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Abstract: In this paper, we describe the study of one- and three-dimension pion and kaon
source functions for chaotic and partially coherent sources in Pb-Pb central collisions at
√

sNN = 2.76 TeV using the AMPT model. The characteristic source function quantities
are calculated and compared with the results obtained by fitting the two-boson correlation
functions using the Gaussian source formula. It was found that the imaging results are
approximately consistent with the results of the Gaussian source formula fits. The partially
coherent pion sources exhibit a high degree of coherence. However, the kaon pairs with
high transverse momenta are emitted with a high degree of chaos.

Keywords: imaging technique; source functions; partially coherent sources; AMPT model;
relativistic heavy-ion collisions

PACS: 25.75.Gz; 25.75.-q; 21.65.jk

1. Introduction
Two-boson Hanbury Brown–Twiss (HBT) correlations are important observables in

high-energy heavy-ion collisions [1–6]. In HBT analysis, it is common to fit the HBT correla-
tion functions with the parameterized formula based on the particle-emitting source model,
usually the Gaussian source model, to obtain quantitative source space–time structure and
coherence results [1–14]. These HBT results are source-model dependent. The imaging
technique introduced by Brown and Danielewicz [15–17] is another HBT analysis method
in high-energy heavy-ion collisions that can obtain the particle-emitting source functions
directly from the HBT correlation functions [18–24]. Therefore, the source functions ex-
tracted by the imaging analyses are independent of the source model [15–24]. These source
functions can be used to obtain more realistic source spatial characteristic quantities and
coherence for non-Gaussian particle-emitting sources [25,26].

In Reference [27], we investigated the two-pion HBT correlations for chaotic and
partially coherent sources in heavy-ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) and Large Hadron Collider (LHC) with a multiphase transport (AMPT)
model [28,29]. In Reference [30], we studied the multi-pion and multi-kaon HBT correla-
tions at

√
sNN = 2.76 TeV Pb-Pb collisions at the LHC using the AMPT model. A partially

coherent source was constructed with the coherent emission lengths related to the boson
de Broglie wavelength and density [30]. These studies indicate that the two-pion and
multi-pion HBT results of the partially coherent sources are more consistent with experi-
mental data than those of the chaotic sources using the AMPT model [27,30]. In this work,
we studied the pion and kaon two-boson correlation functions and source functions for
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partially coherent and chaotic sources in Pb-Pb central collisions at
√

sNN = 2.76 TeV
using the AMPT model. It was found that the characteristic source function quantities
are approximately consistent with the correlation function results fitted with the Gaussian
source formula. The chaoticity characteristic quantity results indicate that the partially
coherent pion sources exhibit a high degree of coherence. However, the kaon pairs with
high transverse momenta are emitted with a high degree of chaos.

The rest of this paper is organized as follows: In Section 2, we introduce the one-
and three-dimension imaging techniques. In Section 3, we study the pion and kaon two-
boson HBT correlations and one- and three-dimension source functions for chaotic and
partially coherent sources in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT

model. The characteristic pion and kaon source function quantities for chaotic and partially
coherent sources are calculated. We summarize this work and present conclusions in
Section 4.

2. Imaging Technique
Based on the Koonin–Pratt formulism [31,32], the two-boson HBT correlation function

C(q) can be written in the pair center-of-mass system (PCMS) as [17,18,25,33,34]

R(q) ≡ C(q)− 1 =
∫

dr
[
|Φq(r)|2 − 1

]
S(r) ≡

∫
drK(q, r)S(r), (1)

where q = (p1 − p2) is the relative momentum of the identical boson pair, r is the relative
separation of emission points of the two bosons, and Φq(r) is the relative wave function of
the pair. Neglecting the final-state interaction of the boson pair,

Φq(r) =
1√
2

(
eiq·r/2 + e−iq·r/2

)
. (2)

In Equation (1), S(r) is the so-called two-particle source function, which denotes the
probability of emitting an identical boson pair with the relative spatial separation r. The
problem of imaging is obtaining the source function S(r) with the measured data of the
correlation function C(q) [or R(q)].

For a spherically symmetric source function, Equation (1) reduces to

R(q) = C(q)− 1 = 4π
∫

dr r2K(q, r)S(r), (3)

where q = |p1 − p2| and q = qinv =
√

q2 − q2
0 because q0 = 0 in the PCMS.

