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Collectivity from coherent and chaotic emissions
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Antenna Arrays: 
transform spatial anisotropy to 

momentum by interference

B. Schenke fm/c

Light bulb:
thermal emission 

with momentum isotropy



Questions

Can there be any coherence present from small to large 
systems of nuclear collisions?

What if coherent source expand relativistically? 

How to measure the coherent fraction in small and large 
systems?
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Nagle, et al. ARNPS(2018)



Success of hydrodynamics
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MUSIC

C. Gale, et al, PRL(2013)

VISHNU

H. Song, et al, PRL(2011) L. Pang, PRC(2018)

CLVisc

From Wenbin Zhao

Well describe flow observables in large systems

Even work in small systems

W. Zhao, et al, et al, PRL(2020)W. Zhao, et al, et al, PLB(2018)Nagle, et al. ARNPS(2018)

Transport models like AMPT also work well. AMPT also includes only chaotic emissions.



Perspective from HBT correlations 
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Karpenko, et al, PRC(2013) Shapoval, et al, PLB(2013)

Hydrodynamic model describes HBT radii in small and large systems.

AA @ RHIC & LHC pp @ LHC
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Y. Zhou, QM19

STAR

Hydro

J. Yang, et al, arXiv:1608.04942 ALICE, PRC 92, 054908 (2015) ALICE, PRC 93, 054908 (2016)

ATLAS, Eur. Phys. J. C (2015) 75:466

Suppressed HBT strengths indicate possible coherence.

Coherent fraction

Perspective from HBT correlations 



Possible coherence in nuclear collisions 
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Smaller size, more quantum mechanical

Shapoval, et al, PLB(2013)
D. Molnar, F. Wang, C. Greene, 1404.4119

Coherence and vn from uncertainty principle
P=500MeV, 𝛌~0.4fm

CGC / Glasma

Glasma evolution

by B. Schenke

T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan, 
JHEP01(2016)061.     C. Zhang, C. Marquet, G. Y. Qin, 
S. Y. Wei and B. W. Xiao, PRL122, 172302 (2019).

Radiation field of a classical source

Laser-like emission of particle
M. Gyulassy, et al. PRC(1979)
R. Glauber, NPA(2006) (QM05)

Similarly, Schwinger model of particle production, 
see, e.g. C.-Y. Wong, Introduction to high-energy HIC

Bose-Einstein Condensate

Clark, et al., Collective emission of matter-wave jets 

from driven Bose–Einstein condensates, Nature(2017)

Pion? Gluon? DCC? 
Overpopulation?……

Symmetry broken 
in momentum spaceScience(1995)



Collectivity and effects of source expansion
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Coherent:  classical source radiation

Chaotic:  thermal emission

Two types of pion-emitting source Effects of source transverse expansion

PR, G. Bary, W. -N. Zhang, PLB(2018)

Chaotic

Coherent Chaotic

Coherent

Effects of coherent source size

Coherent emission is more sensitive to the 
geometry of the source at initial time, but not 
sensitive to the source transverse expansion.
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PR, W. -N. Zhang, PLB(2020)

Collectivity and effects of source expansion

Ridge and effects of Bjorken longitudinal expansion

Ridge is related to the interference pattern in momentum space.
Rapidity distribution of coherent emission is sensitive to the longitudinal expansion.



Coherent emission plus hydrodynamic background
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Partially coherent pion emission in AA system: PR, G. Bary, W. -N. Zhang, PLB(2018)

Pt spectrum azimuthal anisotropy 4-pion HBT

Expanding coherent 
source plus VISH2+1.

In pp system: PR, W. -N. Zhang, PLB(2020)

Pt spectra, azimuthal 
anisotropy, and HBT 
strength as functions 
of multiplicity.

Expanding coherent 
source plus blast-
wave source (hydro 
like)
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AMPT transport

Z.-W. Lin

2 identical particles 
No interaction

Thermal equilibrium 

N identical particles 
Ideal gas

Thermal equilibrium 

Off-equilibrium, relativistic,
Dynamically evolving,

Interactions, coherence

Quantum statistical correlations
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Spatial -- Momentum
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Bose-Einstein 
correlation
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RHBT~ 1/𝜆q

Coherence & HBT correlations
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Hanbury Brown, Twiss, 
Nature (London) 177, 
27 (1956).
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C(q)

q=p1-p2

Bose-Einstein(BE) correlation

Coherence & HBT correlations
2𝝿-correaltion In heavy-ion collisions

BE + coherence

BE + decay

BE + FSI

p1

p2
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Hanbury Brown, Twiss, 
Nature (London) 177, 
27 (1956).
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C(q)

q=p1-p2

Bose-Einstein(BE) correlation

Coherence & HBT correlations
2𝝿-correaltion In heavy-ion collisions

BE + coherence

BE + decay

BE + FSIMeasured 2-𝜋
correlation function

p1

p2

Hydro (VISH/MUSIC) + 

hadron cascade (UrQMD)

Coherent emission
+ FSI

HBT Correlation, 
flow

From C. Shen

Preliminary results

PR, W. -N. Zhang, in preparation

Not only HBT radii & strength
But also full correlation functions



HBT: an old subject in future
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Non-monotonic behavior at BES Femtoscopy: probe hadron interactions

From talk by X.-F. Luo on QPT2021 ALICE, Nature (2020)

Bose-Einstein 
condensate 
inside stars ?

STAR, Nature (2015)

SCIENCE, 310, 648 (2005)

Ultracold atomic system 
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Partially coherentChaotic Coherent

Collectivity can arise from interference in coherent emission of particles, 
where ridge is an interference pattern in momentum space.

Coherence may play more important roles in smaller systems.

Azimuthal correlations in coherent emission are insensitive to source 
expansion. Rapidity distribution is sensitive to Bjorken expansion.

A joint study of flow and HBT correlation function may help understand 
coherence and collectivity in small and large nuclear collisions systems.

.14.
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Trends of coherent fraction as a function of pT
similar as the experimental measurement.



B. Schenke, et al.,  PLB 747 (2015) 76–82

Azimuthal anisotropies in p + Pb collisions from 
classical Yang–Mills dynamics

V3=0 at tau=0V2>0 at tau=0



Single- or multi-coherent source ?

Single-source Multi-source


