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Momentum correlation functions between π , K , and p are calculated for several heavy-ion collision systems,
namely 10

5 B + 10
5 B, 16

8 O + 16
8 O, 40

20Ca + 40
20Ca, and 197

79 Au + 197
79 Au in central collisions as well as 197

79 Au + 197
79 Au

collision in different centralities at center-of-mass energy
√

sNN = 39 GeV within the framework of a multiphase
transport model complemented by the Lednický and Lyuboshitz analytical method. The results present the
centrality and system-size dependence of the momentum correlation functions among pairs of π , K , and p,
from which the emission source-size can be deduced. It is found that the deduced source sizes increase with
the decreasing of centrality for Au + Au system or with the increasing of system size in central collisions with
different nuclear size. In addition, through the momentum correlation functions of nonidentical particle pairs
gated on velocity, the average emission sequence of nonidentical particles can be indicated. The results illustrate
that in the small relative momentum region, protons are emitted in average earlier than π+ and K+, and K+ are
emitted averagely earlier than π+. Furthermore, it seems that larger interval of the average emission order among
them is exhibited for smaller collision systems. The present study sheds light on the dynamics of light particle
emission at RHIC energy.

DOI: 10.1103/PhysRevC.109.024912

I. INTRODUCTION

In heavy-ion collisions (HICs), two-particle momentum
correlation function, also called the Hanbury-Brown Twiss
(HBT) interferometry, is different from the original applica-
tion in astronomy [1,2], and has been normally utilized to
extract space-time information of the emission source and
probe the dynamical evolution of nuclear collisions in a wide
energy range [3–12]. Many studies on the two-particle mo-
mentum correlation functions of different kinds of particles
in HICs can be also found in literature [11,13–33], e.g., for
mesons, neutrons, protons, light charged particles (LCP), and
so on. Multivariable dependences, including centrality, system
size, total momentum of particle pairs, isospin of the emis-
sion source, nuclear symmetry energy, nuclear equation of
state (EOS), as well as in-medium nucleon-nucleon cross
section (NNCS), etc., of different particle momentum corre-
lation functions contain a wealth of information about the
space-time characteristics of HICs. Even in antimatter zone,
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the interaction between antiprotons has been measured with
the momentum correlation functions and the charge-parity-
time equality of interactions between p − p and p̄ − p̄ has
been confirmed [34]. The momentum correlation functions
for particles with strangeness have been also discussed, for
instance � pairs [35], proton-�, and proton-�, etc. [36,37].
Recently this method is extended to investigate the three-body
interaction of hadrons in relativistic heavy-ion collisions [38].
Furthermore, theoretical study has been extended to different
kinds of nonidentical particle pairs [11,15,29,30,39–44], from
which information about emission sequence between pairs
could be extracted as proposed in Ref. [45].

In this work we study the momentum correlation functions
of like-sign and unlike-sign particles between π , K , and p in
several ultrarelativistic heavy-ion collisions systems, namely
10
5 B + 10

5 B, 16
8 O + 16

8 O, 40
20Ca + 40

20Ca, and 197
79 Au + 197

79 Au in
central collisions as well as 197

79 Au + 197
79 Au in different cen-

trailities at
√

sNN = 39 GeV, which were simulated by a
multiphase transport (AMPT) model [46,47]. The specific
collision energy at 39 GeV was selected because it might
be close to the critical point [48,49]. On the other hand, the
small system physics was very interesting because the similar
phenomena have been observed at high multiplicity events in
p+p, p+Pb, d+Au collisions in comparison with Au + Au
collision [50], and the system scan was motivated to probe
the medium transport properties [51–54]. And 16

8 O + 16
8 O col-

lisions were conducted by STAR Collaboration [55] and will
be performed by ALICE Collaboration [53]. Different gating

2469-9985/2024/109(2)/024912(10) 024912-1 Published by the American Physical Society

https://orcid.org/0009-0005-4706-9659
https://orcid.org/0000-0002-0233-9900
https://orcid.org/0000-0003-2782-7801
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.024912&domain=pdf&date_stamp=2024-02-15
https://doi.org/10.1103/PhysRevC.109.024912
https://creativecommons.org/licenses/by/4.0/


TING-TING WANG, YU-GANG MA, AND SONG ZHANG PHYSICAL REVIEW C 109, 024912 (2024)

conditions such as centrality, system-size, total particle pair
momentum (Ptot) as well as velocity of particle are applied to
explore the momentum correlation functions of particle pairs,
namely π , K , and p. In particular, we report on the indication
of the emission chronology of the above mesons and baryon,
which can be deduced from their corresponding momentum
correlation functions gated with velocity of particles in HICs
at

√
sNN = 39 GeV.