By expanding the source function in the b-spline basis Bj(r) [17] as follows:

S(r) = ∑
j

SjBj(r), (4)

the value of correlation function at the ith q bin, R(qi), can be expressed as

R(qi) = ∑
j
Kij Sj, i = 1, 2, 3, · · · , (5)

where

Kij =
4π

∆q

∫ qi+∆q/2

qi−∆q/2
dq

∫ ∞

0
dr r2K(q, r)Bj(r), (6)

where ∆q is the bin size of q. The one-dimension imaging problem then becomes solving Sj

in Equation (5).
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For a general three-dimension particle-emitting source, the source function S(r) and
correlation function R(q) can be expressed in spherical harmonics Ylm (l = 0, 1, 2, · · · ;
m = −l, · · · , l) [34]:

S(r) = 4π ∑
l

∑
m

Ylm(r̂) Slm(r), (7)

R(q) = 4π ∑
l

∑
m

Ylm(q̂)Rlm(q), (8)

where r̂ is the unit vector of r and q̂ is the unit vector of q. Let µ denote the cosine of the
angle between r and q, and the kernel K(q, r) can be expanded in Legendre polynomials
Pl(µ) (l = 0, 1, 2, · · · ) as follows [34]:

K(q, r) = ∑
l

Pl(µ)Kl(q, r). (9)

By inserting Equations (7)–(9) into Equation (1), one obtains

Rlm(q) = 4π
∫ ∞

0
dr r2Kl(q, r)Slm(r), (10)

where

Kl(q, r) =

{
(−1)l/2 jl(qr) , for even l ,
0 , for odd l ,

(11)

where jl (l = 0, 1, 2, · · · ) are spherical Bessel functions.
From Equation (8) one can obtain Rlm(q) with the measured three-dimension corre-

lation function R(q). Then, one can obtain a series of Slm(r) from Equation (10) (similar
to Equation (3)) with the one-dimension imaging technique and finally obtain the three-
dimension source function using Equation (7).

3. Imaging Results for Heavy-Ion Collisions Using the Ampt Model at
the LHC
3.1. Calculations of Correlation Functions Using the Ampt Model

The AMPT model has been successfully used to describe the observables in high-
energy heavy-ion collisions [27–30,35–48]. It is a four-part hybrid, including initialization,
parton transport, hadronization, and hadron transport. The initialization of collisions in the
AMPT model is performed using the HIJING model [49]. The parton transport and hadron
transport are described by the ZPC parton cascade model [50] and the ART model [51],
respectively. In this study, we use the string melting version of the AMPT model in which
partons are hadronized by the quark coalescence mechanism [28,29]. In the AMPT model,
the generated hadrons may interact with other particles in the source and may be absorbed
or remain until freeze-out. Some hadrons may also be generated by the particle interactions
in the source and hadron decays. As a microscopic transport model, the AMPT model can
provide the origin of a freeze-out particle. We divide all the identical bosons into two kinds,
namely, the bosons generated by quark coalescence and the bosons generated by particle
scattering and decay, as in Reference [27].

In Reference [30], we investigated the multi-pion and multi-kaon correlation functions
for partially coherent pion and kaon sources. The two-boson correlation functions for the
partially coherent sources are calculated in the equations,

C(p1, p2) = 1 +
∑X1,X2

A2(p1, X1)A2(p2, X2)R(p1, p2; X1, X2)

∑X1,X2
A2(p1, X1)A2(p2, X2)

, (12)
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where A(pi, Xi) is the magnitude of the amplitude for emitting a boson with momentum
pi at the freeze-out four-coordinate Xi,

R(p1, p2; X1, X2) = 0, for ∆z < LCZ and ∆rT < LCT, (13)

and
R(p1, p2; X1, X2) = cos[(p1 − p2) · (X1 − X2)], for others, (14)

where ∆z = |z1 − z2|, ∆rT =
√
(x1 − x2)2 + (y1 − y2)2, (xi, yi, zi) (i = 1, 2) are the pion

generation coordinates, and LCZ and LCT are the respective longitudinal and transverse
coherent emission lengths, which are related to the boson density as well as the de Broglie
wavelengths of the two bosons [30]. The values of LCZ and LCT are zero for the chaotic
boson-emitting sources. In this study, we calculate the two-pion and two-kaon correlation
functions using the AMPT data samples, as in Reference [30].

