R1
2

1
1

4R2
2

, g15
1

2R2
2

2
1

2R1
2

, a15S 1

pR1
2D 3/2

.

~17!

From the above formula, we obtain the pion source d
tribution in n-pion events@P1

n(xW )5*P1
n(x)dx0#, which we

show in Fig. 1. Evidently, because of the multipion Bos
Einstein correlation effects, the pions are concentrated in
same state. The mean radius of the source becomes sm
The larger the pion multiplicity, the larger the BE correlatio
effects on the source distribution. Multipion correlation e
fects on the source distribution@P1

f(xW )5*P1
f(x)dx0# are

shown in Fig. 2, where we mix the pion multiplicity. It i
clear that as the mean pion multiplicity becomes larger,
multipion correlation effects on the source distribution b
come larger.

The pion state with isospin can be written as@10,17#

uf&5expS E jW~x!•aW 1~x! D u0&, ~18!
.

s
,

-

-
e

ller.

e
-

where jW andaW are the vectors in isospin space which can
expressed as

jW~x!5 j ~x!F 1

A2
sinue2 if,cosu,2

1

A2
sin~u!eifG ~19!

and

aW 1~x!5@ap2
1

~x!,ap0
1 ,ap1

1
#. ~20!

Then the state with total isospinI andz component of isos-
pin I z is

uf,I ,I z&5E sinududfYI ,I z
* ~u,f!expS E jW~x!•aW 1~x! D u0&.

~21!

YI ,I z
(u,f) is the spherical harmonic of angular momentumI

andz componentI z . From the above formula we can calcu

FIG. 1. Multipion correlation effects on the source distributio
The solid line corresponds to the input source distribution. T
dashed and dotted lines correspond ton520 and 80, respectively
The input value ofR1 andR2 is 5 and 0.8 fm, respectively.

FIG. 2. Multipion correlation effects on the source distributio
The solid line corresponds to the input source distribution. T
dashed and dotted lines correspond to^n&522 and 126, respec
tively. The input value ofR1 andR2 is 5 and 0.8 fm, respectively
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late the isospin effect on the pion probability and pion sou
distribution. For the sake of simplicity, we will only conside
in the following theI 50, I z50 case. One can easily chec
that uf,0,0& can be expanded in Fock space as

uf,0,0&5(
np0

(
nc/2

1

2nc/2
BF1

2
1

np0

2
,
nc

2
11G unp0&Unc

2 L Unc

2 L ,

~22!

with

unp0,p1,p2&5
@* j ~x!ap0,p1,p2

1 d4x#n

n!
u0&. ~23!

Here unp& denotes then-pion state andB(x,y) is the beta
function. nc5np11np2 is the total number of charged
pions. Because of isospin conservation, we havenp15np2

5nc/2 andnp0 must be even. At this stage we can calcula
the p0 andp1,2 probability distributions according to

P~np0!5

(nc
v~np0!

1

2nc
B2S np011

2
,
nc

2
11Dv2S nc

2 D
(np0(nc

v~np0!
1

2nc
B2S np011

2
,
nc

2
11Dv2S nc

2 D
~24!

and

FIG. 3. Pion multiplicity distribution. The solid line correspond
to the pion probability distribution without the isospin effect. Th
dashed and dotted lines correspond top0 and p1,2 probability
distributions, respectively. The input value ofR1, R2, andn0 is 5
fm, 0.8 fm, and 20, respectively.
e

e

PS np15np25
nc

2 D

5

(np0v~np0!
1

2nc
B2S np011

2
,
nc

2
11Dv2S nc

2 D
(np0(nc

v~np0!
1

2nc
B2S np011

2
,
nc

2
11Dv2S nc

2 D .

~25!

