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1| Bai Some Progress on the New Double-Folding Potential and Alpha-Alpha Elastic Scattering
2 | Baran Description of nuclei in terms of pairs and quartets
3 | Barbui Experimental search for states analogous to the A{12}C Hoyle state in heavier nuclei
4 | Bastian From nuclear clusters to composite hadrons
5 | Blaschke Discussion; Clusters in HIC and astrophysics
7 | Delion Alpha decay versus alpha clustering
8 | Donigus Cluster production in HIC at ALICE and STAR
9 | Dumitrescu Investigation of a-like Quasimolecules in Heavy Nuclei
10 | Fischer ‘Weak reactions with light clusters in simulations of core-collapse supernovae
11 | Fujikawa Search for alpha-condensed state in 20Ne
12 | Funaki Alpha cluster condensates and dynamics of cluster formation
13 | Gallmeister Nucleosynthesis in heavy-ion collisions at the LHC via the Saha equation
14 | Gauthier A Nucleation Model Analysis of Neck emission yields in Heavy Ion-Reactions
49 | Han Investigation of the 14C + o molecular configuration in 180 by means of transfer and sequential decay reaction
15 | Iachello Symmetry approach to clustering in nuclei
16 | Ito Isoscalar transitions and alpha cluster structures
17 | Itoh Measurement of four-alpha decays near the four-alpha threshold energy in 160
18 | Kanada-En’yo  Cluster excited states probed by alpha and proton inelastic scattering
20 | Kawabata Gamma decay width of the 3-1 state in 12C, and recent activities of the Kyoto-Osaka group
21 | Kimura Discussion; Shape of light clustered nuclei
22 | Kokalova Theoretical challenges from an experimentalist's point of view.
23 | Kozhevnikova  Production of light clusters in generator THESEUS
24 | Lasseri Quantum localisation and dilution effects on clusterisation
25| Liu Preliminary Experimental Results of the Molecular States in 16C
26 | Lyu Ab initio study of high-momentum physics in s-shell nuclei
27 | Mirea Fine structure of alpha decay from the time dependent pairing equations
28 | Mrowczynski Thermal vs. coalescence model and production of light nuclei in relativistic heavy-ion collisions
29 | Natowitz Laboratory Studies of Dilute Nuclear Matter
30 | Neff The role of clustering in structure and reactions of light nuclei
31 | Pais Light clusters and pasta phases in warm stellar matter
32 | Pysz Production of H and He isotopes in pA collision at a few GeV beam energy
33 |Ren Calculation on alpha-decay half-lives of heavy nuclei
34 | Ropke Discussion; Correlations in nuclear systems
35 | Samarin Application of Feynman's Continual Integrals and Hyperspherical Functions to the Cluster Structure of Light Nuclei
36 | Santa Rita Advances towards the measurement of gamma transitions in clustered states of 160
37 | Schuck Discussion;Life time of alpha GDR state in alpha cluster states; family of Hoyle states in 12C
38 | Shlomo Sensitivity of giant resonances energies to nuclear matter properties and the equation of state
39 | Shneydman Nuclear reflection-asymmetry in cluster approach
40 | Szala Light nuclei formation in heavy ion collisions measured with HADES
41 | Typel Clusters in nuclear matter: from nuclei in the laboratory to stars in the cosmos
42 | Vretenar Localization and clustering in atomic nuclei
43 | Wolter Light cluster production in intermediate energy heavy-ion collisions
44 | Xu Alpha-cluster formation and decay in the quartetting wave function approach
45 | Yamada Nuclear matter calculation with the tensor optimized Fermi sphere method
46 | Zarubin Nuclear clustering studied inside fragmentation cone of relativistic nuclei
47 | Zarubina Imaging of dissociation of relativistic nuclei in nuclear track emulsion
48 | Zhou Microscopic description of multi-clusters in light nuclei



Freeze-out temperatures and densities
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Nuclear matter phase diagram

Baryon density, Iog1 0(p [g/cms])
8 9 10

Core collapse supernovae

Relevant Parameters:

e density:
1077 < 0/0sat S 10
with nuclear saturation density
T 2 2L o WP el
(Nsat = Osat/Mn = 0.15 fm—3)

e temperature:

0 MeV < kgT < 50 MeV
(= 5.8- 10 K)

e electron fraction:
0<Y.506

T. Fischer, GSI Darmstadt
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Correlations in nuclear systems

Kimura: Clusters?

Correlations in many-particle systems, finite density?
Classical — quantum: antisymmetrization

Bound states, continuum correlations

Spectral function - quasiparticle concept

Pairing: n,,Ngouwns PupPdowns NupPdown
Quartetting: n,,NgounPupPdown

Correlations in thermodynamic equilibrium
Center-of-mass motion, intrinsic motion are separated
Inhomogeneous systems

Time-dependent processes



Effective wave equation
for the deuteron in matter

In-medium two-particle wave equation in mean-field approximation

2 2
(21;111 HhH ZP% * A2)lpd,P (p>py) + E(l B fp1 - fpz)V(pl’pZ;pll’pzl)lpd,P (psp,)
1 2 pi'.p2’

=E, ;'\, p (p1>P,)

Add self-energy Pauli-blocking
Fermi distribution function Thouless criterion
2 -1 Ed (T.uw)=2u
f = [e(p J2m=p)lkgT 1]
p BEC-BCS crossover:
Alm et al.,1993

Correlated medium?



