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§ 	AMPT  
§  Bao-An Li and ART   
§  Bin Zhang and ZPC as well as default AMPT 
§  Zie-Wei Lin and string-melting AMPT  
§  Subrata Pal and strangeness in AMPT 
§  Some applications of AMPT 
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A multiphase transport (AMPT) model 

Default: Zhang, Ko, Li & Lin, PRC 61, 067901 (00); Lin, Pal, Ko, Li & Zhang, 
PRC 64, 041901 (01); 

§ 	Initial conditions: HIJING (soft strings and hard minijets) 
§  Parton evolution: ZPC 
§  Hadronization: Lund string model for default AMPT      
§  Hadronic scattering: ART 

§ 	Convert hadrons from string fragmentation into quarks and antiquarks 
§  Evolve quarks and antiquarks with ZPC  
§  When partons stop interacting, combine nearest quark and antiquark    
   to meson, and nearest three quarks to baryon (coordinate-space coalescence) 
§  Hadron flavors are determined by the invariant mass of quarks 

String melting:  Lin & Ko, PRC 65, 034904 (02); Li, Ko & Pal, PRL 89, 152301 (02) 

Lin, Ko, Li, Zhang & Pal, PRC 72, 064901 (05);  
http://www-cunuke.phys.columbia.edu/OSCAR      
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Professor,	Kyungpook	NaUonal	University;	deuteron	
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A relativistic transport (ART) model for HIC 

Li & Ko, PRC 52, 2037 (1995)  

§ 	Based on BUU model with explicit isospin dependence 
§  Including baryons N, Δ(1232), N*(1440), N*(1535), Λ, Σ and 
   mesons π, ρ, ω, η, K, K*, ϕ  

§  Including baryon-baryon, meson-baryon and meson-meson 
   elastic and inelastic scattering with empirical cross sections  
   if available, otherwise from theoretical models 
§  Effects of higher nucleon and delta resonances up to 2 GeV  
   are included as intermediate states in meson-baryon scattering 
§  Very successful in describing many experimental results at AGS 
§  Used as a hadronic afterburner in the AMPT model   
§  Extended to include deuteron production and annihilation as well  
   as elastic scattering 
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Studies of Superdense Hadronic Matter in ART Model 303

Au+Au at Pbeam/A = 11.6 GeV/c and b = 0. Results from the cascade calculations
are compared with those from calculations using the soft nuclear equation of state
with K = 200 MeV and the stiff one with K = 380 MeV. As expected, the mean
field has almost no effect during the early stage of the collision when the kinetic
energy is much higher than the potential energy. Significant differences appear soon
after about 2 fm/c. In the cascade case, a maximum baryon density of about 9ρ0
and a maximum energy density of about 3.6 GeV/fm3 are reached at about 4 fm/c.
The matter in the high energy density region lasts for about 5 fm/c. The volume
of the high density region is, however, significantly reduced by the repulsive mean
field. Furthermore, the lifetime, maximum baryon and energy densities are reduced
to about 3 fm/c, 7ρ0 and 2.6 GeV/fm3, respectively, when using the soft nuclear
equation of state. With the stiff equation of state the reduction is even larger.
Since the stiff equation of state violates causality already at about 3ρ0, only the
soft equation of state will be used in the following. The reduction of the maximum
baryon and energy densities due to the mean field may be large enough to affect
significantly the collision dynamics.

Additional information about the importance of the nuclear mean field can be
obtained by comparing the fraction of particles with local energy densities el ≥
2.5 GeV/fm3 from calculations with and without the mean field. This is shown in
Fig. 21. In the cascade calculation about 60% of particles are in the high energy
density region at the instant of the maximum compression. The soft equation of
state reduces it to about 30%, and this reduction persists during the expansion
phase of the collision.