3.2. One-Dimension Results

Figure 1 shows the two-pion correlation functions C(qinv) for chaotic sources (circle
symbols) and partially coherent sources (triangle symbols) in Pb-Pb central collisions at
√

sNN = 2.76 TeV using the AMPT model. Here, the left, middle, and right columns
are the results in the pion pair transverse momentum intervals, KT > 0, KT < 0.35, and
KT > 0.35 GeV/c in the laboratory frame, respectively. The top, middle, and bottom
rows show the results for all the identical (negative) pions, the pions generated by quark
coalescence, and the pions generated by particle scattering and decay, respectively.
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Figure 1. (Color online) Two-pion correlation functions for chaotic and partially coherent sources in
Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model, in different pion pair transverse

momentum intervals in the laboratory frame. The solid and dashed lines are the correlation function
curves for chaotic and partially coherent sources, respectively, fitted with the Gaussian source formula.
The top, middle, and bottom panels show the results for all the identical pions, the pions generated
by quark coalescence, and the pions generated by particle scattering and decay, respectively.
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One can see that the two-pion correlation function intercepts near qinv = 0 for partially
coherent sources are lower than those for the chaotic sources. Moreover, the widths of the
correlation functions for the pions generated by quark coalescence are larger than those
for the pions generated by particle scattering and decay. This indicates that the source
sizes for the pions generated by quark coalescence are smaller than those for the pions
generated by the particle scattering and decay. The widths of the correlation functions in
the lower KT interval are smaller than those in the higher KT interval. This means that
the pion source sizes are smaller in the high transverse momentum interval than those
in the lower transverse momentum interval. In Figure 1, the solid and dashed lines are
the correlation function curves for the chaotic and partially coherent sources, respectively,
fitted with the Gaussian formula

C(qinv) = 1 + λ e−q2
invR2

G . (15)

The differences between the fitted curves and the correlation functions are due to the
non-Gaussian source distributions in the AMPT model. The distortions are significant
for the quark coalescence pion-emitting sources and in the high pion pair transverse
momentum intervals.

Figure 2 shows the one-dimension pion source functions S(r) of chaotic sources (circle
symbols) and partially coherent sources (triangle symbols) in Pb-Pb central collisions at
√

sNN = 2.76 TeV using the AMPT model. Here, the solid and dashed lines are the results
directly extracted from the AMPT model (plotting the average boson freeze-out relative
coordinates provided by the AMPT model) for the chaotic and partially coherent sources,
respectively. The left, middle, and right columns are the results in the pion pair transverse
momentum intervals, KT > 0, KT < 0.35, and KT > 0.35 GeV/c in the laboratory frame,
respectively. The top, middle, and bottom rows show the results for all the identical
(negative) pions, the pions generated by quark coalescence, and the pions generated by
particle scattering and decay, respectively.

One can see that the source functions of the partially coherent sources are lower than
those of the chaotic sources. The source functions for the pions generated by particle
scattering and decay are flatter as a function of the relative coordinate r than those for the
pions generated by quark coalescence. This means that there are more pion pairs with
a small r for the pions generated by quark coalescence than for the pions generated by
particle scattering and decay. The differences between the source functions obtained using
the imaging technique and those extracted directly from the AMPT model are significant
for the quark coalescence pion sources and in the high KT intervals. This is mainly because
the sources are different in spherical symmetric systems.

Figure 3 shows the two-kaon correlation functions C(qinv) for chaotic sources (circle
symbols) and partially coherent sources (triangle symbols) in Pb-Pb central collisions at
√

sNN = 2.76 TeV using the AMPT model. Here, the left, middle, and right columns
are the results in the kaon pair transverse momentum intervals, KT > 0, KT < 0.45, and
KT > 0.45 GeV/c, respectively, in the laboratory frame. The top and bottom rows show the
results for all of the identical (negative) kaons and the kaons generated by quark coalescence,
respectively. We found that the two-kaon correlation functions for the kaons generated by
particle scattering and decay have low statistics. In the low transverse momentum interval
KT < 0.45 GeV/c, the correlation function intercepts near qinv = 0 for the partially coherent
sources are significantly lower than those for the chaotic sources. However, the differences
between the correlation functions for partially coherent and chaotic sources are small in
the high transverse momentum interval KT > 0.45 GeV/c. Compared with the two-pion
correlation functions (see Figure 1), the two-kaon correlation functions can be fitted better
with the Gaussian source formula Equation (15).
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Figure 2. (Color online) One-dimension pion source functions of chaotic and partially coherent
sources in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model, in different pion pair

