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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 (r1,19]i) = ¢1(r1)da(rs)

initial |i>=|1,2> 1 ket /2

and final |f>=]3> (r1,r2|f) = N 140229 (1) — 15)
states

Probability for 1+2 -> 3 P = ’(f\@>|2

Probability for particle 1 of momentum k; and particle 2 of
momentum k, to coalescence to cluster 3 with momentum K

dN
d3—K — g/d3X1d3k1d3X2d3k2W1(X17kl)WQ(X27k2)

ki — k
XW(y,k)5(3)(K_kl_k2), y = X1 — Xo, k = 1 > 2

Wigner functions W (x,k) = /d3y¢* (x — %) b (x i %) e iky



For a system of particles 1 and 2 with phase-space distributions f(x, k)
normalized tor/dgxid3kifi(xi,ki) — N, humber of particle 3 produced
from coalescerice of N, of particle 1 and N, of particle 2

dN
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Wigner function W,(x.’,k’) centers around x; and k

_ 2741 Statistical factor for two particles of spin
T RAEDRRTD J; and J, to form a particle of spin J

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.



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

— d°x! d°k d3xhd k!
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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.



Deuteron number in the coalescence model

In the coalescence model, the deuteron number is given by

Ny :gd/d3X1/d3k1/d3X2/d3k2f1(X1,kl)fQ(XQ,kQ)Wd(Xl — Xa, (k1 — k2)/2).

In the above, the proton or neutron distribution function is given by

where T', m and ~ are the temperature, nucleon mass, and fugacity, respectively, and is

normalized to
3/2
N = /d3x/d3kf(x, k) = 27V (T;‘—T) .
T

) 3/2
/d3x _y /d3k e~k _ (E) ,
a

with V' being the volume. The deuteron Wigner function is given by

after using

12 2k2

Wix,k) =8 e o2 e 7K

and is normalized according to

/ dx / Pk W(x, k) = (27, 6



Deuteron number in the coalescence model (Continued)

Changing variables to

X1+X2
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Effect of density fluctuations on deuteron number

For non-uniform distributions, the factor F' = N;N,/V is replaced by

1

F= oy / dBXI/ A5y (x1) g (3cp) e~ 1%/

It can be rewritten as
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Assuming Vpn(X) ~ 2238 ¢

a

Vpp(X) ~ %.LX)GP

where e, and e, 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
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If the directions of e, and e, are not strongly correlated and a is
significantly larger than o, then F, is much smaller than the first term,
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Taking into account density fluctuations
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where (pn), (pp) : average neutron and proton densities

Chp = (0pn0pp)/({pn){pp)) : neutron and proton

density correlation



For triton

Nsg
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Apn = ((6pn)?)/{pn)? : relative neutron density fluctuation



Define yield ratio
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Define yield ratio
3/2 2\ 3
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Define isospin density fluctuation
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Table 1

Yields dN/dy of p, d and 3H at midrapidity, together with the yield ratio 7+ /7~ measured in central Pb+Pb collisions at 20 AGeV (0 — 7% centrality, \/syy = 6.3 GeV), 30
AGeV (0 — 7% centrality, \/sSyy = 7.6 GeV), 40 AGeV (0 — 7% centrality, \/syy = 8.8 GeV), 80 AGeV (0 — 7% centrality, \/syy = 12.3 GeV), and 158 AGeV (0 — 12% centrality,
SNy =17.3 GeV) by the NA49 Collaboration [31,41,42]. Also given are the chemical freeze-out temperature T, (GeV) and volume V¢, (fm?), the derived yield ratios Op-d
and Op_4, and the extracted Cpp, App and Ap;. In obtaining Op 4 and Op_q.r, the weak decay contributions to the yield of proton from hyperons are corrected by using

results from the statistical model (see text for details).

SNN p d BH(1073) nt/m- Ten Ven Op—d(1074) op-d-t Chp Apn App
6.3 46.1+2.1 2.094+0.168 43.7(+6.4) 086 0131 1389 105+0.11 044440014 —0.636+0.004  0.475+0.007 0.556 + 0.004
7.6 421420 1379+0.111 22.3(+3.4) 088 0139 1212 878+0.13 046540019 —0.707+0.004  0.551+0.007 0.629 = 0.004
8.8 413+1.1 1.065+0.086 14.8(+2.6) 090 0144 1166 7324020 0.500+0.020 —0.749+0.007  0.606 +0.045 0.677 + 0.006
123 30.1+1.0 0543+0.044 4.49(+0.94) 091 0153 1231 7.70+£0.11 040440034 —0.6934+0.004 0.518+0.012  0.605 + 0.006
173 23.9+1.0 0279+0.023 1.58(+0.31) 093 0159 1389 6.66+0.01 041540032 —0.68140.0004 0.507+0.011  0.594 + 0.006
I I I T T I I LI I TTTT I T T T T I T LI l 7T
Central Pb+Pb collisions | + 1 -0~ Ap 1
-0.2 - (y:O) -1 L I i o
\ - --A--Ap, 0.8 @
- \ - :
\ = - wn
\ é
\ L -
o '0.4 \‘ AN —h
c L s No . c
O \ ZX S
- \ 1k R N e
\ L NV EN i o
\ \ ’ ~ -
-0.6 | 1L S o
\ , -1
L h m--- -n | - )/ i
~ _ - | & |
‘. (a) (b) 0.4
_0.8 ] 1 ] [N S S A A AT AR | 1 L T AT A
5 10 15 5 10 15 20
172
(s\) ~ (GeV)
Fig. 2. Collision energy dependence of the neutron and proton density correlation
Cnp (a) and the neutron and isospin density fluctuations Ap, and Ap; (b) in central
Pb+Pb collisions at SPS energies and Au+Au collisions at AGS energies. 14



Spinodal instability in Nambu-Jona-Lasinio model

= NJL model [Bratovic, Hatsuda & Weise, PLB 719, 131 (2013)]
Scalar-pseudoscalar

L= A= M+ § S [N+ s
a=0

8
" Z [%WWAW)Q + %W%%)\%ﬂ Vector-axial vector
~ K [detf (15(1 + 75)¢) + det; (1;(1 _ 75)¢>] 7 Ezzagfis(z\(il-vll\/_:_?skawa_

where  dety(¢I'y) = Y " eip(ulq;)(dlg;) (5T qr)-

1,5,k
= Mean-field approximation

_ 9 _ _
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where M* = diag(M,, My, M,) with




Effect of vector interaction on QCD phase diagram

Jun Xu, Song, Ko & Li, PRL 112, 012301 (2014)
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" Location of critical point depends strongly on G; moving to
lower temperature and larger baryon chemical potential as G,
increases, and it disappears for G, > 0.6 G.



Transport description of quark matter in a box

Of +p/E-Vf—-VH-V,f =C[f]

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

Gv=0 Gv=Gs t (fm/c)

— 0

— 20

— 40

ng=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

O T

60

20

72 I N :
8.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
n (fm=>)

» First-order phase transition results in a longer QGP phase of
an expanding dense matter. 18



Time evolution of density moments
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= |arge density moments are generated by the spinodal instability.
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Expanding quark matter:
AMPT initial conditions (Vsyy = 2. 5 GeV)
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Time evolution of density moments

@ Gy=0 (b)
' »

Gy=Gs

t (fm/c)

—0

—10

\/

<pN>/<p>N

100}

50t

-
o

(%))

——N=6
— - N=4
—N=2
/’————.
-
7~
7
7
7
_ -
—-:—\§___
/
— ; y . .
5 10 15 20

= |arge density moments are generated by the spinodal instability.
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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.