The rest of this paper is organized as follows. In Sec. II A,
we briefly describe a multiphase transport model [46,47], then
introduce how to calculate the momentum correlation func-
tions of particle pairs by using the Lednický and Lyuboshitz
analytical formalism [3,56–59] in Sec. II B. In Sec. III, we
summarize the simulated results of the particle momentum
correlation functions gated on various parameters in different
heavy-ion collisions. Section III A compares the results of
like-sign and unlike-sign particle pairs momentum correlation
functions with experimental data from the RHIC-STAR Col-
laboration. From Secs. III B–III D, identical and nonidentical
particle momentum correlation functions gated on differ-
ent conditions are systematically investigated and emission
chronology of π , K , and p is discussed. Finally, a summary
is given in Sec. IV.

II. MODELS AND FORMALISM

A. AMPT model

To obtain phase-space distributions of (anti)particles, a
multiphase transport model [46,47] is used as an event gen-
erator, which has been applied successfully for studying
heavy-ion collisions at relativistic energies [31,60–69]. In the
version of melting AMPT, the initial phase-space information
of partons is generated by the heavy-ion jet interaction genera-
tor (HIJING) model [70,71]. The interaction between partons
is then simulated by Zhang’s parton cascade (ZPC) model
[72]. During the hadronization process, a quark coalescence
model is used to combine partons into hadrons [73–75]. Then,
the hadronic rescattering evolution is described by a relativis-
tic transport (ART) model [76].

The phase-space distributions of particles are selected at
the final stage in the hadronic rescattering process (ART
model [76]) with considering baryon-baryon, baryon-meson,
and meson-meson elastic and inelastic scatterings, as well as
resonance decay or week decay.

B. Lednický and Lyuboshitz technique

AMPT model is not able to directly give the two-particle
momentum correlation function because the quantum statis-
tics (QS) effect and final-state interactions (FSI) [3,56] are not
implemented in the model, therefore a momentum correlation
function technique has to be introduced. One of the tech-
niques of the two-particle momentum correlation function was
proposed by Lednický and Lyuboshitz [57–59], which cou-
pled with the phase-space from transport model or a simple
Gaussian emission source to produce momentum correlation
function. The method is based on the principle as follows:
when two particles emitted at small relative momentum,
their momentum correlation function is determined by the

space-time characteristics of the production processes owing
to the effects of QS and FSI [3,56].

According to the conditions in Ref. [39], we obtain the
following expression:

C(k∗) =
∫

S(r∗, k∗)|�k∗ (r∗)|2d4r∗∫
S(r∗, k∗)d4r∗ , (1)

where r∗ = x1 − x2 and k∗ = q = 1
2 (p1 − p2) are the relative

distance and half of the relative momentum of the two par-
ticles in the pair rest frame (PRF) at their kinetic freezeout,
respectively. S(r∗, k∗) is the probability to emit a particle
pair with given r∗ and k∗, i.e., the source emission function,
and �k∗ (r∗) is the equal-time (t∗ = 0) reduced Bethe-Salpeter
amplitude, which can be approximated by the outer solution
of the scattering problem in the PRF.

Momentum correlations of both identical and nonidentical
particle pairs are influenced by the strong and Coulomb-
induced correlations. In this calculation, for nonidentical
charged pair, Coulomb interaction is dominant. Strong inter-
action is also present, but is expected to be small. The reduced
Bethe-Salpeter amplitude can be approximated by the outer
solution of the scattering problem. This is

�k∗ (r∗) = eiδc
√

Ac(λ)

[
e−ik∗r∗

F (−iλ, 1, iξ )+ fc(k∗)
G̃(ρ, λ)

r∗

]
,

(2)

where δc = arg �(1 + iλ) is the Coulomb s-wave phase
shift with λ = (k∗ac)−1. Here ac is the two-particle Bohr
radius, which is equal to 387 fm for pion-pion, and equal
to 248.52, 222.56, and 83.59 fm for pion-kaon, pion-
proton, and kaon-proton pairs. Ac(λ) = 2πλ[exp(2πλ) −
1]−1 is the Coulomb penetration factor, and its positive
(negative) value corresponds to the repulsion (attraction).
G̃(ρ, λ) = √