Fig. 21. The evolution of the fraction of particles with local energy density higher than
2.5 GeV/fm3 in head-on collisions of Au+Au at pbeam/A = 11.6 GeV/c.
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3.4. Excitation function of superdense hadronic matter formation

The complete stopping of two colliding nuclei in central Au+Au reactions at
pbeam/A = 2 to 12 GeV/c implies that high energy density matter is created in the
collision. As a useful guide for the search of QGP at the AGS, we show in Fig. 25
the time evolution of the volume of hadronic matter where the local energy density
is higher than the estimated transition energy density of about 2.5 GeV/fm3 be-
tween the hadronic matter and the quark–gluon plasma. These results indicate that
the transition to QGP can already occur at a beam momentum of about 8 GeV/c.
With increasing beam momentum, the volume of such a high energy density matter
becomes significantly larger.

The maximum compression reached in a heavy-ion collision can also be deter-
mined by solving the Rankine–Hugoniot (RH) equation.64 In the relativistic hydro-
dynamical model,65 the maximum baryon density ρ is found to satisfy the following
equation,

f(ρ)(n− γ)− e0n(Bγ2 + γ2 − 1−Bγn) = 0 , (3.13)

where n ≡ ρ/ρ0 and e0 is the energy density of the nuclear matter in the front
of the shock wave; γ is the Lorentz factor associated with the beam energy in
the nucleus-nucleus center of mass frame; B is the ratio of the thermal pressure
to the energy density. It has been found that up to the beam momentum of
about 10 GeV/c per nucleon a value of B = 2/3 corresponding to a non-relativistic

Fig. 25. The volume of hadronic matter with local energy density higher than 2.5 GeV/fm3 as
a function of time and beam momentum for the reaction of Au+Au at an impact parameter of
2 fm using the cascade mode of ART.

Energy	density	in	HIC	at	AGS	

§  Almost	50%	parUcles	are	in	region	of	energy	density	>	2.5	GeV/fm3.	
§  SubstanUal	volumes	of	majer	have	energy	density	>	2.5	GeV/fm3.	
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ZPC: Zhang’s Parton Cascade 

Includes only elastic parton-parton scattering with cross  
section regulated by screening mass and taken to be 
energy independent 
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Instead	of	determining	the	screening	mass	from	the	parton	
phase-space	distribuUon,	it	is	taken	as	a	constant	to	fix	the	
total	cross	secUon:	
		μ	=	3.2	fm-1,	αs	=	0.47		→		σ	=	3	mb	
		μ	=	1.8	fm-1,	αs	=	0.47		→		σ	=	10	mb				(A)	
		μ	=	3.2	fm-1,	αs

		=	0.33		→		σ	=	1.5	mb	but	more	isotropic		(B)		

B.	Zhang,	CPC	109,	193	(1998)	
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Zhang,	Gyulassy	&	Ko,	PLB	455,	45	(1999)	

Ellip8c	flow	from	Zhang’s	parton	cascade	

Based	on	Zhang’s	parton	cascade	(ZPC)	(CPC	109,	193	(1998)),	using		
minijet	partons	from	HIJING	for	Au+Au	@	200	AGeV	and	b=7.5fm	

v2	of	partons	is	sensiUve	to	their	scajering	cross	secUon.	
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Transverse	momentum	and	rapidity	distribu8ons	from	
default	AMPT	

		

Zhang,	Ko,	Li	&	Lin,	PRC	61,	067901		(2000)			
BRAHMS	Au+Au	@	200	GeV	

§  Default	AMPT	describes	well	measured	transverse	momentum	
					spectra	and	rapidity	distribuUon.	
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§  Need string melting and large parton scattering cross section  
§  Mass ordering of v2 at low pT as in hydrodynamic model 

Lin & Ko, PRC 65, 034904 (2002) Elliptic flow from AMPT 

σp= 6 mb
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Lin, Ko & Pal, PRL 89, 152301 (2002) 

Au+Au @ 130 AGeV 

§  Need string melting and large parton scattering cross sections   

Two-Pion Correlation Functions and source radii from AMPT 
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§  Shift in out direction (<xout> > 0) 
§  Strong positive correlation between out position and  
   emission time 
§  Large halo due to resonance (ω) decay and explosion 
       → non-Gaussian  source 

Emission Function from AMPT 
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Phi meson absorption and production cross sections 

Besides                    , phi meson can 
be produced and absorbed via various 
hadronic reactions, calculable by 
  
§  Meson-exchange model 
   Chung, Li, and Ko, NPA 625, 347  
   (97) 
 
§  Chiral Lagrangian with hidden  
   local symmetry  
   Averez-Ruso and Koch, PRC 65,  
   054901 (02) 

528 S. Pal et al. / Nuclear Physics A 707 (2002) 525–539

Fig. 1. Phi meson scattering cross sections by nucleons (upper left panel), mesons (upper right panel), kaons
(lower left panel), and K∗ (lower right panel).