transverse momentum intervals in the laboratory frame. The solid and dashed lines are the results
directly extracted from the AMPT model for the chaotic and partially coherent sources, respectively.
The top, middle, and bottom rows show the results for all the identical pions, the pions generated by
quark coalescence, and the pions generated by particle scattering and decay, respectively.
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Figure 3. (Color online) Two-kaon correlation functions for chaotic and partially coherent sources in
Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model in different kaon pair transverse

momentum intervals in the laboratory frame. The solid and dashed lines are the correlation function
curves for chaotic and partially coherent sources, respectively, fitted with the Gaussian source formula.
The top and bottom rows show the results for all the identical kaons and the kaons generated by
quark coalescence, respectively.



Universe 2025, 11, 31 7 of 16

Figure 4 shows the one-dimension kaon source functions S(r) of chaotic sources (circle
symbols) and partially coherent sources (triangle symbols) in Pb-Pb central collisions
at

√
sNN = 2.76 TeV using the AMPT model. Here, the solid and dashed lines are the

results directly extracted from the AMPT model for the chaotic and partially coherent
sources, respectively. The left, middle, and right columns show the results in the kaon pair
transverse momentum intervals, KT > 0, KT < 0.45, and KT > 0.45 GeV/c in the laboratory
frame, respectively. The top and bottom rows show the results for all the identical (negative)
kaons and the kaons generated by quark coalescence, respectively. One can see that the
source functions of the partially coherent sources are lower than those of the chaotic sources
at a small r. The source functions obtained using the imaging technique are approximately
consistent with those extracted directly from the AMPT model.
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Figure 4. (Color online) One-dimension kaon source functions of chaotic and partially coherent
sources in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model, in different kaon pair

transverse momentum intervals in the laboratory frame. The solid and dashed lines are the results
directly extracted from the AMPT model for the chaotic and partially coherent sources, respectively.
The top and bottom rows show the results for all the identical kaons and the kaons generated by
quark coalescence, respectively.

3.3. Three-Dimension Results

In usual HBT analyses in high-energy heavy-ion collisions, the three-dimension
two-pion correlation functions are decomposed in the longitudinal direction (along the
beam—denoted as the “long” direction), the transverse out direction (along transverse pair
momentum—denoted as the “out” direction), and the transverse side direction (vertical
to the out direction—denoted as the “side” direction). The correlation functions are fitted
with the three-dimension Gaussian formula:

C(qout, qside, qlong) = 1 + λ e−q2
outR

2
out−q2

sideR2
side−q2

longR2
long . (16)

Figure 5 shows the two-pion correlation functions C(qout, qside, qlong) in the out, side,
and long directions for the chaotic sources (circle symbols) and partially coherent sources
(triangle symbols) in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model.

Here, the solid and dashed lines are the correlation function curves for chaotic and partially
coherent sources, respectively, fitted with Equation (16). The top, middle, and bottom rows
show the results in the pion pair transverse momentum intervals, KT > 0, KT < 0.35, and
KT > 0.35 GeV/c, respectively, in the laboratory frame. One can see that the correlation
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function intercepts near zero relative momenta for the partially coherent sources are lower
than those for the chaotic sources.
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Figure 5. (Color online) Two-pion correlation functions with respect to the relative momenta qi,j,k
(i, j, k = out, side, long) in the PCMS frame for chaotic and partially coherent sources in Pb-Pb central
collisions at

√
sNN = 2.76 TeV using the AMPT model. The solid and dashed lines are the correlation

function curves for chaotic and partially coherent sources, respectively, fitted with Gaussian source
formula. The top, middle, and bottom rows show the results in pion pair transverse momentum
intervals KT > 0, KT < 0.35, and KT > 0.35 GeV/c in the laboratory frame, respectively.

