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Mostly based on arXiv:1502.05572v3: 
Liang He, Terrence Edmonds, Zi-Wei Lin, Feng Liu, Denes Molnar, Fuqiang Wang: 
Anisotropic parton escape is the dominant source of azimuthal anisotropy  
in transport models 
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Outline

Current paradigm of vn development in heavy ion collisions

Our method: track all parton collisions
 
Estimate contribution of anisotropic particle escape to v2 

by destroying collective flow (through random-ϕ test)

Potential Consequences
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Alver and Roland, PRC 81 (2010) 
discovered significant triangular flow  
using A Multi-Phase Transport (AMPT); 
è intense developments of  
event-by-event hydrodynamics. 

    Current Paradigm 
•  Early hydro-type collective flow in sQGP 
converts initial spatial anisotropy into final momentum-space vn 
 
•  Transport models at large-enough cross section will approach hydrodynamics. 
 
•  Since both hydrodynamics and transport models can describe vn data,  
it is generally believed: for low-PT in high-energy heavy ion collisions, 
the mechanism of vn development in transport models (via particle interactions) 
is in principle the same as in hydrodynamics (via pressure gradient). 

Both hydrodynamics and transport models have been used to study vn : 

Current Paradigm of vn Development
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Hydro 

Pathlength-dependent/ 
anisotropic energy loss 

It is generally believed: 
high-PT observables cannot be described by hydrodynamics, 
high-PT v2 is dominated by anisotropic energy loss before hadronization. 

A different paradigm for high-PT  

Current Paradigm of vn Development
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Puzzle for small systems such as p+Pb or d+Au:
mean free path may be comparable to the system size; 
is hydrodynamics still applicable to such small systems?

Bzdak and Ma, PRL 113 (2014) 
using AMPT (String Melting version). Bozek and Broniowski, PLB 718 (2013) 

using e-by-e viscous hydrodynamics.  

out, with a thermal spread in their relative momenta.
Another important source of correlations comes from the
global transverse-momentum conservation [44, 45]. We im-
pose approximately this constraint by requiring that the
sum over the particles in the generated event fulfills the
condition
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We have found numerically that limiting the total trans-
verse momentum to PT = 5 GeV is sufficient; further
reduction does not affect the studied quantities. This
amounts for retaining about 8% of the least-PT events from
our sample.
We apply the hydrodynamic model to the two most cen-

tral centrality classes used by the CMS Collaboration. The
centrality of the events is defined based on the charged
particle multiplicity in the CMS acceptance. A good ap-
proximation of the centrality cuts in our model is repre-
sented by simple conditions on the number of the partici-
pant nucleons. The most central collisions withNpart ≥ 18
amount to 3.4% of most central events in the Glauber
Monte Carlo model. The second most central class is de-
fined by 16 ≤ Npart ≤ 17 and sums up 4.4% of the cross
section. Cuts on the final multiplicity in the calculations
instead of Npart could be used, once the model of the ini-
tial state were supplemented with effects of fluctuations of
the energy deposited in each elementary collision [46–49],
but this is not crucial for our study.
In the hydrodynamic model the multiplicity fluctuations

are largely decoupled from the collective expansion phase.
Our model gives realistic predictions on the collective flow,
but the multiplicity distribution cannot be reliably calcu-
lated. This has a consequence for the normalization of
the correlation functions. By integrating the per trigger
correlation function one obtains

'

d∆φd∆η Ctrig(∆η,∆φ) =
⟨N(N − 1)⟩

⟨N⟩
, (6)

i.e., the ratio of the average number of pairs over average
multiplicity in a given acceptance window. In the presence
of correlations from collective flow only, a more robust
observable is the 2D correlation function normalized by
the number of pairs instead of N in Eq. (1).
In the hydrodynamic model collective flow dominates

in the correlation function for 2 < |∆η| < 4. There-
fore to make a meaningful estimate of the hydrodynamic
component in the 2D correlation function, we rescale the
calculated functions to get the same subtraction constant
CZYAM in the zero-yield-at-minimum (ZYAM) procedure.
We use the ZYAM values as quoted by the CMS Collabo-
ration for each multiplicity and pT bin [1]. Such rescaled
correlation functions, called normalized correlation func-
tions in the following, should be used to estimate the con-
tribution of the collective flow to the ridge observed in the
experiment.
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Figure 3: The projected and ZYAM-subtracted correlation function
in the region 2 < |∆η| < 4 for the two most central bins in multiplic-
ity (panels extending horizontally) and two pT intervals (panels ex-
tending vertically) for the pPb collisions. The CMS measurement [1]
is shown as dots. The results of our hydrodynamic model with the
normalized correlation functions are shown with the solid lines. The
dashed lines show the results of the hydrodynamic model with sub-
traction of the model ZYAM values and no rescaling.

