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Outline

Clustering in low-density nuclei and nuclear matter. Nonequilibrium
and equilibrium, Zubarev approach

Equation of state: quantum statistical approach to nuclear systems
at finite temperatures and subsaturation densities,
bound states, spectral function, quasiparticle concept

Light quasiparticles: self-energy and Pauli blocking, Continuum
correlations, cluster virial expansion, correlated matter

Dynamical response

Heavy elements, thermodynamic instability, pasta structures
Neutron star crust

HIC: chemical constants, symmetry energy

Transport codes, Mott effect and in-medium cross sections,
relevance of the equilibrium EoS. Light cluster production at NICA



Symmetric nuclear matter: Phase diagram
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Light cluster production at NICAx
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Fig. 1. Phase diagram of dense nuclear matter in the plane of
temperature T' and baryochemical potential ug. The diagram
includes Mott lines for the dissociation of light nuclear clusters,
extrapolated also to the deconfinement region. For details, see
text.

N.-U. Bastian, P. Batyuk, D. Blaschke, P. Danielewicz, Yu.B. lvanov, lu. Karpenko,
G. Ropke, O. Rogachevsky, and H.H. Wolter, Eur. Phys. J. A (2016) 52: 244



Equilibrium and non-equilibrium

Statistical operator  o(t)

Extended von Neumann equation

%Qs(t) i % [H, 0:(t)] = —€ (0(t) — ore1(t))

The relevant statistical operator g.e(t) is obtained from the maximum of
entropy reproducing the local, time dependent composition with parameter

values T'(r,t), un(r,t), up(r,t), but contains in addition the cluster distri-

Wigner 106,107

bution functions f, > (p,r,t) as relevant observables.

Q(t) = lim,_,¢ Oc (t)

D.N. Zubareyv, V.G. Morozov, and G. Ropke, Statistical Mechanics of Nonequilibrium Processes (1996)
D.N. Zubarey, V.G. Morozov, |.P. Omelyan, and M.V. Tokarchuk, Theoret. Math. Phys. 96, 997 (1993)
G. Ropke and H. Schulz, Nucl. Phys. A 477, 472 (1988)



Many-particle theory

¢ equilibrium correlation functions
e.g. equation of state n(f, 1) = o (ala)

density matrix (alaf = [$e ™ fi(w)A(l, 1, w)

» Spectral function

A1, 1, w) =Im[G(1,1,w +1in) — G(1,1',w — in)]

e Matsubara Green function

G(1,1'iz,), z, = % +p, v==143 -

1

[ rmm (2o — volume

1={py,01,a1}, filw)=




Many-particle theory

» Dyson equation and self energy (homogeneous system)

1
iZy - E(].) - \4 [, 1

G(1,iz,) =

¢ Evaluationof >.(1.:z,):
perturbation expansion, diagram representation

2Im\;‘\1v@ + 20 )

Al,w) = - 5 — —
w—FE(1) —Re 2(1,w)]” + [Im (1, w + :0)]
approximation for R approximation for
self energy equilibrium correlation functions

alternatively: simulations, path integral methods



Different approximations

e Expansion for small Im (1, w + in)

2md(w — EMi(1))
- %RB 2(1, Z)|2=Equasi_”1
d P
dww + py — Eavuasi(1)

A(l,w) =

—2Im (1, w + in)

quasiparticle energy E9%1(1) = E(1) + Re (1, w)|,_ pquasi

e chemical picture: bound states = new species

summation of ladder diagrams, Bethe-Salpeter equation
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Different approximations

medium effects

|deal Fermi gas:
protons, neutrons,
(electrons, neutrinos,...)

Quasiparticle quantum liquid:
mean-field approximation
Skyrme, Gogny, RMF
bound state formation
Nuclear statistical equilibrium:
ideal mixture of all bound states
(clusters:) chemical equilibrium



Quasiparticle picture: RMF and DBHF
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But: cluster formation

o C. Fuchs, H.H. Wolter, Eur. Phys. J. A 30, 5 (20006)
Incorrect low-density limit



Quasiparticle approximation for nuclear matter

Equation of state for symmetric matter
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Nuclear statistical equilibrium

Chemical picture:

(NSE)

|deal mixture of reacting components

Mass action law

from S. Typel



|deal mixture of reacting nuclides

1
np(T, up, in) = v Z ZAfA{EA,uK — Zapp — (A —Za)pn}
Av, K
1
nn (T, up, in) = % Y (A=ZN)fa{Eavk — Zapp — (A — Z ) pn}
A, K
/ 1
mass number A, A(z) — A
ex T) — (-1
charge Z,, P(z/T) = (=1)

energy EAMK,
v internal quantum number,
~K center of mass momentum

Chemical equilibrium, mass action law,
Nuclear Statistical Equilibrium (NSE)



Nuclear statistical equilibrium
(NSE)

Chemical picture: Physical picture:
Ideal mixture of reacting components "elementary” constituents
Mass action law and their interaction
C ®
® ®
® ®
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Interaction between the components Quantum statistical (QS) approach,

internal structure: Pauli principle quasiparticle concept, virial expansion



Different approximations

medium effects

|deal Fermi gas:
protons, neutrons,
(electrons, neutrinos,...)

Quasiparticle quantum liquid:
mean-field approximation
Skyrme, Gogny, RMF
bound state formation

Nuclear statistical equilibrium: Chemical equilibrium

ideal mixture of all bound states with quasiparticle clusters:
(ClUSterS:) chemical eqUilibrium Se|f_energy and Pauli b|ocking



Effective wave equation
for the deuteron in matter

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

2 2
2121 +A + ;% +A, |, - (p.py) + E(l =, = L V(P02 0 Y, (P Ds)
1 2 PP

Add self-energy Pauli-blocking = Ear¥ar(Prop2)

Thouless criterion
Ed (Tnu) = 2“

» BEC-BCS crossover:
f, = [e<p2/2m-u>/kBT N 1] Alm et al., 1993

Fermi distribution function



Pauli blocking — phase space occupation

pzA

cluster wave function (deuteron, alpha,...)
in momentum space

P - center of mass momentum

The Fermi sphere is forbidden,
deformation of the cluster wave function
Px in dependence on the c.o.m. momentum P

Fermi sphere

The deformation is maximal at P = 0.
momentum space It leads to the weakening of the interaction

(disintegration of the bound state).



Shift of the deuteron binding energy

Dependence on nucleon density, various temperatures,
zero center of mass momentum
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Few-particle Schrodinger equation
iIn a dense medium

4-particle Schrodinger equation with medium effects

([E™ )+ E™ () + E™ () + E™ (p)])¥, 5 (PPro Do)

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

+{ permutations}

=E,, %W, .(p.p,:P5.P,)



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, Facy = 1
energy E, ., « (2) eXp(z/T) _ (_1)A

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)

*Inclusion of excited states and continuum correlations,
correct virial expansions

*Bose-Einstein condensation, phase instabilities



Different approximations

medium effects

|deal Fermi gas:
protons, neutrons,
(electrons, neutrinos,...)

Quasiparticle quantum liquid:
mean-field approximation

Skyrme, Gogny, RMF

bound state formation

Nuclear statistical equilibrium: Chemical equilibrium

ideal mixture of all bound states with quasiparticle clusters:

(clusters:) chemical equilibrium self-energy and Pauli blocking
continuum contribution

Second virial coefficient: Generalized Beth-Uhlenbeck

account of continuum contribution, formula:

scattering phase shifts, Beth-Uhl.LE. medium modified binding energies,
medium modified scattering phase shifts



Deuteron-like scattering phase shifts
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deuteron bound state -2.2 MeV  G. Roepke, J. Phys.: Conf. Series 569, 012031 (2014).



Different approximations

|deal Fermi gas:
protons, neutrons,
(electrons, neutrinos,...)

bound state formation

Nuclear statistical equilibrium:
ideal mixture of all bound states
(clusters:) chemical equilibrium

continuum contribution

Second virial coefficient:
account of continuum contribution,
scattering phase shifts, Beth-Uhl.E.

chemical & physical picture

Cluster virial approach:
all bound states (clusters)
scattering phase shifts of all pairs

medium effects

Quasiparticle quantum liquid:
mean-field approximation
Skyrme, Gogny, RMF

Chemical equilibrium

with quasiparticle clusters:
self-energy and Pauli blocking

Generalized Beth-Uhlenbeck

formula:
medium modified binding energies,
medium modified scattering phase shifts

