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Nuclear clustering
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Can be studied by both low-energy
reactions and relativistic heavy-ion
collisions
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Composition of Nuclear matter

A fundamental question!

Knock-out reactions:
a clusters in dilute matter
(surface of heavy nuclei)
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The role of nuclear clustering

Nuclear clustering is suppressed by the surrounding medium

Fermi energy heavy-ion collisions:
Fraction of light cluster in warm,
dilute nuclear matter
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Intermediate-energy Heavy-ion collisions

Beyond the & Mesons (1, K, ...)
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* They could affect the reaction dynamics

=  Global thermal equilibrium unlikely
" Coalescence at freeze-out fails
= Realistic modeling of light-clusters

dynamics in these collisions is important!

portion of the measured final-state charged particles




Light nuclel in kinetic approach

Kinetic equations are derived based on the closed time-path Green’s function formulism

For example, in the deuteron case, the two-body Green’s function G, satisfies an equation

Gy =Gs + iQQUG2

The light nuclei are realized as poles of the many-body Green’s function.
In the vicinity of the pole, we have

Wz|G3 (P.AL R, T)|2') ~ (z[o(P, R, T)){¢(P, R, T)|a') f2(P, R,T)2m6[Q — E(P, R, T)]
(z|G3 (PS4 R, T)|2') ~ (z[o(P, R, T)){¢(P, R, T)|a")[1 + fo(P, R, T)]2m6[2 — E(P, R, T)

Finally leads to equations of the occupation number f; of light nuclei
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Single particle potential | Related to nuclear T ="nNn,Dp, d, t, h, 87

equation of state




Originates from the

Kinetic apprOaCh and Iight CIUSterS Green’s function

. . . _ formalism
Kinetic equation of the occupation number f-
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Light nuclei can be produced and dissociated through many-body o [ler eeh T e /
scatterings, nucleon few-body correlations are included effectively y y

A=2 NN & ntd, NNN & Nd amplitudes e.g. M s 2
A=3 tNNN & nt(h), tNd < nt(h), NNNN < Nt(h), NNd < Nt(h) ! | Npn Ndl
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|deal for central collisions at intermediate energies!

light clusters — Mott effect




Originates from the

In_medium SChrOdinger equatiOn Green’s function

formalism
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Mott effect: the binding energy of a light cluster is modified by its surrounding nucleons

Right: the deuteron binding energy as a function of its
momentum P in nuclear medium, the Mott momentum
is recognized as where the binding energy vanishes.
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In-medium effects on light clusters

The Mott effect can be
effectively introduced into the
kinetic approach through a

P = [

™

( - q) 6, () ?d7 < F3

A larger FUt
corresponds to a
weaker Mott effect

phase-space cutoff parameter.

Momentum distribution of the constituent nucleons,

nJ related to the light-nuclei internal wave function
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Kinetic approach and light clusters
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HICs versus nuclear matter

Kinetic equation of the occupation number f-
(at—I—ﬁpeT'ﬁT_ﬁreT'ﬁp)fT — Icf[fna fp7 fd7 o ](1:|:fT)_,C7?[fn7 fp7 fd7 C ]fTa T=n,p, data h7 Q

Heavy-ion collisions Nuclear matter
By initializing f; of each particle species By imposing equilibrium conditions on the
(initially only nucleons) and let them collision integral— £, @ —Particle fractions
evolve according to the kinetic equation (Standard thermal model + in-medium
ecti effects on light clusters
Prcglle.get ‘}::VV 8 )
% ° ° .
Parameters characterizing the strength of in- Infer light-cluster compositions

medium effects can be empirically determined ‘ of nuclear matter at given

by comparison with experimental data, such as conditions (densities and temperatures
light-nuclei yields. where light clusters freeze out in HICs)




Light-nuclel yields
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* According to the present kinetic approach, in
intermediate-energy heavy-ion collisions, light nuclei
are mainly formatted and freeze-out chemically at high
densities (NNNNN < Na), especially for a-particles.
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a-particle fraction

Comparison with other approaches

* QS - Mott momentum from in-medium SE
« gRMF —density dependent (momentum-

independent) binding energies

* Shen et. al - excluded volume prescription of a
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Summary and outlook

* We have developed an up-to-date kinetic approach for heavy-ion collisions which
includes light clusters up to the a clusters. It enables the probe of in-medium
effects on light clusters in hot and dense nuclear matter.

* FOPI measurements on light-nuclei yields in central Au+Au collisions suggest that
the in-medium effects on « clusters in these matter is much weaker than
previously thought, indicating a clustered nature of such matter.

* The impact of these results on the nuclear equation of state, as well as on neutron
star mergers and supernovae, calls for further study.

Thank you!
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Light clusters in nuclear medium

Thermodynamic Green’s function technique
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Numerical calculation of nuclear matter
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