In the following we describe the results obtained with
our simulations. We begin with the correlation function of
Eq. (1), shown in Fig. 1 for the most central collisions with
two different cuts imposed on the transverse momentum
of each particle in the pair. The 2D correlations func-
tion presents similar features as the experimental one [1].
A sharp same-side peak is formed due to the resonance
decays and the local charge conservation [4]. The ob-
served additional correlations from jet fragmentation at
small ∆φ-∆η, or the Bose-Einstein and Coulomb corre-
lations, are not included in our model. The away- and
same-side ridges are formed in the whole range of ∆η.
The shape of these ridges is determined mainly by the first
3 harmonics in the relative azimuth. The first harmonic
comes predominantly from the transverse-momentum con-
servation and is seen as a tendency for the back-to-back
emission. The second and third harmonics are provided
by the collective expansion of the initial fluctuating source
and describe well the shape and the width of the same- and
away-side ridges. As expected [11, 12], the collective ellip-
tic flow leads to the formation of the same-side ridge in the
2D correlation functions, which is our basic observation.

A qualitatively different behavior is visualized in Fig. 2.
At low pT the correlation displays a ridge (panel a) in the
azimuthal angle direction (near ∆η = 0), which is due to
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FIG. 1: The transverse momentum dependence of the elliptic, v2, and triangular, v3, flow coefficients in p+Pb (upper panel) and
Pb+Pb collisions (lower panel) as obtained in the AMPT model (open symbols) with the string melting mechanism. Different
centrality classes are defined by the number of produced charged particles, Ntrack, measured in |η| < 2.4 and pT > 0.4 GeV/c.
The CMS data are denoted by the full points.
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FIG. 2: The CMS data (full points) vs the AMPT model (open symbols) with the string melting mechanism for the integrated
elliptic, v2, and triangular, v3, flow coefficients in p+Pb (left) and Pb+Pb (right) collisions as a function of the number of
produced charged particles, Ntrack, measured in |η| < 2.4 and pT > 0.4 GeV/c.

and antiquarks which undergo elastic scatterings (in con-
trast to the default model, where only partons from
minijets interact) with a partonic cross-section which is
controlled by the strong coupling constant and the De-
bye screening mass. Subsequently a simple coalescence
model is employed to form hadrons which further un-
dergo hadronic scatterings. The detailed description of
the AMPT model can be found in Ref. [2]. The AMPT
model provides a consistent framework to understand
many phenomena in p+p, p+A and A+A collisions. In
particular, different orders of harmonic coefficients have
been well reproduced in Au+Au collisions at the top
RHIC energy [37] and Pb+Pb collisions at the LHC en-
ergy [38], which indicates that in A+A interactions, the
initial spacial asymmetry is transformed into the final

momentum anisotropy via the incoherent parton scatter-
ings [39].

In our previous study, the long-range two-particle az-
imuthal correlations have been observed in p+p and
p+Pb collisions at the LHC energies with a modest
parton-parton cross-section of σ = 1.5−3 mb [1]. There-
fore, it is important to check if the flow coefficients vn
extracted from the long-range two-particle azimuthal cor-
relation function are comparable with the data. In this
work we simulate p+Pb collisions at

√
s = 5.02 TeV and

peripheral Pb+Pb collisions (50 − 100%) at
√
s = 2.76

TeV with the parton-parton cross-section of 3 mb, being
consistent with our previous study.

In Fig. 1 we present the elliptic and triangular Fourier
coefficients from the long-range two-particle azimuthal

Small systems: both hydrodynamics and transport can describe flow 

Current Paradigm of vn Development
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Our method:
Study v2 development 

 by tracking the complete collision history of each parton, 
including 
•  separating partons into 3 populations:  

 freezeout partons,  
 active partons,  
 all partons 

•  v2 versus Ncoll (number of collisions suffered by a parton) 

Tracking Parton Collisions in Transport Models

Most results shown here are obtained with AMPT (string melting version); 
some are obtained with MPC (elastic version of the parton cascade). 
 