Ac(λ)[G0(ρ, λ) + iF0(ρ, λ)] is a combination of
regular (F0) and singular (G0) s-wave Coulomb functions
[58,59]. F (−iλ, 1, iξ ) = 1 + (−iλ)(iξ )/1!2 + (−iλ)(−iλ +
1)(iξ )2/2!2 + · · · is the confluent hypergeometric function
with ξ = k∗r∗ + ρ, ρ = k∗r∗.

fc(k∗) =
[

Kc(k∗) − 2

ac
h(λ) − ik∗Ac(λ)

]−1

(3)

is the s-wave scattering amplitude renormalized by the long-
range Coulomb interaction, with h(λ) = λ2 ∑∞

n=1[n(n2 +
λ2)]−1 − C − ln[λ] where C = 0.5772 is the Euler constant.
Kc(k∗) = 1

f0
+ 1

2 d0k∗2 + Pk∗4 + · · · is the effective range
function, where d0 is the effective radius of the strong interac-
tion, f0 is the scattering length, and P is the shape parameter.
The parameters of the effective range function are important
parameters characterizing the essential properties of the FSI.
The discrepancy for different particle pairs can also influence
the effect of FSI on source size.

The details on the formalism of the two-particle momen-
tum correlation function can be also found in Refs. [40,44].
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FIG. 1. Momentum correlation functions for (a) like-sign and
(b) unlike-sign π − K pairs for Au+Au collisions at

√
sNN = 39

GeV in different centrality classes (0–10 %, 10–30 %, and 30–70 %).
Solid markers represent the preliminary experimental data from the
RHIC-STAR collaboration [77,78]. Lines represent theoretical fits
calculated by the AMPT model plus the Lednický and Lyuboshitz
code. Note that the longer hadronic rescattering time of 400 fm/c
for this meson-meson pair is used in this specific calculation for
comparing with the data.

III. ANALYSIS AND DISCUSSION

A. Comparison of correlation functions between like-sign
and unlike-sign particle pairs with experimental data

Figure 1 presents results of π+ − K+ [Fig. 1(a)] and π+ −
K− [Fig. 1(b)] correlation functions for three different cen-
trality classes of 0–10 %, 10–30 %, and 30–70 % calculated
by the AMPT model combined with Lednický and Lyuboshitz
code in Au + Au collisions at

√
sNN = 39 GeV. Within the cut

of transverse momentum pt and rapidity y, we confront the
experimental data with the predictions of the above analysis
method. When the phase-space information of mesons with
the maximum rescattering time (MRT) of 400 fm/c is selected
from the AMPT model, it is found that the results can well de-
scribe the experimental data for like-sign (unlike-sign) π − K
momentum correlation functions from the RHIC-STAR Col-
laboration [77,78]. We can also observe a slight centrality
dependence of momentum correlation function for meson
pairs. Through the same conditions and calculations as Fig. 1,
it is found that the results of Fig. 2 can also well describe the
experimental data for the momentum correlation functions of
like-sign (unlike-sign) K − p, π − K , π − p from the RHIC-
STAR Collaboration [77,78]. In this case, we fixed the MRT
at 700 fm/c for pairs of particles containing proton [44],
which could be a reasonable choice for making quantitative
comparison with experimental data. However, the quantitative
reproduction is not our main concern in the present work. We
have checked some results for K − p, π − K , π − p correla-
tions with different MRT, such as 100 fm/c, 400 fm/c, and
700 fm/c, and find that the momentum correlations of above
particles are insensitive to MRT, thus the MRT = 100 fm/c is
basically a safe choice in the present work. Similar procedure

FIG. 2. Momentum correlation functions for (a) like-sign and
(b) unlike-sign for kaon-proton, pion-kaon, and pion-proton pairs
for central (0–10 %) Au + Au collisions at

√
sNN = 39 GeV.