For phi meson interactions with baryons, we include the absorption reactions given
by the inverse reactions of phi meson production from meson–baryon interactions given
above. The corresponding cross sections are obtained using the detailed balance relations.
The cross section for phi meson elastic scattering with a nucleon is taken to be 0.56 mb as
extracted from the data on phi-meson photoproduction using the vector meson dominance
model [22]. These cross sections are shown in the upper left panel of Fig. 1.
Phi mesons can also be scattered by mesons. Using effective hadronic Lagrangians,

where coupling constants were determined from experimental partial decay rates, the total
collisional width of φ due to the reactions φπ → KK∗, φρ → KK , φK → φK and
φφ → KK was found to be less than 35 MeV [23] (where K denotes either a kaon or
an antikaon as appropriate). However, recent calculations [24] based on a Hidden Local
Symmetry Lagrangian shows that the collisional rates of φ with pseudoscalar (π , K) and
vector (ρ, ω, K∗, φ) mesons are appreciably large, especially for the K∗, resulting in
a much smaller mean free path, of about 2.4 fm in a hadronic matter at temperature T >

170MeV, compared to the typical hadronic system size of∼ 10–15 fm created in heavy ion

€ 

φ↔ KK 

Pal, Ko & Lin, NPA 707, 525 (2002) 
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534 S. Pal et al. / Nuclear Physics A 707 (2002) 525–539

Fig. 3. Rapidity distribution of phi meson reconstructed from K+K− pairs (solid curves) and from µ+µ−
channel (dashed curves) for Pb+Pb collisions at 158 AGeV at an impact parameter of b ! 3.5 fm in the AMPT
model. The results are for without (thin curves) and with (thick curves) in-medium mass modifications. The
dotted curve corresponds to phi mesons from the dimuon channel with in-medium masses and with the phi meson
number from HIJING increased by a factor of two. The solid circles are the NA49 experimental data [7] from the
K+K− channel.

seen that at low mT the phi meson from K+K− channel is suppressed due to rescattering.
Since the transverse momentum of a particle increases due to increasing number of
scattering and due to pressure build-up inside the system, the decayed kaons at the
early stages, which are predominantly scattered, thus have low transverse momenta. The
transverse mass spectra can be approximately fitted by exp(−mT /T ). The inverse slope
parameter T reported by NA50 [8] from the µ+µ− channel for 1.7< mT < 3.2 GeV/c2

at midrapidity is T = 227± 10 MeV, which agrees well with the AMPT model prediction
of T = 228 MeV. In contrast, the slope parameter extracted by NA49 [7] from the K+K−

channel for 1< mT < 2.2 GeV/c2 is T = 305± 15 MeV. The depletion of reconstructed
φ at low mT in the AMPT model leads only to a slighter higher slope of T = 267 MeV,
and thus is much smaller than the NA49 data. The ratio of the yields at midrapidity,
R(mT ) = NK+K−(Γφ/Γφ→K #K)/Nµ+µ−(Γφ/Γφ→µµ), from Eqs. (8) and (7) corrected by
their respective branching ratios, is shown in the inset of Fig. 4. The maximum suppression
of ∼ 40% at low mT in the kaon channel as observed in the AMPT model (squares) is
larger than the suppression factor of 60% found in the RQMD calculation [9]. This can be
traced back to enhanced phi meson production from large collisional scattering among the
mesons leading to a peak in the φ yield at the early stage (see Fig. 2; upper left panel). The
dimuons from these phi meson escape the fireball freely while the K+K− are rescattered
in the dense hadronic medium and do not contribute to the reconstruction of phi mesons.