Correlated medium

phase space occupation by all bound states
in-medium correlations,

gquantum condensates



Cluster virial expansion for nuclear matter
within a quasiparticle approach

Generalized Beth-Uhlenbeck approach

n(llU(T’ ,u'palln Z Sl Z f4 E-{ Zu(P T Hps /ln) HA, Zl/)

AZv
5 ,,; Mott
A + A 14+04,zv,4 2 1
712 (T, pp, pin) Z ZZ_(]C '271-
A, Zwv A" Z', P c
— ; . 2,0 dd(_-
X fA-{—A’ (E((Pv T ,u'pv,u"fl-) 7+ E,II.A,Z =t ,-I'A',Z'> 2sin (()C) dE
0 !
Avoid double counting - @
n :
A

4. =g, + Ah@A} :

Generating functional i

qu qu

G.R., N. Bastian, D. Blaschke, T. Klaehn, S. Typel, H. Wolter, NPA 897, 70 (2013)




Equation of state: chemical potential

baryon chemical potential u [MeV]
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Chemical potential for symmetric matter. T=1, 5, 10, 15, 20 MeV.
QS calculation compared with RMF (thin) and NSE (dashed).
Insert: QS calculation without continuum correlations (thin lines).



Symmetric matter: free energy per nucleon
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Light Cluster Abundances
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Pauli blocking in symmetric matter
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Fermi liquid and clustering

isothermal compressibility
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Dynamic structure factor

baryon density ap(r) = 3, ¥l (r)d,(r)

wave number dependent density fluctuation

pa= [ dres S u@u.)

1 e iw
S(q,w) = 570 dt(pg (t)pq(0))e™*

static structure factor
S(q)=/dw5(q,w)

incompressibility -
S(a—0) = (@) ~nd)/ns =1/ (5 ) |



response function x(q, w)

(pq(w)) = x(q,w)U(q,w)

thermodynamic density-density Green function
Q Q
L(1,2;1%,2%) = 2T A @M@} - @O (2)9(2)

k= {1‘1,7'1, 1/1}

fluctuation-dissipation theorem

Imy(q,w) = —ImL(q,w — i0).

1 1
S(q,w) = 55— mL(q,w —i0)
®dw 1
Kiso( 25 8] = —g— lim - ImL(q,w — i0)

n% q—-0 J_ m efv —1



Approximations

Matsubara Green function

'3 . .
L(q, z») =/d3r/ drel® (F2—r)eian(m-m) ] 9.1+ ot)
0
Z)\ =7r/\/,8,)\:0, :i:2,...

Feynman diagrams

real time non-equilibrium Green functions

—iIT*, (; X) = -T@‘-- = / d*¢e' (*1(X — £/2)5% (X + £/2))



Noninteracting Fermi-gas

Ruy P

polarization loop

ZV+wﬂ7ﬁ+§
dp  fo—Jpta
Lo(q, z) = gy/ (2m)3 z + eo _ €0

pP+q

1 d>p
So(q,w) = eﬂw_lg’// (27)3 (fo p+q) 5(w+€g_eop+q)

. -~ (0) p 40
isothermal compressibility Kiso (T 1) = nZ 9 /(%)3 il =)

20 1 o_ N
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Quasiparticle approximation
Hartree-Fock approximation P =0+ > V(p,k;p, K)exf(er)
HEF d3 1
np (ﬁa M) — gl// (27_‘_1))3 eIB(GEF_M) 4+ 1

5, HF L[ Bk -
e ‘T = { J / pPdpfiF (1 - i) [1 —ﬁ/ WV(p,;p,k)exf;?F(l - f/fIF)”

877/3 27T2 0

(c) (d)

(a) (b)
Q
OO
D
D OO
()

d3 d3
k(T ) = 62 9 | Gy PR (1 — fHF [1 —ﬂ/ VP, kP, K)ex fiF (1 — f£F)




Two-particle correlations

oy | - + | S

cluster propagator (v, P|Ga(2)|V,P) = ———0,.,/6p p/

cluster decomposition of the self-energy

Beth-Uhlenbeck formel

> dErel P2
=g SR [ (Bt ) D2 (B,
a,P —eQ

0
DE,IIJF’ (Erel) = 9o (Z T(Erel — Egu,P) £ OF 1504,P(Ere1)>

v



Cluster decomposition of the
polarization function

X
|
|
e ) (nPIM(@@, )P+ @) = X 4 < -
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°

!
— N
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Heavier clusters?