Figure 6 shows the three-dimension pion source functions S(ri) (i = out, side, long)
of the chaotic sources (circle symbols) and partially coherent sources (triangle symbols) in
Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model. Here, the solid and

dashed lines are the results directly extracted from the AMPT model for the chaotic and
partially coherent sources, respectively. The top, middle, and bottom rows show the results
in the pion pair transverse momentum intervals, KT > 0, KT < 0.35, and KT > 0.35 GeV/c,
respectively, in the laboratory frame. One can see that the source functions of the partially
coherent sources are lower than those of the chaotic sources. In addition, the source
functions obtained using the imaging technique are consistent with those extracted directly
from the AMPT model. In the out direction, the source functions are flatter with respect to
the relative coordinate compared with those in the side direction.

Figure 7 shows the two-kaon correlation functions C(qout, qside, qlong) in the out, side,
and long directions for the chaotic sources (circle symbols) and partially coherent sources
(triangle symbols) in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model.

Here, the solid and dashed lines are the correlation function curves for chaotic and partially
coherent sources, respectively, fitted with Equation (16). The top, middle, and bottom rows
show the results in the kaon pair transverse momentum intervals, KT > 0, KT < 0.45, and
KT > 0.45 GeV/c, respectively, in the laboratory frame. The correlation function intercepts
near zero relative momenta for the partially coherent sources are lower than those for
chaotic sources in the low transverse momentum interval.
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Figure 6. (Color online) Three-dimension pion source functions S(ri) (i = out, side, long) of chaotic
and partially coherent sources in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model.

The solid and dashed lines are the results directly extracted from the AMPT model for the chaotic
and partially coherent sources, respectively. The top, middle, and bottom rows show the results in
the pion pair transverse momentum intervals, KT > 0, KT < 0.35, and KT > 0.35 GeV/c, respectively,
in the laboratory frame.
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Figure 7. (Color online) Two-kaon correlation functions with respect to the relative momenta qi,j,k
(i, j, k = out, side, long) in the PCMS frame for chaotic and partially coherent sources in Pb-Pb central
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collisions at
√

sNN = 2.76 TeV using the AMPT model. The solid and dashed lines are the correlation
function curves for chaotic and partially coherent sources, respectively, fitted with Gaussian source
formula. The top, middle, and bottom rows show the results in the kaon pair transverse momentum
intervals KT > 0, KT < 0.45, and KT > 0.45 GeV/c, respectively, in the laboratory frame.

Figure 8 shows the three-dimension kaon source functions S(ri) (i = out, side, long)
of the chaotic sources (circle symbols) and partially coherent sources (triangle symbols) in
Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model. Here, the solid and

dashed lines are the results directly extracted from the AMPT model for the chaotic and
partially coherent sources, respectively. The top, middle, and bottom rows show the results
in the kaon pair transverse momentum intervals, KT > 0, KT < 0.45, and KT > 0.45 GeV/c,
respectively, in the laboratory frame. One can see that the source functions obtained using
the imaging technique are consistent with those extracted directly from the AMPT model.
The source functions in the out direction are flat with respect to the relative coordinate. The
differences between the kaon source functions of the chaotic and partially coherent sources
are smaller compared with the pion source functions (see Figure 6).
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Figure 8. (Color online) Three-dimension kaon source functions S(ri) (i = out, side, long) of chaotic
and partially coherent sources in Pb-Pb central collisions at

√
sNN = 2.76 TeV using the AMPT model.

The solid and dashed lines are the results directly extracted from the AMPT model for the chaotic and
partially coherent sources, respectively. The top, middle, and bottom rows show the results in the
kaon pair transverse momentum intervals, KT > 0, KT < 0.45, and KT > 0.45 GeV/c, respectively.

3.4. Characteristic Source Function Quantities

For a one-dimension source function, the nth-order moment of r is

⟨rn⟩ =
4π

∫ ∞
0 drrnS(r)r2

4π
∫ ∞

0 drS(r)r2
, n = 1, 2, · · · , (17)
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where the denominator is a normalization quantity denoted by

λ̃ = 4π
∫ ∞

0
drS(r)r2. (18)

Theoretically, the value of λ̃ is equal to R(q = 0). It should be unity for a chaotic source
and between zero and unity for a partially coherent source. In actual calculations, some
data of S(r) at a very small r are statistically too low to sample. This affects the calculated
results of λ̃.

The normalized first- and second-order moments are defined as

R̃ =

√
π

4
⟨r⟩, ⟨̃r2⟩ = 1

6
⟨r2⟩. (19)

They describe the source spatial size and are normalized to the Gaussian radius and the
radius square for the spherical Gaussian source [26].

