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Azimuthal Distributions

Systematic measurements as a function of particle mass and 
taking into account time scale

• v0 Radial flow integrated over evolution 
• v1 Directed flow early
• v2 Elliptic flow early
• vn ……..

Fourier Analysis of azimuthal particle distribution

v1, v2, vn largest at intermediate impact parameters, zero at b = 0 and b = 2R
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Flow (radial, directed and elliptic)
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• Only type of transverse flow in central 
collision (b=0) is radial flow.

• Integrates pressure history over complete 
expansion phase

• Elliptic flow, caused by anisotropic initial 
overlap region (b > 0).

• More weight towards early stage of 
expansion.

• Directed flow, sensitive to earliest collision 
stage (pre-equilibrium, b > 0)
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RHIC

v1,v2,v3, v4,…

LHC

and elliptic flow

2009
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• Elliptic flow (In-plane emission): 
rotational collective motion 
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Transverse directed flow - Nuclear EOS

• Flow Effects:
– Transverse 

Directed Flow,
– Radial Flow,
– “Squeeze-Out”

or elliptical flow. 
Þreflect internal 

pressure.

• Microscopic origins of 
pressure:
– Nuclear 

Incompressibility,
– Momentum 

dependence of 
nuclear mean field,

– nucleon-nucleon 
scattering by the 
residual interaction.

y

px
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Theoretical problem: mass 
dependence of flow observables

• The measured 
transverse flows are 
mass dependent.

• Presents problem for 
models that do not 
explicitly predict cluster 
observables.
– Molecular dynamics does 

explicitly predict clusters
– BUU does not  

• Coalescence invariant 
analyses. 

H
uang, Phys. R

ev. Lett. 77, 3739 (1996)
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Elliptic Flow @ RHIC
How does the system respond to initial spatial anisotropy?

Ollitrault (’92)

Hydrodynamic expansion

Initial spatial
anisotropy

Final momentum
anisotropy

INPUT

OUTPUT
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Elliptic flow v2
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● Non-central A+A collisions: azimuthally anisotropic distribution of particles in coordinate-space
● Density gradients and interactions between the particles: an asymmetry in momentum-space
● Signal is self-quenching with time – early time observable! 
● Measurement: Fourier expansion of the azimuthal angle (φ-Ψ) distributions

(mid-rapidity)
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STAR, PRL90 032301 (2003)

b ≈ 4 fm

�central” collisions

b ≈ 6.5 fm

midcentral collisions

Resulting azimuthal distributions
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STAR, PRL90 032301 (2003)

b ≈ 4 fm
b ≈ 6.5 fm
b ≈ 10 fm

peripheral collisions

Resulting azimuthal distributions
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STAR, PRL90 032301 (2003)

�v2”

observed momentum 
anisotropy is largely 
elliptic deformation; 
its amplitude is 
denoted v2

RHIC v2 reaches 
large values yielded 
by hydro (unlike 
lower energies)

Hydrodynamic
calculation of
system evolution

Elliptic flow
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Huovinen et al.
Kolb et al.
Hirano et al.

dependence on particle mass follows hydro up to ~2 GeV/c
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KET = (mT-m0)/nq

PRL. 98, 162301 (2007)

1.Number-of-constituent-quark scaling (meson vs baryon)

2. v2(pT) /nquark vs. KET/nquark becomes one curve independent of particle species. 

QuarkMatter2009

NCQ scaling in middle Pt
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Multi-strange particle v2: Partonic Collectivity

partonic collectivity at RHIC!

STAR data (S. Shi et al)

PHENIX π and p: nucl-ex/0604011v1
NQ inspired fit: X. Dong et al. Phy. Let. B 597 (2004) 328-332

J. Zuo, J.Y.Chen,X. Cai, YGM, F. Liu et al., EPJC 55,463(2008)
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Coalescenece / Recombination

• If phase space is filled with partons, partons can be 
recombined/coalesced into hadrons.