4.1.4. In-medium effect
Modification of phi meson and kaon masses is expected to enhance the production

and decay of phi meson in the medium and to lead to a possible further increase of the

Phi meson rapidity distribution at SPS 
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and decay of phi meson in the medium and to lead to a possible further increase of the

532 S. Pal et al. / Nuclear Physics A 707 (2002) 525–539

Fig. 2. Upper left panel: time evolution of midrapidity (|y| < 0.5) phi meson from Pb+Pb collisions at the SPS
energy of 158 AGeV at an impact parameter of b ! 3.5 fm in the AMPT model. The results are for without (solid
curve) and with (dashed curve) in-medium mass modifications, and with further increase of phi meson number by
two in the HIJING model (dotted curve). The phi meson yield obtained from purely hadronic rescattering without
any medium effects is shown by dash-dotted curve. Upper right panel: the phi meson production (solid curves)
and decay rates (dashed curves) for the process φ ↔ K+K− . The thin curves are without in-medium mass
modification while the thick ones include medium mass modification. Lower panels: φ production (solid curves)
and absorption rates (dashed curves) for different channels without any mass modifications; where M ≡ π,ρ,ω.

into K $K pair, most of the phi mesons decay outside the fireball (see upper right panel of
Fig. 2). In spite of this small width, the production of phi meson from the inverse reaction
dominates over the decay due to considerable abundance of kaons from the HIJING model
at the early stage of the reaction. At times t > 15 fm/c the process φ ↔ K $K is seen to
approach chemical equilibrium. Note that even at late times at around the freeze-out value
there is a substantial phi meson production from the kaon–antikaon channel which has
been neglected in the previous study [10].
Time evolution of the production and absorption rates of phi meson from different

channels are shown in the lower panels of Fig. 2. Of all the collisional channels considered
for the phi meson, the dominant ones are φM → (K,K∗)(K,K∗) and φK∗ → M(K,K∗)
(M ≡ π,ρ,ω), which are of comparable magnitude. Although the cross section in the
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S. Pal et al. / Nuclear Physics A 707 (2002) 525–539 537

Fig. 5. The rapidity distribution (top panel) and the transverse mass spectra (bottom panel) for midrapidity
(|y| < 0.5) phi mesons reconstructed from K+K− pairs (solid curves) and from µ+µ− channel (dashed curves)
for Au+Au collisions at RHIC energy of √

s = 130 AGeV at an impact parameter of b ! 5.3 fm in the AMPT
model. The solid circles are the STAR experimental data [41] for 0–11% central collisions for φ reconstructed
from K+K− decay.

The transverse mass spectra of φ meson from the two channels are shown in the bottom
panel of Fig. 5, and compared with the STAR data [41] for the K+K− channel. Compared
to a slope parameter of T = 379±50MeV in the data, the AMPT model predicts a smaller
value of T = 335 MeV in the kaonic channel in the range 0 < mT − mφ < 1 GeV. The
slope parameter for phi mesons determined from the µ+µ− channel is T = 297 MeV
resulting in a suppression factor at low mT of R(mT ) = 58%. Note that at both SPS and
RHIC energy, the slope parameter of phi mesons from K+K− decay is smaller compared
to the experimental data. We have increased the phi meson elastic cross sections with
baryons and mesons to 8.3 mb, which corresponds to the upper bound estimated from
phi meson photoproduction data [21], and find that this increases only slightly the slope
parameter. On the other hand, an enhanced flow is expected to be generated by converting
the strings produced from soft processes into interacting partons in the high energy density
created in ultra-relativistic heavy ion collisions [19]. Since in the default HIJING model
the strings are basically noninteracting, the latter modification was found to reproduce the
large elliptic flow observed in Au+Au collisions at √s = 130A GeV [17]. Results based
on this new AMPT model will be reported in the future.

