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Neutron relative density fluctuation from yield ratio of light nuclei
Dingwei Zhang for STAR Collaboration, NN2018
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Coalescence model in the sudden approximation

Wave functions for 
initial |i>=|1,2>
and final |f>=|3>
states 

Probability for particle 1 of momentum k1 and particle 2 of 
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For a system of particles 1 and 2 with phase-space distributions fi(xi,ki) 
normalized to                                      , number of particle 3 produced 
from coalescence of N1 of particle 1 and N2 of particle 2

Statistical factor for two particles of spin 
J1 and J2 to form a particle of spin J  g = 2J+1

(2J1+1)(2J2+1)

The above formula can be straightforwardly generalized to multi-
particle coalescence, but is usually used by taking particle Wigner 
functions as delta functions in space and momentum. 

Wigner function Wi(xi’,ki’) centers around xi and ki
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Gyulassy, Frankel, and Remler, NPA 402, 596 (1983): Generalized 
coalescence model using nucleon Wigner functions that are delta 
functions in space and momentum, i.e., evaluating

with

It is later called by Kahana et al. the standard Wigner calculation in
contrast to the general one which they called the quantum Wigner 
calculation.
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Deuteron number in the coalescence model
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Deuteron number in the coalescence model (Continued)
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Effect of density fluctuations on deuteron number
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Assuming

where en and ep  are unit vectors along the density gradient of the 
neutron and proton spatial distributions, and a is the length over 
which they change appreciably, then the second term becomes

r⇢n(X) ⇠ ⇢n(X)
a en, r⇢p(X) ⇠ ⇢p(X)

a ep
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If the directions of en and ep are not strongly correlated and a is 
significantly larger than !, then F2 is much smaller than the first term, 
and 
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Taking into account density fluctuations

then

where h⇢ni, h⇢pi : average neutron and proton densities

Cnp = h�⇢n�⇢pi/(h⇢nih⇢pi) : neutron and proton

density correlation
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where

�⇢n = h(�⇢n)2i/h⇢ni2 : relative neutron density fluctuation
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Define yield ratio
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Define yield ratio

then

where

�⇢n = gp�d�t(1 + Cnp)
2
Op�d�t � 2Cnp � 1

<latexit sha1_base64="GinpzVxb4prhxw8PGR3sGYzZY2k="></latexit>

Op�d�t ⌘
N3HNp

N2

d

=
3
3/2

4

�
2⇡
mT

�3
Nph⇢ni2(1 +�⇢n + 2Cnp)

[ 3

21/2

�
2⇡
mT

�3/2
Nph⇢ni(1 + Cnp)]2

=
33/2

18

1 +�⇢n + 2Cnp

(1 + Cnp)2
<latexit sha1_base64="Yk3FWiiUvsOOltRPonM0BmDwK38="></latexit>

gp�d�t =
9

4

✓
4

3

◆3/2

⇡ 3.5
<latexit sha1_base64="PJ4PDuVrGRNlnXdraxzzMqKIjdw="></latexit>

Define isospin density fluctuation

�⇢I ⌘ h(�⇢n � �⇢p)2i
(h⇢ni+ h⇢pi)2

=
h(�⇢n)2 � 2(�⇢n)(�⇢p) + (�⇢p)2i

h⇢ni2(1 +Rnp)2

=
�⇢n � 2RnpCnp +R2

np�⇢p
(1 +Rnp)2

<latexit sha1_base64="WlJP5EdDK8x8ldVEPE7KaK5oD4o="></latexit>

13



14



15

Spinodal instability in Nambu-Jona-Lasinio model
§ NJL model [Bratovic, Hatsuda & Weise, PLB 719, 131 (2013)]
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"ijk(ū�qi)(d̄�qj)(s̄�qk).where

§ Mean-field approximation

L =  ̄

✓
i@µ � 2

3
GV h ̄�µ i

◆
�µ �  ̄M⇤ + ...

where M* = diag(Mu, Md, Ms) with 
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Effect of vector interaction on QCD phase diagram

§ Location of critical point depends strongly on GV; moving to 
lower temperature and larger baryon chemical potential as GV
increases, and it disappears for GV > 0.6 G.

Jun Xu, Song, Ko & Li, PRL 112, 012301 (2014)
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@tf + p/E ·rf �rH ·rpf = C[f ]

Transport description of quark matter in a box

C[f] includes quark elastic scattering with cross section of 3 mb

§ nq = 0.5/fm3, T = 20 MeV
§ Right: outside spinodal

region
§ Left: inside spinodal

region; large density 
fluctuations appear due 
to growth of unstable 
modes
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Trajectory of an expanding quark matter 

§ First-order phase transition results in a longer QGP phase of
an expanding dense matter. 
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Time evolution of density moments

§ Large density moments are generated by the spinodal instability. 

GV=0

GV=GS

t=20 fm/c

t=20 fm/c



Expanding quark matter: 
AMPT initial conditions (√sNN = 2. 5 GeV)
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Time evolution of density moments

§ Large density moments are generated by the spinodal instability. 



Summary 

§ Experimentally observed enhancement of light nuclei production 
in beam energy scan program at RHIC can be explained by nucleon 
density fluctuations if they are produced via nucleon coalescence at 
kinetic freeze out.

§ The spinodal instability in baryon-rich quark matter due to its first-
order transition to the hadronic matter can result in large quark
density fluctuation. 

§ How can quark density fluctuations due to the spinodal instability 
of baryon-rich quark matter survive during hadronic evolution  
remains a challenge. 
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