• Baryon: qqq®B ; Meson: qq®M

• Three models:
Ko, Greco, Lin, Chen et al.: TAMU Coalescence
Hwa & Yang, Oregon U
Fries, Muller et al: Duke U
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K0 and L elliptic flow
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A good tool looking for phase transition at low energy scan: the 
breaking of NCQ scaling of elliptic flow

• NCQ scaling for the identified-particle elliptic flow may serve as a probe for searching for 
critical point.

J. Tian, J. H. Chen, Y. G. Ma et. al., Phys. Rev. C 79, 067901 (2009)
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v2 Excitation Function

Rich structure:

Transition from in-plane 
to out-of-plane and back 
to in-plane emission:

Low Ebeam: rotational behavior;
Mid Ebeam: squeeze-out
High Ebeam: pressure-induced 
in-plane emission





Y.G.Ma CSR & RHIC Symposium, Weihai, 2006/7/4-7

Nucleonic transport: Quantum Molecular Dynamics
Isospin-dependent Quantum Molecular Dynamics Model:

N-body transportation theory model
Including the most important parts for nuclear reaction at intermediate energy

Nuclear mean field:

.Fragment Recognition, a naive coalescence model
� R£3.5fm; � P£300MeV/c 

Nucleon-nucleon collision and Pauli blocking etc are considered
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System: 86Kr + 124Sn, 25 MeV/u, 7-10fm;  50,000 events accumulated; 
freeze-out time: ~120fm/c; results: extracted @ 200fm/c;  Hard EOS is 
used in the present work;

Results (1): NNS of flow 

Number-of-nucleon scaling of the elliptic flow !



Low energy: FLOW scaling V2 & 
v4/v2^2 scaling: nucleonic coalescence 
below 100A MeV

In hydro by Kolb et al, assuming that quarks have 
no higher-order anisotropic flows

If quarks also flow, one get

Similarly, if v4/v^2 = ½ for nucleons, then 
V4/v2^2(A=2) = ¼+1/2*1/2=1/2
V4/v2^2(A=3) = 1/3+1/3*1/2=1/2
This is the case for the right bottom plot!

V2/A vs Pt/A
&
V4/V2^2 ~ cst

V4/A^2 vs (Pt/A)^2

T.Z. Yan, YGM et al., Physics Letters B 
638 (2006) 50
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The behavior of scaling is independent of hard or soft EOS and isospin effect !      
à It is a parameter independent observable!

hard_niso soft_iso soft_niso



Power-law in momentum space: 0.25-1.15GeV/A

Coalescence:

Assuming the 
production
probability of p 
is p1, and n is 
p2, if deutron is 
formed by 
coalescence, its 
production 
probability 
should be: 
p1*p2. 

Similarly, 
probability of 
fragments with 
A mass 
(Coulomb is 
ignored) should 
be prob = p1^n



0.4A GeV Au+Au
�����





Alpha Clustering effects
an example of nuclear structure effect in HIC
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See D Dell’Aquila talk on SOTANCP4



ü Alpha-cluster is predicted to appear near cluster decay
threshold in α conjugate nuclei about 50 years ago

The α cluster is the most prominent case since (1) the high binding energy
of α-conjugate nuclei and (2) high energy of it’s first excitation state.
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12C
12C Hoyle 

State

Y. Kanada En’yo, M. Kimura, A. Ono, Prog. 

of Theo. Exp.Phys..2012 (2012) 01A202

The Triple-Alpha Process

Facilitated by the cluster structure 

of the 8Be and the 12C Hoyle State

Facilitated by the cluster structure 

of bound and unbound 16O states

16O

The 12C(alpha,gamma)16O

From M. Wiescher talk on SOTANCP4
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The first condition is the stability of the constituent clusters which is necessary for keeping 
the identity of the clusters. The second condition is the weakness of inter-cluster interaction. 