5. Summary and conclusions

In summary, we have investigated in a multiphase transport (AMPT) model the
production of phi mesons reconstructed from K+K− and µ+µ− decays. Considering

Phi meson production at RHIC  
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Pal,	Ko	&	Lin,	NPA	730,	143	(2004)	

Strange-exchange	
reacUons	

§  AMPT	gives	a	good	descripUon	of	mulUstrange	hadrons	measured		
					in	experiments.	
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Charm RAA and elliptic flow from AMPT 
Zhang, Chen & Ko, PRC 72, 024906 (05)

§  Need large charm scattering cross section to explain data.  
§  Smaller charmed meson elliptic flow is due to use of current light 
   quark masses in ZPC.  
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Parton	cascade	

Higher-order	anisotropic	flows		
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Dynamical	quark	coalescence	model	
Based	on	the	phase-space	distribuUon	of	strange	quarks	from	AMPT	and	including	
quark	spaUal	and	momentum	distribuUon	in	hadrons	

Although	scaled	phi	and	Omega	saUsfy	consUtuent	quark	number	scaling,	they	
are	smaller	than	the	strange	quark	ellipUc	flow	

Chen	&	Ko,	PRC	73,		
044903	(06)	
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AMPT results for LHC Jun & Ko, PRC 83, 034904 (11);  
84, 044907 (11) 
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Mean-field potentials in AMPT 
§   Nucleon and antinucleon: Relativistic mean-field model 

§  Kaon and antikaon: chiral effective Lagrangian 

§  Pions: self energy [Kaier & Weise, PLB 512, 283 (2001)] 

€ 

UN ,N (ρB ,ρB ) = Σs(ρB ,ρB ) ± Σv
0(ρB ,ρB )

 →  - 60 MeV for nucleon and -260 MeV for antinucleon at normal nuclear density  

€ 

UK ,K = mK
2 − aK ,K ρs + (bKρb

net )2 ± bKρb
net −mK

→  20 MeV for kaon and -120 MeV for antikaon at normal nuclear density 

€ 

Π−(ρn,ρp ) = ρn[TπN
− −TπN

+ ] − ρp[TπN
− +TπN

+ ]+Πrel
- (ρn,ρp ) +Πcor

- (ρn,ρp )

Π+(ρp,ρn ) =Π−(ρn,ρp )

→  π- increases by 13.8 MeV and π+ decreases by 1.2 MeV in asymmetric nuclear   
     matter of normal density and isospin asymmetry δ=0.2 
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4

FIG. 4: (Color online) Relative elliptic flow difference between
p and p̄, K+ and K−, and π+ and π− with and without
hadronic potentials U at three different BES energies from
the string melting AMPT model. Results for different species
are slightly shifted in energy to facilitate the presentation.

K−, respectively [4]. Similar to the experimental data,
the relative v2 difference between π+ and π− is negative
at all energies after including their potentials, although
ours have smaller magnitudes. We have also found that,
as seen in the experiments [4], the relative v2 difference
between Λ hyperons and Λ̄ is smaller than that between
p and p̄, because the Λ(Λ̄) potential is only 2/3 of the
p(p̄) potential.

To summarize, we have studied the elliptic flows of
p, K+, π+ and their antiparticles in heavy ion colli-
sions at BES energies by extending the string melting
AMPT model to include their mean-field potentials in
the hadronic stage. Because of the more attractive p̄ than
p potentials, the attractive K− and repulsive K+ poten-
tials, and the slightly attractive π+ and repulsive π− po-
tentials in the baryon- and neutron-rich matter formed
in these collisions, smaller elliptic flows are obtained for
p̄, K−, and π+ than for p, K+, and π−. Also, the dif-
ference between the elliptic flows of particles and their