We only investigate the parton stage here. 
v3 results are qualitative the same. 
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dN/dy of π & K 

Constraining Parameters of the String Melting AMPT Model

pT spectra of π & K (in central collisions) 

v2 of π & K (AuAu@200AGeV b=7.3fm) 

Model has been tuned to reproduce low-pt π & K data on dN/dy, pT spectra & v2  
  in central & mid-central 200AGeV Au+Au collisions: ZWL, PRC 90 (2014). 

   We use the same parameters for this study. 

Parton cross section σ =3mb 
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FIG. 2: Parton v
2

in Au+Au collisions as a function of the
number of collisions N

coll

that a parton has su↵ered. The
solid curve is the v

2

of all(active) partons after su↵ering N
coll

collisions, the dashed curve freezeout partons, and the dotted
curve non-freezeout partons.
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FIG. 3: Parton �? ⌘ hr̂? · p̂?i as a function of the number of
collisions N

coll

in Au+Au collisions. Both the normal (thick
curves) and the azimuth-randomized (thin curves) AMPT re-
sults are shown. The solid curves are those for all(active)
partons after su↵ering N

coll

collisions, and the dashed curves
are for freezeout partons.

di↵erence in the physics mechanisms between them.

Figure 3 shows the average space-momentum correla-
tion of partons, �? ⌘ hr̂? · p̂?i where r̂? and p̂? are
the transverse radial position and momentum unit vec-
tors, as a function of N

coll

. The �? parameter repre-
sents approximately the collective transverse radial ve-
locity. The plot is for Au+Au collisions, but the result
is similar for d+Au collisions. The �? of active par-
tons (thick solid curve) at N

coll

=0 is not exactly zero
because partons can form only after a finite formation
time over which a parton’s displacement depends on its
momentum. The freezeout partons (thick dashed curve)
at N

coll

=0 have a strong space-momentum correlation.

This is a space-momentum correlation with a non-zero
local velocity due to the anisotropic escape mechanism,
but di↵erent from a collectivity that represents a common
collective flow velocity achieved only via interactions. As
Fig. 3 shows, there are space-momentum correlations for
the active partons at any given N

coll

>0; these correla-
tions are good indicators of collective flow. Some of the
active partons freeze out at a given N

coll

; the additional
�? for these freezeout partons relative to the active par-
tons is the e↵ect of the anisotropic escape mechanism.
The question is then whether the collective flow of the

active partons is important for the final vn. Thus we did
test calculations with no collective flow by randomizing
the parton azimuthal direction after each parton-parton
scattering. The system continues to evolve in AMPT, but
the evolution is di↵erent from the original one. The �?
variable from this modified evolution is shown in Fig. 3
for Au+Au. The results for d+Au are again similar. The
active parton �? is now zero because of the randomiza-
tion. The freezeout parton �? is non-zero purely due to
the anisotropic escape mechanism.
We show in Fig. 4 the v

2

of active partons and freeze-
out partons from this azimuth-randomized AMPT run
by the thin solid and dashed curves, respectively, for
Au+Au (left panel) and d+Au collisions (right panel).
In the randomized case, the parton azimuthal angles are
randomized and hence the active parton v

2

is zero; thus
the final-state freezeout anisotropy is entirely due to the
anisotropic escape mechanism. For comparison, the v

2

results from the normal AMPT run for Au+Au (already
shown in Fig. 2) are superimposed in Fig. 4 as the thick
solid and dashed curves, where the active parton v

2

is
slightly positive and the freezeout parton v

2

is much
higher. The gain in v

2

from the active partons to the
freezeout partons is due to the escape mechanism. The
gain in the normal AMPT results is slightly di↵erent from
that in the azimuth-randomized results. This is not sur-
prising because the anisotropies in the escape probability
di↵er in these two cases: in the former case the parton
p̂?’s are correlated with their r̂?’s while in the latter case
the parton p̂?’s are random. The integrated v

2

of all fi-
nal partons in Au+Au (b=7.3 fm) collisions is 3.9% from
the normal AMPT results and 2.7% from the azimuth-
randomized results, indicating that the collective flow of
active partons plays only a minor role for the final vn.
The corresponding values for d+Au (b=0 fm) collisions
are 2.7% and 2.5%.
We have shown mostly results in 200 GeV Au+Au

collisions at impact parameter b=7.3 fm. There seems
to be no qualitative di↵erence between the behaviors in
Au+Au and d+Au collisions, as shown in Fig. 4. The
results for other impact parameters are also similar. Al-
though we discussed only v