The weakness of the inter-cluster interaction results in the energy location of the cluster state near 
the breakup threshold into constituent clusters.



Fully microscopic descrip- tion based on the framework 
of energy-density functionals (EDFs).



See P. Schuck talk on SOTANCP4



Triple-alpha process occuring in Red Giants => Origin of carbon !

a+ a à 8Be – 0.092 MeV;  8Be is unstable with t1/2 ~ 10-16 s 
and decays quickly into two a-particles ! 
Carbon production is possible only via a resonance 
reaction
a + a + a à 12C* à 12C + 2g + 7.37 MeV

Jp=0+, Ex=7.654 MeV predicted by Fred Hoyle in 1953

Most 
important 
nuclear 
reaction 
during 
Helium 
burning !



40Ca case:
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J. A. Wheeler, Nucleonics Notebook, 1950 (unpublished),
see also p. 297 in G. Gamow, Biography
of Physics, Harper & Brothers Publishers, N.Y. 1961 

C. Y. Wong’s predictions, Phys Lett B 41, 446 (1972)�Phys 
Lett B 738, 401 (2014)
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p Model: EQMD- An extension of QMD
-- microscopic dynamical model
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The Pauli potential gives the 
nucleons repulsive potential 
for the same spin and isospin 
to avoid  close to each other 
in the phase space.
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For transport model, one has to prepare energy-minimum states as initial 
ground nuclei. They are obtained by starting from a random configuration and 
by solving the damped equations of motion.



Eγ Eγ

Valence neutron <=> Core Proton <=> Neutron

There are three main excitation modes studied widely: GDR,
PDR, GMR



p GDR algorithm & verification
-- How to extract giant resonance from QMD

V. Baran et al, Nucl. Phys.A 679,373 (2001)

Fourier transformation

Dipole excitation

ß Dipole moment
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Density of each nucleon in nuclei with alpha-clustering configuration
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12C

total

protons

neutrons

Long axis Short axis

CM keeps zero



16O

total

protons

neutrons

CM keeps zero

Long axis
Short axis
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p Results & discussion

-- GDR of 8Be, 12C & 16O with different α configurations
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16O ground state with

tetrahedron structure

16O ground state w/o alpha clusters

EQMD calculation supports 16O ground state with tetrahedron 

The data is from J. Ahrens, H. Borchert, K. H. Czock et al., Nucl. Phys. A251, 479 (1975).

The first principle calculation is from S. Bacca et al., Phys. Rev. Lett. 111, 122502 (2013).



12C GDR without (left panel) and with (right panel) cluster configuration with data.

u EQMD calculation indicates the ground of 12C is a 
multiconfiguration mixing of shell-model-like and cluster-like
configurations, which is consistent with the prediction of

AMD [Y. Kanada-En’yo, Phys. Rev. Lett 81, 5291 (1998)] 
and 

FMD [M. Chernykh et al., Phys. Rev. Lett. 98, 032501 (2007)]  

The data is from J. Ahrens, H. Borchert, K. H. Czock et al., Nucl. Phys. A251, 479 (1975).



Correspondence between GDR
and α cluster configurations





•Alpha-clustering effect on
nucleon correlation by
Photonuclear reaction



(a) chain (b)triangle (c)spherical

If photons hit alpha cluster, what happens?

Quasi-deuteron:
~70-140MeV

We consider:



np emission from Tetrahedron 16O



Chain 16O



Square 16O



Kite 16O



Effects on momentum correlation function @ g(A) 100MeV
��-���� ��-����

configuration RRMS Ebind
chain 3.782 7.26
kite 3.254 7.22

square 2.908 7.29
Tetrahedron 2.761 7.20

Np,pp�������
	�alpha-
clustering������

B.S. Huang, YGM et al.