Table 1 presents the characteristic pion and kaon one-dimension source function

quantities, λ̃, R̃, and
√
⟨̃r2⟩, for chaotic and partially coherent sources in Pb-Pb central

collisions at
√

sNN = 2.76 TeV using the AMPT model. One can see that the λ̃ values of
the partially coherent pion sources are much smaller than those of the chaotic sources.
However, the differences of λ̃ between chaotic and partially coherent kaon sources are
small. This means that the coherence of partially coherent kaon sources is small. In the

low pion pair transverse momentum interval, the value of
√
⟨̃r2⟩ is larger than that in the

high transverse momentum interval, meaning that the pion source size is large in the low

transverse momentum interval. However, the R̃ and
√
⟨̃r2⟩ values of the kaon sources are

almost independent of the pair transverse momentum.

Table 1. Characteristic quantities λ̃, R̃, and
√
⟨̃r2⟩ of pion and kaon one-dimension source functions

for chaotic and partially coherent sources in Pb-Pb central collisions at
√

sNN = 2.76 TeV using the
AMPT model.

Chaotic Source Partially Coherent Source
λ̃ R̃ (fm)

√
⟨̃r2⟩ (fm) λ̃ R̃ (fm)

√
⟨̃r2⟩ (fm)

pion, KT <
0.35 GeV/c 0.82 ± 0.03 8.21 ± 0.62 8.18 ± 0.34 0.46 ± 0.02 7.98 ± 0.87 7.88 ± 0.45

pion, KT >
0.35 GeV/c 0.85 ± 0.04 7.04 ± 0.74 7.21 ± 0.43 0.53 ± 0.03 6.82 ± 0.88 6.89 ± 0.49

pion, KT > 0 0.82 ± 0.02 7.80 ± 0.48 7.84 ± 0.26 0.47 ± 0.02 7.53 ± 0.63 7.50 ± 0.33

kaon, KT <
0.45 GeV/c 1.07 ± 0.06 3.61 ± 0.46 3.56 ± 0.26 0.87 ± 0.05 3.73 ± 0.49 3.66 ± 0.26

kaon, KT >
0.45 GeV/c 1.10 ± 0.06 3.49 ± 0.45 3.57 ± 0.29 1.05 ± 0.06 3.55 ± 0.46 3.61 ± 0.29

kaon, KT > 0 1.09 ± 0.05 3.55 ± 0.37 3.58 ± 0.23 1.00 ± 0.05 3.62 ± 0.40 3.65 ± 0.25

For a three-dimension source function, the normalized first-order moment of the i
component is defined as [26]

R̃i =
π

2
⟨ri⟩, i = out, side, long, (20)
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which describe the average sizes of the sources in the out, side, and long directions in
the PCMS, normalized to the Gaussian radius Ri for the one-dimension Gaussian source
functions, S(ri) =

1√
πRi

exp(−r2
i /4R2

i ).

For the AMPT model, Figure 9a–d show the pion imaging results R̃out, R̃side,
R̃long, and λ̃ for the chaotic and partially coherent sources in Pb-Pb central collisions at
√

sNN = 2.76 TeV in the pair transverse momentum intervals, KT < 0.35 GeV/c (average
⟨KT⟩ = 0.212 GeV/c), KT > 0 (average ⟨KT⟩ = 0.430 GeV/c), and KT > 0.35 GeV/c (av-
erage ⟨KT⟩ = 0.612 GeV/c) in the laboratory frame. Figure 9a’–d’ show the fitted results
of HBT radii Rout, Rside, Rlong, and the chaoticity parameter λ of the two-pion correlation
functions for chaotic and partially coherent sources in the KT intervals. The correlation
functions were calculated using the longitudinal co-moving system (LCMS) to compare
them with the experimental data in Pb-Pb collisions at

√
sNN = 2.76 TeV at the LHC [14].

In the LCMS, the pion pair has a transverse velocity vT , leading to a Lorentz contraction

of R̃out with the factor γ−1
T =

√
1 − v2

T . In Figure 9a, the values of γ−1
T R̃out are shown for

comparison with the fitted Rout results using the LCMS.
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Figure 9. (Color online) Characteristic pion source function quantities (a–d) and fitted two-pion
correlation function results (a’–d’) with respect to the average pair transverse momentum in the
transverse momentum intervals, KT < 0.35, KT > 0, and KT > 0.35 GeV/c (⟨KT⟩ = 0.212, 0.430,
and 0.612 GeV/c) in the laboratory frame for chaotic and partially coherent sources in Pb-Pb central
collisions at

√
sNN = 2.76 TeV using the AMPT model. The experimental data in the collisions [14]

are plotted in the (a’), (b’), and (c’) panels.