Few-particle Schrodinger equation
iIn a dense medium

4-particle Schrodinger equation with medium effects

([E™ )+ E™ () + E™ () + E™ (p)])®, 1 (Do D:D3:s)

+ E(l = f, =,V (pupyip 0 )Y, 5 (Py sy D55 Ps)
p , le

+1 permutations
{p } Thouless criterion

=E, W, ,(p,Dy,D5,P4) for quantum condensate:
En,P=O(T’M) =4u



Composition of dense nuclear matter

1
np(T, pp, in) = % Z ZAfA{EA,uK — Zapp — (A — Za)pn}
Av,K
1
nn (T, Hps pn) = v Z (A - ZA)fA{EA,z/K — ZAlp — (A — ZA)Mn}
A, K
mass number A
charge Z, f — 1
energy £, ,« A(2) exp(z/T) — (—1)4

v: internal quantum number

* Medium effects: correct behavior near saturation
self-energy and Pauli blocking shifts of binding energies,
Coulomb corrections due to screening (Wigner-Seitz, Debye)



Asymmetric nuclear light clusters in

supernova matter
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Figure 1. Upper three panels, from left ro right: temperature T
(in MeV), log of density p (in g-cm~3) and electron fraction Ye
as a functions of mass coordinate m. Lower panel: mass fractions
of of nuclei X; as a function of m. The black dashed line marked
X7~ shows the total mass fraction of elements with Z > 2. EoS is
pure NSE.
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Figure 7. Upper three panels, from left ro right: temperature T
(in MeV), log of density p (in g-cm ™) and electron fraction ¥,
as a functions of mass coordinate m. Lower panel: mass fractions
X; of of hydrogen and helium isotopes as a function of m. The
black dashed line marked Xz-, shows the total mass fraction of
all rest nuclei. Stellar profile corresponds to 200 ms after bounce
approximately, calculations according to modified HS EoS.

A. V. Yudin, M. Hempel, S. I. Blinnikov, D. K. Nadyozhin, |. V. Panoy,
Monthly Notices of the Royal Astronomical Society 483, 5426 (2019)



Light unstable clusters
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Asymmetric Nuclear Light Clusters In Supernova Matter

A. V. Yudin,'* M. Hempel,2 S. I. Blinnikov,! D. K. Nadyozhin,!® I. V. Panov!?
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Core-collapse supernovae

Density.
electron fraction, and
temperature profile

of a 15 solar mass supernova
at 150 ms after core bounce
as function of the radius.

Influence of cluster formation
on neutrino emission

in the cooling region and

on neutrino absorption

in the heating region ?

K.Sumiyoshi et al.,
Astrophys.J. 629, 922 (2005)



Composition of supernova core
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EOS: continuum contributions

Partial density of channel A,c at P (for instance, 3S,= d):

bound
DL, 1, ) = eVt 2T { S gap, € Tane®IT QLB (P) + BN (P)] 4 250 <P>}

separation: bound state part — continuum part ?
zgart (P, T, ng, }/p) _ 6[N/J/n+Z,LLp_NEn(P/A;T7nB7Yp)—ZEp(P/A;T,nB,Yp)]/T

X ge { |:6—Eicntr(P;T,’nB,Yp)/T . 1} e I:_Eéntr(P, T, 15 }/;)):I } ’UC(P; T, ng, Yp)}

parametrization (d — like):

|
ve(P =0;T,np,Y,) ~ {1.24+ ( - 1.24) e’Yc”B/T] .

vry=0(T')

v3(T) = vg,—o(T) = 0.30857 + 0.65327 0102424 T/MeV

G. Roepke, PRC 92,054001 (2015)



Deuteron-like scattering phase shifts
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Deuteron-like scattering phase shifts

_ 0 1 > 1
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o-n scattering phase shifts
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Fig. 2. (Color online.) The phase shifts for elastic neutron-alpha scattering d1,, (E) versus laboratory energy E. As
discussed in the text, the solid lines are from Arndt and Roper [37] and the symbols are from Amos and Karataglidis [38].
For clarity, we do not show the F-waves included in our results for by, .

C.J.Horowitz, A.Schwenk, Nucl. Phys. A 776, 55 (2006)



o-o. scattering phase shifts
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212Po: o on top of “%Pb
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G. R., Chang Xu, et al., PRC 90, 034304 (2014)



Clusters in an external potential

c. 0. m. coordinate R, relative coordinates s; ¥(R,s;) = 0™ (s;, R) ®(R)

normalization /dR ®(R)|* =1 /dsj|gointr(sj,R)|2 =3!

Wave equation for the c.0.m. motion
h? h2 . .
o VABR) — o [ dsy™™ (5, RV g™ (55, RV r@(R)]

72 . .
ot [ 45597 5 R) VR (s, RIB(R) + [ R W (R R)B(R) = EO(R)

c.o.m. effective potential

W(R,R) = /dsj ds] O™ % (s, R) [T[Vs,]60(R—R)d(s; —s}) + V(R,s;; R, s})] gointr(s;-,R’)

Wave equation for the intrinsic motion

_h_@( R)[Vr®(R)|[Vre'™ (s;,R)] — 2?1;

/dR’ ds; ®*(R) [T[V,]6(R —R)d(s; —s}) + V(R,s;; R, s})] @(R)p™ (s}, R') = F(R)p™ (s;,R)

[P(R)[*VEe™ (55, R)

G. Roepke et al., PRC 90, 034304 (2014)



Quantum condensate: quartetting

Ideal Bose condensate : |0> = b5, ---b] vac>
a-particle condensate : |, ) =C.C]---C] |vac)

In r-space :

e

<7'1”729""7"4n

In comparison with pairing :

(7o [BCS) = (@ (7,7) @ (7, 75) -+

A. Tohsaki et al., PRL 87, 192501 (2001)