2

, the same conclusions hold
for v

3

as well, suggesting that the development mecha-
nism of vn in AMPT is universal. We note that a fixed
N

coll

value does not correspond to partons at identical

Results: v2 versus collision # of each parton
Ncoll: number of collisions suffered by a parton 

3 parton populations at any given Ncoll: 
freezeout partons:  freeze out after exactly Ncoll collisions; 
active partons:  will collide further, freeze out after >Ncoll collisions; 
all partons:   sum of the above two populations 

   (i.e. all partons that have survived Ncoll collisions). 

freezeout partons 
all partons 
active partons 
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di↵erence in the physics mechanisms between them.

Figure 3 shows the average space-momentum correla-
tion of partons, �? ⌘ hr̂? · p̂?i where r̂? and p̂? are
the transverse radial position and momentum unit vec-
tors, as a function of N

coll

. The �? parameter repre-
sents approximately the collective transverse radial ve-
locity. The plot is for Au+Au collisions, but the result
is similar for d+Au collisions. The �? of active par-
tons (thick solid curve) at N

coll

=0 is not exactly zero
because partons can form only after a finite formation
time over which a parton’s displacement depends on its
momentum. The freezeout partons (thick dashed curve)
at N

coll

=0 have a strong space-momentum correlation.

This is a space-momentum correlation with a non-zero
local velocity due to the anisotropic escape mechanism,
but di↵erent from a collectivity that represents a common
collective flow velocity achieved only via interactions. As
Fig. 3 shows, there are space-momentum correlations for
the active partons at any given N

coll

>0; these correla-
tions are good indicators of collective flow. Some of the
active partons freeze out at a given N

coll

; the additional
�? for these freezeout partons relative to the active par-
tons is the e↵ect of the anisotropic escape mechanism.
The question is then whether the collective flow of the

active partons is important for the final vn. Thus we did
test calculations with no collective flow by randomizing
the parton azimuthal direction after each parton-parton
scattering. The system continues to evolve in AMPT, but
the evolution is di↵erent from the original one. The �?
variable from this modified evolution is shown in Fig. 3
for Au+Au. The results for d+Au are again similar. The
active parton �? is now zero because of the randomiza-
tion. The freezeout parton �? is non-zero purely due to
the anisotropic escape mechanism.
We show in Fig. 4 the v

2

of active partons and freeze-
out partons from this azimuth-randomized AMPT run
by the thin solid and dashed curves, respectively, for
Au+Au (left panel) and d+Au collisions (right panel).
In the randomized case, the parton azimuthal angles are
randomized and hence the active parton v

2

is zero; thus
the final-state freezeout anisotropy is entirely due to the
anisotropic escape mechanism. For comparison, the v

2

results from the normal AMPT run for Au+Au (already
shown in Fig. 2) are superimposed in Fig. 4 as the thick
solid and dashed curves, where the active parton v

2

is
slightly positive and the freezeout parton v

2

is much
higher. The gain in v

2

from the active partons to the
freezeout partons is due to the escape mechanism. The
gain in the normal AMPT results is slightly di↵erent from
that in the azimuth-randomized results. This is not sur-
prising because the anisotropies in the escape probability
di↵er in these two cases: in the former case the parton
p̂?’s are correlated with their r̂?’s while in the latter case
the parton p̂?’s are random. The integrated v

2

of all fi-
nal partons in Au+Au (b=7.3 fm) collisions is 3.9% from
the normal AMPT results and 2.7% from the azimuth-
randomized results, indicating that the collective flow of
active partons plays only a minor role for the final vn.
The corresponding values for d+Au (b=0 fm) collisions
are 2.7% and 2.5%.
We have shown mostly results in 200 GeV Au+Au

collisions at impact parameter b=7.3 fm. There seems
to be no qualitative di↵erence between the behaviors in
Au+Au and d+Au collisions, as shown in Fig. 4. The
results for other impact parameters are also similar. Al-
though we discussed only v

2

, the same conclusions hold
for v

3

as well, suggesting that the development mecha-
nism of vn in AMPT is universal. We note that a fixed
N

coll

value does not correspond to partons at identical

freezeout partons 
all partons 
active partons 

At  Ncoll=1: 
active partons at Ncoll=0 
collide once each,  
become 
all partons at Ncoll=1: v2 ≈ 0 

Results: v2 versus collision # of each parton

At  Ncoll=0: 
all partons: v2=0 by symmetry;  

 they contain 2 parts: 
   escaped/freezeout: v2 ≈ 4.5%, 
   active: v2 < 0. 