Source size
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pAlpha-clustering effect on flows 
in 12C+197Au@ 10GeV & 200A GeV

pS. Zhang, YGM et al., PHYSICAL REVIEW C 95, 064904 (2017)
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C.C. Guo, YGM et al., PRC 99, 044607 (2019)



AMPT model {Melting version of AMPT}

A Multi-Phase Transport model, Ko & Lin et al.

Hadron rescattering

EQMD distri. à AMPT distri.
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Elliptic flow@12C+Au

Elliptic flow (v2) is significant for linear 3-alpha 12C structure



Triangular flow @12C+Au

Triangular flow (v3) is significant for triangle 3-alpha 12C structure



A sensitive probe to structure: e3/e2 & v3/v2

V3/v2 increases with the multiplicityà triangle 3-alpha 12C
S. Zhang, YGM et al., Phys. Rev. C 95, 064904 (2017); Eur. Phys. J. A (2018) 54



α-clustering effect on eccentricity

7
4

✓Sensitive to fluctuation
✓Also to intrinsic geometry (α-cluster structure)



α-clustering effect on collective flow

7
5

✓ Smoothly changing with increasing size of collision system (most central, Woods-Saxon distribution)
✓ Deviation from Woods-Saxon case for α-clustered initial system



pAlpha-clustering effect on HBT radii 
in head-on 12C+197Au@ 200A GeV



Formulation of HBT correlation



Azimuthal dependent HBT radii (1)

Pion-pion
correlation

Hadron rescattering time (AFTER hadronization)

pion-pion
correlation for
the Chain
structure
shows a
stronger
azimuthal
dependence!

pre
limi

nar
y



Azimuthal dependent HBT radii (2)
Hadron rescattering time

R0^2 of Pi-pi
correlation
for the chain
structure
shows a
stronger
azimuthal
dependence!pre

lim
ina
ry



pAlpha-clustering effect on EM
fileds in 12C+197Au@ 200A GeV

Rotation of 
many 

charged 
particles

Magnetic 
field

Orbital 
angular 

momentum

Hydro-
dynamics, 

Kinetic 
Theory

Qun Wang (USTC), An Introduction to Chiral Magnetic Effect
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• High energy HIC

• Electric field in cms frame 
of nucleus,

• Boost to Lab frame (vz= 0.99995 c for 200GeV), Scale of strong 
interaction

Kharzeev, McLerran, Warringa (2008), Skokov (2009), Deng & Huang (2012),
Bloczynski,Huang, Zhang, Liao (2012); many others ……

Magnetic fields in heavy ion collision

Qun Wang (USTC), An Introduction to Chiral 
Magnetic Effect



Electromagnetic calculation
A+197Au@200GeV, AMPT model
we used the Lienard-Wiechert potential to calculate the electromagnetic fields



Magnetic filed

Projectile-side Target (Au)-side

Chain structure shows a little stronger magnetic field

The larger (the more asy. N/Z) the projectile, the stronger
the <-By>

Y. L. Cheng, S. Zhang, Y. G. Ma, et al., Phys Rev C 99, 054906 (2019) 



Electric filed
Chain structure shows weaker electric field

The larger (more asym. N/Z) the projectile, the weaker the <Ex>

Projectile-side Target (Au)-side

✓ <Ex>: the asymmetric projectile and 

target nuclear collisions produce 

stronger electric field 

than symmetrical collision system

✓ -<By>: the magnetic field will be in 

the reverse trend

✓ α-cluster effect at semi-central 

collisions for chain structure



Conclusion
• Heavy ion collisions provide a wide range to learn nucleon dynamics
to partonic dynamics.
• Many common observables and features emerge in nucleonic degree
of freedom as well as in partonic degree of freedom.
• In this talk, I just show examples for collective flows and alpha-
clustering effects. In fact, much more can be explored. eg. viscosity,
phase transition, fluctuations…
• Heavy ion collisions provide a rich mine for understanding nucleonic
matter, quark matter, even for astrophysics process and neutron star
etc.

Thanks for your attentions