Solid markers represent the preliminary experimental data from the
RHIC-STAR Collaboration [77,78]. Lines represent theoretical fits
calculated using the AMPT model plus the Lednický and Lyuboshitz
code. Note that the longer hadronic rescattering time of 400 fm/c for
meson-meson pairs and 700 fm/c for proton-meson pair are used in
this specific calculation for comparing with the data.

for light nuclei correlation has been performed in our previous
work for the same systems at

√
sNN = 39 GeV [44]. In order

to ensure the statistics to reduce the error, we fixed the MRT
at 100 fm/c in the following calculations.

B. Centrality, system-size, and Ptot dependence of like-sign
identical meson pairs momentum correlation functions

We now perform the systematic analysis on correlation
function for like-sign identical meson pairs. The π+ − π+
and K+ − K+ correlation functions will be discussed with
specific gates on centrality and system size. Figures 3(a) and
3(c) present the momentum correlation functions of identical
meson pairs for 197

79 Au + 197
79 Au collisions at different central-

ities of 0–10 %, 10–20 %, 20–40 %, 40–60 %, and 60–80 %
at

√
sNN = 39 GeV. The momentum correlation functions

of identical meson pairs exhibit more than unity in Fig. 3,
which is caused by the interplay between the quantum sta-
tistical (QS) and final state interactions (FSI), and the shape
is consistent with previous results [31,79,80]. The enhanced
strength of the π+ − π+ and K+ − K+ momentum corre-
lation functions is observed in peripheral collisions. These
results indicate that meson emission occurs from a source with
smaller space extent in peripheral collision. In addition, the ef-
fect of system size on the momentum correlation functions of
mesons is also investigated by four different systems, namely
10
5 B + 10

5 B, 16
8 O + 16

8 O, 40
20Ca + 40

20Ca, and 197
79 Au + 197

79 Au in cen-
tral collisions. In Figs. 3(b) and 3(d), the π+ − π+ and K+ −
K+ momentum correlation functions appear strong sensitivity
to system size and an enhanced strength is observed when
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FIG. 3. Momentum correlation functions at midrapidity (|y| <

0.5) of pion pairs and kaon pairs as a function of five different
centralities for 197

79 Au + 197
79 Au collisions at

√
sNN = 39 GeV are pre-

sented in (a) and (c), respectively. Momentum correlation functions
of pion pairs and kaon pairs at midrapidity (|y| < 0.5) for 0–10 %
central collisions of 10

5 B + 10
5 B, 16

8 O + 16
8 O, 40

20Ca + 40
20Ca as well as

197
79 Au + 197

79 Au systems at
√

sNN = 39 GeV are presented in (b) and
(d), respectively.

meson pairs are emitted from smaller system collisions. This
enhanced strength of the momentum correlation functions for
meson pairs is a physical effect stemming from the smaller
space extent of the emission source [8]. Therefore, the emis-
sion source size of meson pairs obtained by their momentum
correlation functions and system size is self-consistent.

In order to observe directly the contributions from central-
ity and system size on the two-particle correlations, then the
Gaussian source radius is extracted by assuming a Gaussian-
type emission source, i.e., S(r∗) ≈ exp(−r∗2

/(4r2
0 )), where

r0 is the Gaussian source radius from the correlation func-
tions. Figure 4 shows the Ptot (Ptot = p1 + p2) dependence
of the Gaussian source radius of the two-meson momentum
correlation functions for different centrality and system-size
by the AMPT model. Figures 4(a) and 4(c) present the HBT
radius of the two-meson for 197

79 Au + 197
79 Au collisions at dif-

ferent centralities of 0–10 %, 10–20 %, 20–40 %, 40–60 %,
and 60–80 % at

√
sNN = 39 GeV. It is seen from Fig. 4

that the radius decreases with the increasing of transverse
momentum. The trend of these results is consistent with those
from theory and the STAR experiment for the same system
[31,80]. Qualitatively speaking, high transverse momentum
mesons are ejected from the emission source earlier, while the
low transverse momentum meson emits later; therefore, we
can see the expansion of the emission source by the Ptot depen-
dence of the radii. It does not conflict with the understanding
via radial flow effect [80,81], namely the particles with higher
pt may decouple earlier than those with lower pt from the
fireball. Meanwhile, the Ptot dependence of the radius of
the two-meson momentum correlation functions appear slight
sensitivity to centrality and system size in Fig. 4. However, the
sensitivity seems to disappear in the small systems as shown
in Figs. 4(b) and 4(d). In addition, the Ptot dependence of the