This process repeats itself at higher Ncoll… 

¢ 

¢ 
¢ 
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In simplified picture of elliptic flow 

At  Ncoll=0: 
escaped partons: v2 ≈ 4.5%, 

 purely due to 
anisotropic escape probability 
(response to geometrical shape only,  
no contribution from collective flow) 

At  Ncoll>=1: 
escaped partons: v2 > 0 

 due to 
anisotropic escape probability 
& (anisotropic) collective flow. 

Results: anisotropic particle escape 

How to separate the two contributions? 
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Final v2 is generated by  
interactions in presence of spatial anisotropy, 
which also generate (anisotropic) collective flow. 

Results: anisotropic particle escape 

The two are coupled in the actual evolution, 
so we design a Gedanken random-ϕ test to estimate contribution from 1):  
      we randomize ϕ after each parton scattering to destroy collective flow. 

Let’s view v2 as coming from 2 separate but complimentary sources: 

1)   Pure escape (“the escape mechanism”): 
 v2 from spatial anisotropy only 
  if there were 0 collective flow, 
 this is due to anisotropic escape probability. 
  

2)  Pure flow: v2 from anisotropic collective flow only 
 if there were no spatial anisotropy. 

f(x,p,t) 

f(x,iso p,t) 

f(iso x,p,t) 
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FIG. 3: Parton �? ⌘ hr̂? · p̂?i as a function of N
coll

in
Au+Au collisions. Both normal (thick curves) and azimuth-
randomized (thin curves) AMPT results are shown. The solid
curves are those for all partons after su↵ering N

coll

collisions,
and the dashed curves are for freezeout partons.

via interactions. On the other hand, there are space-
momentum correlations for all partons (thick solid curve)
at any given N

coll

> 0 and the correlation increases with
N

coll

; these correlations are good indicators of collective
flow. Some of these partons freeze out at a given N

coll

;
the additional �? for these freezeout partons is the e↵ect
of the anisotropic escape mechanism.

One question is whether the hydrodynamic-type col-
lective flow of the partons is important for the final v

2

.
Thus we did test calculations with no collective flow by
randomizing the outgoing parton azimuthal directions af-
ter each parton-parton scattering. The system continues
to evolve in AMPT, but the evolution is di↵erent from
the original one. The �? from this modified evolution is
shown in Fig. 3. The all-parton �? is now zero because of
the randomization, and the freezeout parton �? is non-
zero purely due to the anisotropic escape mechanism.

We show in Fig. 4 the v
2

of all partons and freeze-
out partons from this azimuth-randomized AMPT by the
thin solid and dashed curves for Au+Au and d+Au col-
lisions. In the randomized case, the parton azimuthal
angles are randomized and hence their v

2

is zero; thus
the final-state freezeout anisotropy is entirely due to the
anisotropic escape mechanism. For comparison, the v

2

results from the normal AMPT (already shown in Fig. 2
for Au+Au) are superimposed in Fig. 4 as the thick solid
and dashed curves, where the all-parton v

2

is slightly
positive and the freezeout parton v

2

is much higher. The
gain in v

2

by the freezeout partons is due to the escape
mechanism. The gain in the normal AMPT results is
slightly di↵erent from that in the azimuth-randomized
results. This is not surprising because the anisotropies
in the escape probability di↵er in these two cases: in the
former case the parton p̂?’s are correlated with their r̂?’s
while in the latter case the parton p̂?’s are random.

Table I lists the hN
coll

i and hv
2

i of all final partons from
normal and azimuth-randomized results by both AMPT
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FIG. 4: Parton v
2

as a function of N
coll

in (a) Au+Au and
(b) d+Au collisions. Both normal (thick curves) and azimuth-
randomized (thin curves) AMPT results are shown. The solid
curves are for all partons after su↵ering N

coll

collisions, and
the dashed curves are for freezeout partons.