Thep0 andp1,2 probability distributions are shown in Fig
3. For comparison, the pion probability without isospin co
servation is also shown as a solid line in Fig. 3. We not
that due to the isospin effect, thep0 and p1,2 probability
distributions are quite different from each other now. Th
phenomenon has been noticed in Ref.@8#. But the method
given here enables us to calculate the isospin effect for
isospin state, not limited to isosinglet states as discusse
Ref. @8#. From thep0 andp1,2 probability distributions, we
acquire the mean multiplicitieŝnp0& and ^np1,2&:

^np0&5

(np0(nc

1

2nc
B2S np0

2
1

1

2
,
nc

2
11Dv2S nc

2 Dnp0v~np0!

(np
0(nc

1

2nc
B2S n0

2
1

1

2
,
nc

2
11Dv2S nc

2 Dv~np0!

~26!

and

FIG. 4. Multipion correlation and isospin effects on the sour
distribution. The solid line corresponds to the source distribut
without the isospin effect. The dashed and solid lines correspon
p0 andp1,2 source distributions, respectively. The input value
R1 , R2, andn0 is 5 fm, 0.8 fm, and 40, respectively.
lected
ce,
^np1,2&5

(np0(nc

1

2nc
B2S np0

2
1

1

2
,
nc

2
11Dv2S nc

2 Dnp1,2v~np0!

(np0(nc

1

2nc
B2S n0

2
1

1

2
,
nc

2
11Dv2S nc

2 Dv~np0!

. ~27!

It is well known that in the case of the isospin singlet, if the multiparticle BE correlation in coordinate space is neg
(R250 fm!, there would bê np0&5^np1&5^np2& @17#. As the multiparticle BE correlation is included in coordinate spa
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however, such a simple relation does not hold for the isosinglet any more. As an example, to make a quantitative sen
R155 fm, R250.8 fm, andn0520 and obtainnp052.86 andnp15np259.38.

The p0 andp1,2 source distribution reads

Pp0~x!5
^f,0,0uap0

1
~x!ap0~x!uf,0,0&

^f,0,0uf,0,0&^np0&
5

1

^np0&

(np0(nc

1

2nc
B2S np0

2
1

1

2
,
nc

2
11Dv2S nc

2 D ( i 51
np0

Gi~x,x!v~np02 i !

(np0(nc

1

2nc
B2S np0

2
1

1

2
,
nc

2
11Dv2S nc

2 Dv~np0!

~28!

and

Pp1,2~x!5
^f,0,0uap1,2

1
~x!ap1,2~x!uf,0,0&

^f,0,0uf,0,0&^np1,2&

5
1

^np1,2&

(np0(nc

1

2nc
B2S np0

2
1

1

2
,
nc

2
11Dv~np0!vS nc

2 D ( i 51
np1,2

Gi~x,x!vS nc

2
2 i D

(np0(nc

1

2nc
B2S np0

2
1

1

2
,
nc

2
11Dv2S nc

2 Dv~np0!

. ~29!
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The p0 and p1,2 inclusive distributions are shown i
Fig. 4. For comparison, we also give thep inclusive distri-
bution without the isospin effect in the same figure. Not
that there is a difference amongp0,p1,2 and p inclusive
distributions caused by multiparticle BE correlations in c
ordinate space.

In this paper, we have not considered energy constr
effects on the source distribution as done in Ref.@13#. Also
the source model presented here is not a realistic model
stressed in Refs.@6,8#, for a more or less real model, th
amount of calculational work will increase astronomical
To our best knowledge, there is so far no method wh
enables us to calculate quickly multiparticle BE correlatio
in the above process. But we think that for the purpose
illustrating the general features of multipion correlation
fects on the source distribution, our toy model is go
enough. In Ref.@18#, Fowleret al. found that the restriction
on the multiplicity has a great influence on BE correlatio
We did not address this issue, simply because our pr
purpose in this paper is to discuss the multipion BE corre
-

nt
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tion and isospin effects on the source distribution in coor
nate space, which has not yet been discussed in prev
publications. We leave the systematical discussion of
these factors on the source distribution for a future publi
tion.

In conclusion, the multipion Bose-Einstein correlation e
fects on the pion source distribution have been discus
We showed that multipion correlations make the average
dius of the source become smaller. The larger the pion m
tiplicity, the larger the multipion correlation effects on th
source distribution. Isospin effects on the pion probabil
and pion source distribution are also discussed. We obse
that multipion correlations distort the relation̂np0&
5^np1&5^np2& which exists in isospin-singlet state withou
multiparticle BE correlations in coordinate space.
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