One can see that the results of R̃out increase with the increase in pair transverse mo-
mentum. However, the results of γ−1

T R̃out, R̃side, and R̃long decrease with the increase in
pair transverse momentum. This indicates that the particle separations are small at high
transverse momenta and infers that the pion pairs with high transverse momenta emit at
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average levels during early times. The differences in the λ̃ results between chaotic and par-
tially coherent sources are significant. However, the differences are slight between chaotic
and partially coherent sources in the first-order moment results, indicating that the partially
coherent sources have high coherence degrees and the sizes of the partially coherent and
chaotic sources are approximately the same. The fitted radius and λ as functions of pair
transverse momentum are approximately consistent with the first-order moment and λ̃

results, respectively, and the fitted radius results are approximately consistent with the
experimental data.

Using the AMPT model, Figure 10a–d show the kaon imaging results R̃out, γ−1
T R̃out,

R̃side, R̃long, and λ̃ for the chaotic and partially coherent sources in central Pb-Pb collisions
at

√
sNN = 2.76 TeV in the kaon pair transverse momentum intervals, KT < 0.45 GeV/c

(average ⟨KT⟩ = 0.287 GeV/c), KT > 0 (average ⟨KT⟩ = 0.641 GeV/c), and KT > 0.45 GeV/c
(average ⟨KT⟩ = 0.814 GeV/c) in the laboratory frame. Figure 10a’–d’ show the Rout, Rside,
Rlong, and λ results of the two-kaon correlation functions for the chaotic and partially
coherent sources fitted with the Gaussian source Equation (16). One can see that the
imaging results are approximately consistent with the fitted two-kaon correlation function
results. The transverse first-order moments of the kaon source functions decrease more
slowly with the increase in ⟨KT⟩, as compared to the pion results. The λ̃ and λ results are
near 1 except for the partially coherent source results in the lowest KT interval. This means
that the kaon pairs with high transverse momenta are emitted with a high degree of chaos.
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Figure 10. (Color online) Characteristic kaon source function quantities (a–d) and fitted two-kaon
correlation function results (a’–d’) with respect to the average pair transverse momentum in the
transverse momentum intervals, KT < 0.45, KT > 0, and KT > 0.45 GeV/c (⟨KT⟩ = 0.287, 0.641,
and 0.814 GeV/c) in the laboratory frame for chaotic and partially coherent sources in Pb-Pb central
collisions at

√
sNN = 2.76 TeV using the AMPT model.
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4. Summary and Conclusions
Imaging techniques can be used to obtain the source functions of boson-emitting

sources from two-boson HBT correlation functions measured in high-energy heavy-ion
collisions. The source spatial size and coherence results obtained using imaging source
functions are independent of the emitting source model and may accurately reflect the
source properties.

In this work, we studied the one- and three-dimension pion and kaon source functions
for chaotic and partially coherent sources in Pb-Pb central collisions at

√
sNN = 2.76 TeV

using the AMPT model. The characteristic source function quantities were calculated and
compared with the radius and chaoticity parameter results of the two-boson correlation
functions fitted with the Gaussian source formula.

We found that the pion source functions of partially coherent sources are lower than
those of the chaotic sources, and the differences between the kaon source functions of the
chaotic and partially coherent sources are smaller than those of the pion source functions.
The first-order moment values of the partially coherent pion sources are slightly different
from those of the chaotic pion sources. However, the characteristic quantities λ̃ of the
partially coherent pion sources are much smaller than those of the chaotic pion sources.
The characteristic pion source function quantities are approximately consistent with the
two-pion correlation function results fitted with the Gaussian source formula. Compared
to pion results, the kaon first-order moments of the source functions decrease more slowly
with the increase in pair transverse momentum. The λ̃ values of the kaon source functions
are near 1 in high pair transverse momentum intervals. This means that the kaon pairs
with high transverse momenta are emitted with a high degree of chaos. In future studies, a
comparison of the source imaging in various high-energy heavy-ion collision models will
be of interest.
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