(varying µD with ↵s kept fixed) and MPC (isotropic
�). The hv

2

i with Debye � of 3 mb and 5.5 mb from
AMPT and MPC, respectively–so that they have simi-
lar opacity–are consistent with each other as mentioned
previously. It is known that v

2

is larger for an isotropic
d�/dt than for a Debye screened one (at the same �) be-
cause the latter is more forward-backward peaked, but
the hv

2

i
Rndm

/hv
2

i ratios as well as the opacities are al-
most the same. It should be noted that there may be
issues with causality in AMPT for large �. Also note
that hN

coll

i is larger in the randomized case because the
randomization tends to destroy the preferred outward di-
rection of partons.

We have shown mostly results for 200 GeV Au+Au
collisions at medium impact parameters. There seems
to be no qualitative di↵erence between the behaviors
in Au+Au and d+Au collisions (c.f. Fig. 4). Although
we discussed only v

2

, the same conclusions hold for v
3

as well, suggesting that the development mechanism of
anisotropies in transport models is universal. We note
that a fixed N

coll

value does not correspond to partons
at identical time but rather a convolution over time. We
have also studied results as a function of time instead of
N

coll

, and our qualitative conclusions remain unchanged.

Discussions. The unique finding of our study is that
partons in transport models escape (freeze out) from the
collision zone with positive v

2

, even those partons that
do not interact at all, mainly due to the anisotropic es-
cape probability. This escape mechanism contributes to
the majority of the final v

2

at small to modest opacity.
The traditional picture of low p? particles accumulat-
ing v

2

after multiple collisions plays only a minor role.
High-p? anisotropy is generally believed to result mostly
from the escape mechanism [22, 23], which we have also
verified within our work. Our study indicates that the
escape mechanism is at work at both high and low p?;

Strong r-p correlation 

Results: space-momentum correlation vs collective flow

β⊥ =
!r⊥ ⋅
!p

r⊥  p
reflects space-momentum correlation,  

 ~ transverse flow velocity 

~ Collective flow  



 Elliptic Anisotropy v2 May Be Dominated by Particle Escape Zi-Wei Lin (with L He, T Edmonds, F Liu, D Molnar, FQ Wang)  Quark Matter 2015    13/17 

3

collN
0 5 10 15 20

  β

0

0.2

0.4

0.6

freezeout partons
)φfreezeout partons (Rndm 

all partons
)φall partons (Rndm 

AMPT Au+Au (b=7.3 fm)

FIG. 3: Parton �? ⌘ hr̂? · p̂?i as a function of N
coll

in
Au+Au collisions. Both normal (thick curves) and azimuth-
randomized (thin curves) AMPT results are shown. The solid
curves are those for all partons after su↵ering N

coll

collisions,
and the dashed curves are for freezeout partons.

via interactions. On the other hand, there are space-
momentum correlations for all partons (thick solid curve)
at any given N

coll

> 0 and the correlation increases with
N

coll

; these correlations are good indicators of collective
flow. Some of these partons freeze out at a given N

coll

;
the additional �? for these freezeout partons is the e↵ect
of the anisotropic escape mechanism.

One question is whether the hydrodynamic-type col-
lective flow of the partons is important for the final v

2

.
Thus we did test calculations with no collective flow by
randomizing the outgoing parton azimuthal directions af-
ter each parton-parton scattering. The system continues
to evolve in AMPT, but the evolution is di↵erent from
the original one. The �? from this modified evolution is
shown in Fig. 3. The all-parton �? is now zero because of
the randomization, and the freezeout parton �? is non-
zero purely due to the anisotropic escape mechanism.

We show in Fig. 4 the v
2

of all partons and freeze-
out partons from this azimuth-randomized AMPT by the
thin solid and dashed curves for Au+Au and d+Au col-
lisions. In the randomized case, the parton azimuthal
angles are randomized and hence their v

2

is zero; thus
the final-state freezeout anisotropy is entirely due to the
anisotropic escape mechanism. For comparison, the v

2

results from the normal AMPT (already shown in Fig. 2
for Au+Au) are superimposed in Fig. 4 as the thick solid
and dashed curves, where the all-parton v

2

is slightly
positive and the freezeout parton v

2

is much higher. The
gain in v

2

by the freezeout partons is due to the escape
mechanism. The gain in the normal AMPT results is
slightly di↵erent from that in the azimuth-randomized
results. This is not surprising because the anisotropies
in the escape probability di↵er in these two cases: in the
former case the parton p̂?’s are correlated with their r̂?’s
while in the latter case the parton p̂?’s are random.