FIG. 4. Ptot dependence of the HBT radii at midrapidity (|y| <

0.5) of pion pairs and kaon pairs as a function of five different
centralities for 197

79 Au + 197
79 Au collisions at

√
sNN = 39 GeV are pre-

sented in (a) and (c), respectively. Ptot dependence of the HBT radii
of pion pairs and kaon pairs at midrapidity (|y| < 0.5) for 0–10%
central collisions of 10

5 B + 10
5 B, 16

8 O + 16
8 O, 40

20Ca + 40
20Ca as well as

197
79 Au + 197

79 Au systems at
√

sNN = 39 GeV are presented in (b) and
(d), respectively.

radius for the π+ − π+ appears more sensitive to centrality
and system size than the one for K+ − K+.

C. Momentum correlation functions for like-sign (unlike-sign)
nonidentical particles gated on centrality and system size

Now we investigate centrality and system-size dependence
of the like-sign (unlike-sign) nonidentical particle momen-
tum correlation functions, such as K+ − p, K− − p, π+ − p,
π− − p, π+ − K+, and π+ − K−. Figures 5(a) and 5(c) show

FIG. 5. Momentum correlation functions at midrapidity (|y| <

0.5) of like-sign (unlike-sign) kaon proton as a function of five differ-
ent centralities for 197

79 Au + 197
79 Au collisions at

√
sNN = 39 GeV are

presented in (a) and (c), respectively. Momentum correlation func-
tions of like-sign (unlike-sign) kaon proton at midrapidity (|y| < 0.5)
for 0–10% central collisions of 10

5 B + 10
5 B, 16

8 O + 16
8 O, 40

20Ca + 40
20Ca as

well as 197
79 Au + 197

79 Au systems at
√

sNN = 39 GeV are presented in
(b) and (d), respectively.
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FIG. 6. Same as Fig. 5 but for pion proton.

results for the momentum correlation functions of K+ − p
and K− − p for the same centrality classes as Fig. 3. The
same centrality dependence is also clearly seen in Fig. 5(a).
In addition, Figs. 5(b) and 5(d) show system-size dependence
of K+ − p and K− − p momentum correlation functions.

We observe an enhanced strength of momentum cor-
relation function for particle pairs in smaller systems in
Fig. 5(b). However, centrality and system-size dependence
of the unlike-sign particle momentum correlation functions
are almost disappeared in Figs. 5(c) and 5(d). In the same
way, we also investigate the effects of different centralities
and system size on the momentum correlation functions of
π+ − p, π− − p, π+ − K+, and π+ − K− in Figs. 6 and 7.
The results are similar to those in Fig. 5. In Figs. 6(b) and
7(b), system-size dependence of the π+ − p and π+ − K+
momentum correlation functions appears more sensitive to
system size only in the large system such as Au and Ca.

Figure 8 shows the dependence of radius extracted from
like-sign nonidentical particle momentum correlation func-
tions gated on centrality and system size, where the squares,
circles, and triangles are results for K+ − p, π+ − K+, and
π+ − p, respectively. It is seen that the larger centrality leads

FIG. 7. Same as Fig. 5 but for pion kaon.

FIG. 8. (a) Centrality dependence of kaon-proton, pion-kaon,
and pion-proton source size (R) for Au+Au collisions at

√
sNN =

39 GeV. (b) System dependence of kaon-proton, pion-kaon, and
pion-proton source size (R) for 0–10% central collisions of
10
5 B + 10

5 B, 16
8 O + 16

8 O, 40
20Ca + 40

20Ca as well as 197
79 Au + 197

79 Au systems
at

√
sNN = 39 GeV.

to the smaller radius as shown in Fig. 8(a). For system-size
dependence of the radii, we find that the radii generally in-
crease with system size in Fig. 8(b). Meanwhile, the source
radii from K+ − p correlation functions are smaller than those
extracted from π+ − p, π+ − K+ in Fig. 8, which comes from
stronger correlation, i.e., the smaller Bohr radius [82–84].
The results are similar to the previous results [77,78]. In an
alternative viewpoint from freezeout, the smaller R of K+ − p
source indicates earlier freezeout of p and/or K+ rather than
π+ and/or K , which has larger R of K+ − π . Later in this
paper, we find that the emission order of p, K , and π is
consistent with the extracted source size.