In principle, clusters with arbitrary A should be considered.
Clusters with 4 < A <12 : weakly bound, no significant contributions
Heavy clusters: Thomas-Fermi model,

Region of thermodynamic instability: Pasta structures

AFEs,p(ng) = Z /der’AEfE(n;?(r),nﬁ(r))nT

T=R,p
X /OO ydy [e_(y—w7)2/47r _ 6—(y+xT)2/47r]
Arpr(nd(r) 27T

nh(r) = 34 1 1 " 1
BV 4rR31 4 (nb/R)2 |14 e(r—R)/b * 1 4 e(-r—R)/b

V.V. Burov, Yu.N. Eldyshev, V.K. Lukyanov, and Yu.S. Pol, Dubna-
preprint E4-8029, Joint Institute for Nuclear Research, Dubna 1974.



Light Clusters and Pasta Phases in

Warm and D

T =10 MeV

g

10
p [fm™7]

162

ense Nuclear Matter

FIG. 7. Cluster fractions with n = 0.70 and Y, = 0.41 as
a function of density, for T = 5 MeV (bottom) and 7' = 10
MeV (top panels). Results for a TF calculation (dashed), ho-
mogeneous matter with clusters (solid), and the QS approach
(dash-dotted lines) are shown. For T' = 5 MeV, the TF cal-
culation includes the five geometrical configurations, droplet,
rod, slab, tube and bubble, for the heavy clusters.

Sidney S. Avancini et al., arXiv:1704.00054



Light Clusters and Pasta Phases in
Warm and Dense Nuclear Matter
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FIG. 8. Neutron (left panels) and proton (right panels) chemical potentials with n = 0.7 and Y, = 0.41 as a function of density
at T = 5 MeV (top) and T = 10 MeV (bottom), for homogeneous nuclear matter (HM) (solid), nuclear matter with light
clusters (blue short-dashed), and mean-field pasta calculations with clusters [TF (green, dashed), CLD (pink, dash-dotted),
CP (cyan, dash-dotted)]. QS results (red, dotted) are also shown.



P (MeV.fm™3)

Light clusters and pasta phases
In core-collapse supernova matter
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Pressure as function of density, Yp=0.3, T=4 MeV / 8 MeV.
With and without pasta, including or not clusters. TF - Thomas-Fermi,

CP — coexisting-phases method, CLD — compressible liquid drop

H. Pais, S. Chiacchiera, C. Providencia, PRC 91, 055801 (2015)



Nuclear matter phase diagram

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

Core collapse supernovae

Thermodynamic
parameters:

baryon density ng
temperature T

electron fraction Y,

T. Fischer et al.,
ApdS 194, 39 (2011)
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Nuclear matter phase diagram

Exploding
supernova

T. Fischer et al.,
arXiv 1307.6190
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Neutron star masses

Double
neutron stars
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inferred mass distributions
for the different populations of neutron stars.

F. Ozel and P. Freire, Annu. Rev. Astron. Astrophys. 54, 401 (2016)



Neutron star radii
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Figure 4

The combined constraints at the 68% C.L. over the neutron-star mass and radius obtained from (#) all neutron stars in low-mass X-ray
binaries during quiescence and () all neutron stars with thermonuclear bursts. The light gray lines show mass relations corresponding to
a few representative EoSs (see Section 4.1 and Figure 7 for detailed descriptions and the naming conventions for all equations of state).

F. Ozel and P. Freire, Annu. Rev. Astron. Astrophys. 54, 401 (2016)



Neutron star radii

mass — radius relation for neutron stars: observation and theories
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Mass — radius relation
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Neutron matter, RMF-DD2

consistent equations of state: pressure and internal energy density
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Neutron matter, RMF-DD2

solution of the TOV equations for different central density
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Density of neutron star crust
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Heavy clusters
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Fig. 1. Neutron () and proton (Z) numbers of the predicted nuclei in
the outer crust of a neutron star using the experimental nuclear masses

outer crust (Audi et al. 2012; Wolf et al. 2013) when available and the BCPM en-
ergy density functional or the FRDM mass formula (Moller et al. 1995)
for the unmeasured masses.

until neutron drip:
unbound neutrons B. K. Sharma et al., arxiv: 1506.00375



low density:
heavy nuclei

pressure
as function
of density

EOS, outer crust
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Inner crust: pasta structures

A NEUTRON STAR: SURFACE and INTERIOR
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formation
of structures:

(droplet: nuclei)
rod

slab

tube

bubble

lower energy

EoS: inner crust
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Fig. 3. Energy per baryon of different shapes relative to uniform npe
matter as a function of baryon density in the inner crust.
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EOS at low densities from HIC

week ending

PRL 108, 172701 (2012) PHYSICAL REVIEW LETTERS 27 APRIL 2012

Laboratory Tests of Low Density Astrophysical Nuclear Equations of State
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E [MeV |

Symmetry energy

Heavy-ion collisions, spectra of emitted clusters,

temperature (3 - 10 MeV), free energy
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[MeV]

Symmetry energy: low density limit
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Formation of light clusters in heavy
lon reactions, transport codes

PHYSICAL REVIEW C, VOLUME 63, 034605

Medium corrections in the formation of light charged particles in heavy ion reactions

C. Kuhrts,1 M. Beyer,l’* P. Danielewicz,2 and G. R&')pke1
'FB Physik, Universitat Rostock, Universitatsplatz 3, D-18051 Rostock, Germany
INSCL, Michigan State University, East Lansing, Michigan 48824
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Mott effect, in-medium cross section
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FIG. 1. Deuteron and triton Mott momenta Py, shown as a
function of density p at fixed temperature of 7= 10 MeV. The solid
line represents results of the ¢ matrix approach. The dashed, dotted,
and dashed-dotted lines represent the deuteron Mott momenta from
the parametrization given in Eq. (24) for three different cutoff val-
ues F ;.
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Equilibrium correlations and
transport codes
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AMD (Akira Ono)

Summary




A cluster in medium & Clusterized
nuclear matter

s
(\.\ ./)q

E;=-B.E.

Momentum (P) dependence of B.E.
Roépke, NPA867 (2011) 66.

Equation for a deuteron in uncorrelated medium
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QS for symmetric nuclear matter
Ropke, PRC 92 (2015) 054001.
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Effect of cluster correlations: central Xe + Sn at 50 MeV/u

Without clusters With clusters
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Light cluster production at NICAx
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Mott lines for light clusters
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Fig. 1. Phase diagram of dense nuclear matter in the plane of
temperature T' and baryochemical potential ug. The diagram
includes Mott lines for the dissociation of light nuclear clusters,
extrapolated also to the deconfinement region. For details, see
text.

N.-U. Bastian, P. Batyuk, D. Blaschke, P. Danielewicz, Yu.B. lvanov, lu. Karpenko,
G. Ropke, O. Rogachevsky, and H.H. Wolter, Eur. Phys. J. A (2016) 52: 244



Light cluster production at NICAx
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Fig. 5. Multiplicities of light clusters in central Au+ Au colli-
sions in the NICA energy range (calculated for an energy scan
with Fiap = 2,4,6,8 AGeV). Results from a 3-fluid hydrody-

namics description with cluster coalescence [22].

N.-U. Bastian, P. Batyuk, D. Blaschke, P. Danielewicz, Yu.B. lvanov, lu. Karpenko,
G. Ropke, O. Rogachevsky, and H.H. Wolter, Eur. Phys. J. A (2016) 52: 244



Summary

* Quantum statistical approach: light clusters with in-medium
quasiparticle energies. The Pauli blockiing is strongly depending on
temperature T. Mott effect: bound states merge with the continuum

 The influence of continuum correlations (clusters) at increasing
densities requires detailed investigations.

- Continuum correlations contribute to the symmetry energy (density
dependent virial coefficients).

- The blocking of bound states is modified because of correlations in
the medium (a matter).

« Dynamical response. Collective excitations, transport phenomena

» Relevant for HIC (freeze-out, transport theory) and astrophysics
(supernova explosions: larger clusters (A>4), pasta structures)
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Light cluster production at NICAx
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Fig. 2. Abundances of protons and of light clusters fol-
lowing LMA for temperature and chemical potential values
along the freeze-out line eq. (1) in Au 4+ Au collisions in
the NICA energy range (anticipating an energy scan with
Epp = 2,4,6,8 AGeV). In each case solid lines are for the
pointlike particles, dashed for the excluded-volume correction
for nucleons and clusters, and dotted ones including also the
volume of pions and deltas.
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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)



Pauli blocking, correlated medium

In-medium Schroedinger equation

[ETl (pl; T7 My :up) = PE by ETA (pA; T7 s :up) - EAI/(P; Ta Hon s :u’p)]wAyP(]- “e s A)

+ > Y= T by 1) = 0 T, o)1V (5,85) T] Srtbae (Vi A) = 0
17.. A" i<j oty 5

effective occupation numbers

n(1) = fin (D) + Y, > Y Bfs(Eps(P;T, i, 11p)) [¥pop(1... B)I?