Table I lists the hN
coll

i and hv
2

i of all final partons from
normal and azimuth-randomized results by both AMPT
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FIG. 4: Parton v
2

as a function of N
coll

in (a) Au+Au and
(b) d+Au collisions. Both normal (thick curves) and azimuth-
randomized (thin curves) AMPT results are shown. The solid
curves are for all partons after su↵ering N

coll

collisions, and
the dashed curves are for freezeout partons.

(varying µD with ↵s kept fixed) and MPC (isotropic
�). The hv

2

i with Debye � of 3 mb and 5.5 mb from
AMPT and MPC, respectively–so that they have simi-
lar opacity–are consistent with each other as mentioned
previously. It is known that v

2

is larger for an isotropic
d�/dt than for a Debye screened one (at the same �) be-
cause the latter is more forward-backward peaked, but
the hv

2

i
Rndm

/hv
2

i ratios as well as the opacities are al-
most the same. It should be noted that there may be
issues with causality in AMPT for large �. Also note
that hN

coll

i is larger in the randomized case because the
randomization tends to destroy the preferred outward di-
rection of partons.

We have shown mostly results for 200 GeV Au+Au
collisions at medium impact parameters. There seems
to be no qualitative di↵erence between the behaviors
in Au+Au and d+Au collisions (c.f. Fig. 4). Although
we discussed only v

2

, the same conclusions hold for v
3

as well, suggesting that the development mechanism of
anisotropies in transport models is universal. We note
that a fixed N

coll

value does not correspond to partons
at identical time but rather a convolution over time. We
have also studied results as a function of time instead of
N

coll

, and our qualitative conclusions remain unchanged.

Discussions. The unique finding of our study is that
partons in transport models escape (freeze out) from the
collision zone with positive v

2

, even those partons that
do not interact at all, mainly due to the anisotropic es-
cape probability. This escape mechanism contributes to
the majority of the final v

2

at small to modest opacity.
The traditional picture of low p? particles accumulat-
ing v

2

after multiple collisions plays only a minor role.
High-p? anisotropy is generally believed to result mostly
from the escape mechanism [22, 23], which we have also
verified within our work. Our study indicates that the
escape mechanism is at work at both high and low p?;

Strong r-p correlation 

r-p correlation 
purely from  
escape mechanism, 
not from collective flow 

Collective flow is destroyed 

Results: space-momentum correlation vs collective flow

β⊥ =
!r⊥ ⋅
!p

r⊥  p
reflects space-momentum correlation,  

 ~ transverse flow velocity 

Random-ϕ test: 
finite r-p correlation 

~ Collective flow  
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FIG. 3: Parton �? ⌘ hr̂? · p̂?i as a function of N
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in
Au+Au collisions. Both normal (thick curves) and azimuth-
randomized (thin curves) AMPT results are shown. The solid
curves are those for all partons after su↵ering N

coll

collisions,
and the dashed curves are for freezeout partons.

via interactions. On the other hand, there are space-
momentum correlations for all partons (thick solid curve)
at any given N

coll

> 0 and the correlation increases with
N

coll

; these correlations are good indicators of collective
flow. Some of these partons freeze out at a given N

coll

;
the additional �? for these freezeout partons is the e↵ect
of the anisotropic escape mechanism.

One question is whether the hydrodynamic-type col-
lective flow of the partons is important for the final v

2

.
Thus we did test calculations with no collective flow by
randomizing the outgoing parton azimuthal directions af-
ter each parton-parton scattering. The system continues
to evolve in AMPT, but the evolution is di↵erent from
the original one. The �? from this modified evolution is
shown in Fig. 3. The all-parton �? is now zero because of
the randomization, and the freezeout parton �? is non-
zero purely due to the anisotropic escape mechanism.

We show in Fig. 4 the v
2

of all partons and freeze-
out partons from this azimuth-randomized AMPT by the
thin solid and dashed curves for Au+Au and d+Au col-
lisions. In the randomized case, the parton azimuthal
angles are randomized and hence their v

2

is zero; thus
the final-state freezeout anisotropy is entirely due to the
anisotropic escape mechanism. For comparison, the v

2

results from the normal AMPT (already shown in Fig. 2
for Au+Au) are superimposed in Fig. 4 as the thick solid
and dashed curves, where the all-parton v

2

is slightly
positive and the freezeout parton v

2

is much higher. The
gain in v

2

by the freezeout partons is due to the escape
mechanism. The gain in the normal AMPT results is
slightly di↵erent from that in the azimuth-randomized
results. This is not surprising because the anisotropies
in the escape probability di↵er in these two cases: in the
former case the parton p̂?’s are correlated with their r̂?’s
while in the latter case the parton p̂?’s are random.