D. Velocity selected momentum correlation functions
for like-sign nonidentical particles

Momentum correlation functions of unlike particles can
provide an independent constrain on their mean emission
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FIG. 9. Centrality and system dependence of kaon-proton (like-
sign) velocity-gated momentum correlation functions and velocity
difference (�v) by the AMPT + LL model. The velocity conditions
are indicated in each panel: �v > 0 is remarked by solid symbol and
the �v < 0 by open symbol.

order by simply making velocity selections [15,39,45,85,86].
The physics details can be seen in the literature [44],
which has been well applied to explore the light (anti)nuclei
momentum correlation functions. Figures 9–11 present the
velocity-gated momentum correlation functions as well as
velocity difference (�v) spectra of like-sign unlike par-
ticles pairs K+ − p, π+ − p, and π+ − K+ for 39 GeV
197
79 Au + 197

79 Au collisions at different centralities of 0–10 %,
10–20 %, 20–40 %, 40–60 %, and 60–80 %, respectively.

Figures 9–11, panels (a), (b), show centrality dependence
of velocity-gated momentum correlation functions and veloc-
ity difference (�v) spectra of K+ − p, π+ − p, and π+ − K+
pairs, respectively. For K+ − p and π+ − p pairs, the momen-
tum correlation functions with vK+ > vp (vπ+ > vp) are
stronger than the ones with the reverse situation vK+ < vp

FIG. 10. Same as Fig. 9 but for pion proton.

FIG. 11. Same as Fig. 9 but for pion kaon.

(vπ+ < vp) in Figs. 9(a) and 10(a). The comparison of two
velocity-gated correlation strengths gives that the mean order
of emission of protons are emitted averagely earlier than π+
and K+ according to the criteria [44]. The similar trend for
π+ − K+ pairs is not so obvious overall in Fig. 11(a).

Meanwhile, Figs. 9(b), 10(b), and 11(b) present velocity
difference spectra for K+ − p, π+ − p, and π+ − K+ pairs,
respectively. The velocity difference spectra are all asymmet-
ric due to the mean emission order. In addition, an enhanced
difference between the momentum correlation functions for
K+ − p (π+ − p or π+ − K+) pairs with vp > vK+ (vp > vπ+

or vπ+ > vK+) and ones on the reverse situation at larger cen-
trality, which manifests larger interval of the mean emission
order for unlike particles in peripheral collisions.

Their ratios shown in Figs. 12(a), 13(a), and 14(a) also
illustrate the above phenomenon. The system-size dependence
for K+ − p, π+ − p, and π+ − K+ pairs is found by the
fact that momentum correlation functions with vK+ > vp

(vπ+ > vp) are stronger than the ones with the reverse
situation vK+ < vp (vπ+ < vp) in Figs. 9(c), 10(c), and
11(c). Correspondingly, the velocity difference spectra for
K+ − p, π+ − p, and π+ − K+ pairs are all asymmetric about
�v = 0 caused by the average emission order in Figs. 9(d),
10(d), and 11(d). All the correlation ratios for the pairs of
K+ − p, π+ − p, and π+ − K+ generally demonstrate a dip
below 1 in Figs. 12(a), 13(a), and 14(a), which indicate that
the emission order is, respectively, τK+ > τp, τπ+ > τp, and
τπ+ > τK+ . Then we can get τp < τK+ < τπ+ , i.e., the proton
is on average emitted earliest, then K+ is in the middle,
and π+ is the latest. This conclusion seems to be consistent
with the different freezeout time for π , K , and p in a blast
wave model analysis [87], where the freezeout temperature
increases with the particle,s mass (π , K , and proton), but the
kinetic freezeout volume decreases with the increase of parti-
cle mass, i.e., it indicates a mass-dependent differential kinetic
freezeout scenario. As mentioned above, the source size ex-
tracted from different meson-baryon or meson-meson pairs
in this work (Fig. 8) is generally consistent with the mass-
dependent kinetic freezeout volume. However, the emission
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FIG. 12. (a) Ratios of the velocity-gated momentum correlation
functions of kaon-proton for 39 GeV 197

79 Au + 197
79 Au collision at

midrapidity (|y| < 0.5) and five different centralities. (b) Ratios of
the velocity-gated momentum correlation functions of kaon proton
for 0–10 % central collisions of 10

5 B + 10
5 B, 16

8 O + 16
8 O, 40

20Ca + 40
20Ca

as well as 197
79 Au + 197

79 Au systems at
√

sNN = 39 GeV.

chronology among π , K , and p looks like a reverse mass
dependent in comparison with the emission order for light
nuclei, such as p, d , and t as investigated in Ref. [44], in
which the heavier species are emitted later in the small relative
momentum region due to the nucleonic coalescence picture.