B=2p P 2...B

effective Fermi distribution
blocking by all nucleons

’I’L(l, T7 270 :up) ~ fl,T1(1; Teff7 ng, Yp)

effective temperature Tog ~ 5.5MeV 4+ 0.5 T + 60 ng MeV fm®

(LT, pins pip) 2 1,y (1; Toge, o, 18

G. Roepke, PRC 92,054001 (2015)



Various transport theories

Based on the one-body distribution function f(r,p,f) < One-body density matrix p(r,r’)
of(r,p, 1)

= on {f, hMF[f]} = Ico + fluct.
TDHF TDCM l
AMD
- 0 ) [vean I
Nucleon motions Il Localized
without limitation fluct. el wave packets

“svF )| [ AwWD
BLOB + wp splitting

BUU AMD
+ cluster + cluster

@ Fluctuation/branching is a way to handle many-body correlations.

@ Not many models treat cluster correlations explicitly.

Akira Ono (Tohoku University) Dynamics of light clusters in fragmentation reactions 2016/5/10 IWM-EC 2016 1/4



Vaporized nuclel and nuclear matter
Supernova

Experimental data of cluster abundance Mass fraction of light clusters in the
in 36 Ar + 98N for the events where the post-bounce supernova core, based on
quasi-projectile is vaporized. nuclear statistical equilibrium.

Borderie et al., EPJA6 (1999) 197, PLB388 (1996) 224.  Sumiyoshi and Ropke, PRC77 (2008) 055804.
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Neutron drip line

masses (binding energies) of neutron rich nuclei: ISOLDE experiment (CERN)
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experimental masses and mass models are input for the equation of state,
the composition, and the structure of neutron stars



Various transport theories

Based on the one-body distribution function f(r,p,t) < One-body density matrix p(r,r’)

0f(r,p.2)

ot {f’ hMF[f]} = Igo) +fluct.

Mean Field Models (BUU, VUU, BNV, SMF, BLOB, ...)

“Nucleon motions in the mean field should be solved without any limitation.”

Molecular Dynamics Models (xQMD, CoMD, AMD, ... .)

“Each nucleon should be localized because it has to be in a fragment at the end.”

@ Fluctuation/branching is a way to handle many-body correlations, even with the
single-nucleon distribution function f(r,p, t).

@ Not many models treat cluster correlations explicitly.



Light cluster production at NICAx
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Fig. 3. Differential cross sections for production of charged
A < 3 fragments in Xe + Se collisions at 50 MeV /nucleon.
Results from the model of ref. [19] with cluster of mass A < 3
as explicit degrees of freedom.

N.-U. Bastian, P. Batyuk, D. Blaschke, P. Danielewicz, Yu.B. lvanov, lu. Karpenko,
G. Ropke, O. Rogachevsky, and H.H. Wolter, Eur. Phys. J. A (2016) 52: 244



Boltzmann equation

Relevant observables: single particle distribution function (classical,
quantal)

collisions

Entropy

Equilibrium solution
Conservation of kinetic energy
Time-dependent Green functions
Spectral function

quasiparticles

Transport codes, systems in non-equilibrium,
Mott effect and in-medium cross sections,
relevance of the equilibrium EoS.



Light cluster production at NICAx
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Fig. 4. Multiplicity of different charged fragments in Xe + Sn
collisions at 50 MeV /nucleon. Results from the AMD model of
ref. [20], including also heavier-cluster formation from cluster-

cluster collisions.

N.-U. Bastian, P. Batyuk, D. Blaschke, P. Danielewicz, Yu.B. lvanov, lu. Karpenko,
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Light clusters and symmetry energy
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o, cluster in astrophysics

Crust of neutron

stars

Protons in droplets
(heavy nuclei)

particle number density n [fm_3]

. _ 3
o.-cluster outside, i H
at the surface, . 432

condensate?

radius r [fm]

S. Typel, GSI
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Influence of cluster formation
on neutrino emission
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Composition of supernova core
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