antiparticle is found to decrease with increasing collision
energy as a result of decreasing baryon chemical potential
of the hadronic matter. Although our results are qual-
itatively consistent with the experimental observations,
they somewhat underestimated the relative elliptic flow
difference between p and p̄ as well as that between π− and
π+ and overestimated that between K+ and K−. In our
studies, we have, however, not included other effects that
may affect the v2 difference between particles and their
antiparticles. For example, we may have overestimated
the annihilation between baryons and antibaryons as this
could be screened by other particles in the hadronic mat-
ter [34]. Including the screening effect would increase the
duration of the attractive potential acting on antibaryons
and thus reduces their elliptic flow, leading therefore to
an increase in the difference between the elliptic flows
of baryons and antibaryons. Also, the different elliptic
flows between particles and their antiparticles are as-
sumed in the present study to come entirely from the
hadronic mean-field potentials. As shown in Ref. [35],
the collective flow of partons can also be affected by their
mean-field potentials in the partonic matter. If quarks
and antiquarks have different mean-field potentials in the
partonic matter, this would then lead to different ellip-
tic flows for particles and their antiparticles in the initial
stage of the hadronic phase after hadronization. It will
be of great interest to include in future studies these ef-
fects as well as the effect due to different elliptic flows
between produced and transported partons [6] and the
chiral magnetic effect [7] in order to understand more
quantitatively the different elliptic flows between parti-
cles and their antiparticles observed in relativistic heavy
ion collisions.
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tional Science Foundation under Grants No. PHY-
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Grant Nos. 10975097 and 11135011, Shanghai Rising-
Star Program under grant No. 11QH1401100, and ”Shu
Guang” project supported by Shanghai Municipal Ed-
ucation Commission and Shanghai Education Develop-
ment Foundation.
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Mean-field effects on particle and antiparticle elliptic flows  
Jun, Chen, Ko & Lee, PRC 85, 041901(R) (2012)   

§  Hadronic mean fields lead to splitting of particle and antiparticle elliptic flows  
   in baryon-rich matter, diminish with increasing collision energies, similar to 
   experimental observations by STAR  
§  Expect additional effects from partonic mean-fields 
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Deuteron pT spectrum and elliptic flow  
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§ 	Similar pT spectrum from transport and coalescence models 
§  Smaller elliptic flow at large pT from transport model than 
   from coalescence model 

Oh, Lin & Ko, PRC 
80, 064902 (2009) 
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Triangular	flow	

§ 		Contrary	to	ellipUc	flow,	triangular	flow	is	not	sensiUve	to	centrality		
§ 		Similar	results	from	hydrodynamic	model	(Petersen	et	al.,	PRC	82,		
				041901	(2010),	Alver	et	al.,	PRC	82,	034913	(2010))	

Alver	&	Roland,	PRC	81,	054905	(2010)	
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Vor8city	in	rela8vis8c	heavy	ion	collisions	
Jiang,	Lin	&	Liao,	PRC	94,	044910	(2016)		

24	

§  Average	vorUcity	decreases	with	Ume,	decreasing	impact	parameter,	
				and	increasing	collision	energy.	
					

~! =
1

2
r⇥ ~v, h!yi =

R
d3~r [W(~r)]!y(~r)R

d3~r [W(~r)]
, W(~r) = ⇢✏(~r)
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Chemical	freeze-out	in	rela8vis8c	heavy	ion	collisions	

Jun	Xu	&	CMK,	PLB	772,	290	(2017)	

§  Both	raUo	of	effecUve	parUcle	numbers	and	entropy	per	parUcle	
remain	essenUally	constant	from	chemical	to	kineUc	freeze-out.	
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Summary 
§  AMPT was developed to describe heavy ion collisions at relativistic heavy ion 

collisions. 

§  It has been used to understand both the transverse momentum spectra of various 

hadron species and their anisotropic flows. 

§  It had led to a better understanding of the measured HBT correlations. 

§  It had led to the discovery of triangular flow. 

§  It had allowed the study of vorticity field generated in HIC. 

§  It provided insight to the validity of statistical hadronization model.  
	
§  The	AMPT	model	with	its	fluctuaUng	iniUal	condiUons	and	strong	parton	

scajerings	can	capture	the	essenUal	collision	dynamics	of	relaUvisUc	heavy	ion	
collisions	as	revealed	in	various	observables measured in experiments. 

§  In	2002	AMPT	won	RHIC	PredicUons	CompeUUon	Prize	of	InsUtute	of	Nuclear	
Theory	at	Seajle.	

§  As of July 25, 2017, 603 citations of Lin, Ko, Li, Zhang & Pal, PRC 72, 064901 
(05) in INSPIRE.  