In addition, the system-size dependence of velocity-gated
momentum correlation functions is also generally observed
by their ratios in Figs. 12(b), 13(b), and 14(b). With the
decreasing of system size, we observe an enhanced difference
between the momentum correlation functions for K+ − p
(π+ − p or π+ − K+) pair with vp > vK+ (vp > vπ+ or vπ+ >

vK+) and the ones with the reverse situation in Figs. 9(c),
10(c), and 11(c). The dependence on system size for the
momentum correlation functions of meson-baryon or meson-
meson particle pairs is caused by the emission source of
different particles as shown in Fig. 8(b). In the viewpoint of
emission order, we can generally say that the emission dura-
tion among p, K and π could be larger for the smaller system
than the larger system, especially for π -hadron correlations
(Figs. 13 and 14). For K+-p combination (Fig. 12), it is noted
that the ratio shows first drop to a dip, then rises for light
collision systems, which is different from the case of Au + Au

FIG. 13. Same as Fig. 12 but for pion proton.

collision. In particular, the ratios display the values above
1 in the lowest relative momentum, which illustrates that
τp > τK+ , i.e., proton is emitted on average later than K+. At
around q ≈ 20 MeV/c, the ratios display the values below 1,
i.e., τp < τK+ , then τp � τK+ at larger q. However, the fine
structure for each ratios of meson-meson and meson-baryon
correlations demonstrates slight differences, which indicates
slightly different emission chronology.

IV. SUMMARY

In summary, with the AMPT model complemented by the
Lednický and Lyuboshitz analytical method, we have con-
structed and analyzed the momentum correlation functions
of like-sign (unlike-sign) particle for heavy-ion collisions
with different system sizes and centralities for

√
sNN =

39 GeV Au + Au collisions. We present a comparison of
like-sign (unlike-sign) K − p, π − K , and π − p momen-
tum correlation functions with the experimental data from
the RHIC-STAR Collaboration [77,78]. Taking the same
transverse momentum and rapidity phase space coverage
corresponding to the experimental situation as well as the
maximum hadronic rescattering time selected by mesons of
400 fm/c and proton of 700 fm/c in AMPT, it is found
that the like-sign (unlike-sign) K − p, π − K , and π − p mo-
mentum correlation functions simulated by the present model
can match the experimental data. We further study centrality
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FIG. 14. Same as Fig. 12 but for pion kaon.

and system-size dependence of momentum correlation func-
tions for identical and nonidentical particle pairs, respectively,

which is in the condition of the maximum hadronic rescat-
tering time of 100 fm/c in AMPT. The shape of momentum
correlation functions for particle pairs is consistent with pre-
vious works [31,79,80], which is caused by both QS and FSI.

The centrality dependence of momentum correlation func-
tions for particles is investigated by 197

79 Au + 197
79 Au collisions

at five centralities of 0–10 %, 10–20 %, 20–40 %, 40–60 %,
and 60–80 % at

√
sNN = 39 GeV. It is found that with in-

creasing centralities from center to periphery, the momentum
correlation functions for particles become stronger, which
is consistent with the emission from the smaller source.
The momentum correlation functions of particles are sensi-
tive to system size through studying 10

5 B + 10
5 B, 16

8 O + 16
8 O,

40
20Ca + 40

20Ca, and 197
79 Au + 197

79 Au in central collisions, and used
to obtain the emission source size of particles, which is
self-consistent with their system size. Furthermore, momen-
tum correlation functions between nonidentical particles shed
light on important information about the average emission
sequence of them. Through the correlation functions gated
with the velocity, it is deduced that protons are generally
emitted earliest, K is in middle, and π is the latest in the small
relative momentum region, which indicates mass-dependent
kinetic freezeout scenario. Experimental analysis along this
direction is expected.
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