Table I lists the hN
coll

i and hv
2

i of all final partons from
normal and azimuth-randomized results by both AMPT
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FIG. 4: Parton v
2

as a function of N
coll

in (a) Au+Au and
(b) d+Au collisions. Both normal (thick curves) and azimuth-
randomized (thin curves) AMPT results are shown. The solid
curves are for all partons after su↵ering N

coll

collisions, and
the dashed curves are for freezeout partons.

(varying µD with ↵s kept fixed) and MPC (isotropic
�). The hv

2

i with Debye � of 3 mb and 5.5 mb from
AMPT and MPC, respectively–so that they have simi-
lar opacity–are consistent with each other as mentioned
previously. It is known that v

2

is larger for an isotropic
d�/dt than for a Debye screened one (at the same �) be-
cause the latter is more forward-backward peaked, but
the hv

2

i
Rndm

/hv
2

i ratios as well as the opacities are al-
most the same. It should be noted that there may be
issues with causality in AMPT for large �. Also note
that hN

coll

i is larger in the randomized case because the
randomization tends to destroy the preferred outward di-
rection of partons.

We have shown mostly results for 200 GeV Au+Au
collisions at medium impact parameters. There seems
to be no qualitative di↵erence between the behaviors
in Au+Au and d+Au collisions (c.f. Fig. 4). Although
we discussed only v

2

, the same conclusions hold for v
3

as well, suggesting that the development mechanism of
anisotropies in transport models is universal. We note
that a fixed N

coll

value does not correspond to partons
at identical time but rather a convolution over time. We
have also studied results as a function of time instead of
N

coll

, and our qualitative conclusions remain unchanged.

Discussions. The unique finding of our study is that
partons in transport models escape (freeze out) from the
collision zone with positive v

2

, even those partons that
do not interact at all, mainly due to the anisotropic es-
cape probability. This escape mechanism contributes to
the majority of the final v

2

at small to modest opacity.
The traditional picture of low p? particles accumulat-
ing v

2

after multiple collisions plays only a minor role.
High-p? anisotropy is generally believed to result mostly
from the escape mechanism [22, 23], which we have also
verified within our work. Our study indicates that the
escape mechanism is at work at both high and low p?;

Random ϕ 
Normal AMPT 

Normal AMPT 
Random ϕ 

Results: contribution of escape mechanism to final v2

v2 from Random Test: purely from the escape mechanism 

 Normal <v2>   <v2> for random-ϕ   Ratio              <Ncoll>  
      ~ contribution from pure escape 

  Au+Au    3.9%        2.7%    69%      4.6 (modest)  
  d+Au       2.7%        2.5%    93%       1.2 (low)   
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Anisotropic particle escape 
is dominant contribution of v2 for small systems 
& even for semi-central AuAu at RHIC 
 
At very large σ or <Ncoll>, 
hydrodynamic collective flow  
will be the dominant contribution of v2  

MPC: the same qualitative 
conclusion as AMPT  
despite many differences  
(parton initial condition,  
cross section & dσ/dt,  
formation time,  
parton-subdivision) 

Results: contribution of escape mechanism to final v2
v2 Ratio 
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One non-central ���
Au+Au event ���
from AMPT

Particles  
freeze out 
with ϕ-dependent  
escape probability, 
 
this dominates  
the final v2 
for systems at  
low to modest  
opacity/<Ncoll>. 

Beam axes 

Potential Consequences

New picture of vn development: 

Particle # vs time 
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Potential Consequences

•  The escape mechanism helps to explain similar anisotropic flows  
      observed in small and large systems: 
 since both are dominated by same mechanism (anisotropic escape probability) 

•  The driving force for v2 at low & high PT is qualitatively the same   
  since both are dominated by anisotropic probability of interactions before escape 

  (scatterings for low PT & energy loss for high PT) 

•  At low to modest opacity/<Ncoll>: transport and hydrodynamics are different. 

    The escape mechanism dominates vn   at low to modest opacity/<Ncoll>; 
    hydro-type collective flow dominates vn  at very high opacity/<Ncoll>: 
   which is the case for AA collisions? 
  which is case for pp or pA collisions? 


