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Nuclear Many-Body System

Nucleons (neutron, proton): intrinsic quark-gluon structure, cluster?

degrees of freedom: position — momentum, spin, isospin
single-particle states 1) = |py,01,71)

occupation numbers, distribution function
correlation function in a given ensemble <aJ{ (t)ay)

dw 1
spectral function (al(t)ay) = T te(w_,,LT)/:pJr 1A(1 1, w)

2Im3:(1, w — 40)

self energy A(l,w) = (w—E(1) — ReZ(1,w))? + (ImX(1, w — i0))2

equation of state 0 T i = Z /2 = /T+1A(1,w)
7 elw—kr)
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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.Eq.

chemical & physical picture

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

medium effects

Quasiparticle quantum liquid:

mean-field approximation
BHF, Skyrme, Gogny, RMF

Chemical equilibrium

of 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, quantum condensates



Evaluation of correlation functions

nucleon-nucleon interaction potential ?

non-local, energy-dependent?
QCS?

microscopic calculations
(AMD, FMD)

single-particle descriptions:
Thomas-Fermi approximation
shell model

density functional theory (DFT)

correlations, clustering
low-density na nuclei,
o decay: preformation

(atom-atom potential ?)
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Cluster: few-nucleon system

Nucleon pair (position, spin, isospin)

h h?
—%Vflllf(rl, 1‘2) - %Villf(rl, 1‘2) SR V(I‘l — 1‘2)\11(1'1, 1‘2) = E\IJ(I‘l, 1'2)

Separation ansatz U(ry,ry) = ¢ (s)®(R)
h_z 2 intr intr __ pintr intr h2 2 c.m
— Ve (s) + V(s)p™ (s) = BT o™ (s) ~ 1~ VRO(R) = E“™O(R)

Nucleon quartet {ny,ny, p1,p1}

h2
- Z %vi\:[j(rla I'2,I'3,I'4) = VZl(rla re,rs3, I'4)\IJ(I'1, r27r37r4) — E\Ij(rlarQar?)) I'4)

Separation ansatz ~ W¥(ry,ra,r3,ry) = 0™ (S, s1,82)P(R)

T[Vsj]wintr(s> S1, S2) £ V(Sa S1, S2)90mtr(sa S1, SQ) = Eintr(pintr(s’ S1, 52)

h2 C.Im
—S—mvﬂcb(R) = E“™®(R)



Composition of nuclear matter

« Composition in equilibrium
low-density limit: nuclear statistical equilibrium (NSE)

» Cluster decomposition, partial virial coefficients
bound states
continuum correlations, scattering states

« Medium modifications, density effects, gRMF, excluded volume,
quantum statistical approach



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 1
charge Z,

energy E, , Tae) = exp(z/T) — (—1)4

v: internal quantum number




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)



Beth-Uhlenbeck formula

rigorous results at low density: virial expansion

Beth-Uhlenbeck formula

(T, ) = %;Q-(E(p)—p)/kﬂ

+ L5 o= (Bap=20)/k5T

VnP'

1 dE _ 7. p2 d

25 [0 —(B+PYam-2)/k5T % 5 (g
tLh 5 g% P)

+ ...

6a(E): scattering phase shifts, channel o



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).



Generalized Beth-Uhlenbeck formula

low density limit:
1 ,
L 190 )\ — *
GE(12,1'2,i)) gp:\pnpuz)iwA —5 ,,P(12)
( J
L
= |12
. bound
n(B,w) =Y AET(1))+ Y g12(Enp)
1 2,nP
> uasi uasi : 1d
+Z /0 dk Ok p;—p,g12( EV* (1) + ET#(2))2 s1n25n(k);a—k-5n(k)

2,nP

e generalized Beth-Uhlenbeck formula
correct low density/low temperature limit:
mixture of free particles and bound clusters



Deuteron-like scattering phase shifts
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Deuteron-like scattering phase shifts
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Composition of dense nuclear matter

1
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* Medium effects: correct behavior near saturation
self-energy and Pauli blocking shifts of binding energies,
Coulomb corrections due to screening (Wigner-Seitz, Debye)



EOS: continuum contributions

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

bound
DL, 1, ) = et 2T { S gay, @ Tane®IT QLB (P) + BN (P)] 4 25 <P>}

separation: bound state part — continuum part ?
PP T, np, Y,) = elNtn+Zpp—NE,(P/AT,ng,Yp)=ZEp(P/A;T,np,Yp)|/T

Xge { | BS " ®Tine o) /T _ 1| @ [—EN(P. T np,Y,)] + v.(P:T,ng,Y,
g C b b

parametrization (d — like):

~1
ve(P=0;T,np,Y,) = [1.24 + < — 1.24) e%"B/T] :

vry=0(T)

v3(T) = vg,_o(T) = 0.30857 + 0.65327 ¢~ 0102424 T/MeV

G. Roepke, PRC 92,054001 (2015)



Light Cluster Abundances
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Inclusion of heavier clusters

Z > 2. "metals”

Asymmetric matter, Stellar matter
“Exotic light clusters™4 < A <12
Light clusters, “exotic” nuclei 4H

Thermodynamic stability, pasta phases



Average hinding energy per nucleon (MeV)

Binding energy per nucleon
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Half-lives t,,

Radioactive decay of instabile Isotopes
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Figure 2: Chart of the nuclides for half-lives (created by NUCLEUS-AMDC).
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Big-Bang nucleosynthesis: H, He, L1,

Deuterium bottleneck

oy ; + Deuterium only stable at
5 \ % i Y8 |[ "B sufficiently low temperature
i 5 ) 7 E§ 8n, | 9 .
4 : Be i; Be i 'Be i "Be ;| Be Mass 5 and 8 barriers
. f::;::::::,f:::s:::::",m; '''''''' 7 """ 8 """ 9 """ _ + No stable nucleus with
5§ 3 ARCIRHIRCEN | U R mass Z+N = 5
S e L i seeeeee.. SoooIIIIIiiiiiiiiiiz .
5 _ ¥ ¥ ¥ ‘ + No stable nucleus with
g 2r *He || “He |: °He i °He i He i *He ! mass Z+N = 8
z | e T St ORI | — 3
tF Ll 2| % .
L : Nuclear binding energy
L : Z+N=5 ZtN=8 o 4He has the highest binding
0F Neutron . .
: : energy of all stable light nuclei
1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Electrostatic repulsion
Neutron number N

+ Probability for capture of a
nuclide drops exponentially for
increasing Z and sqrt(Z+N)
of the captured nuclide

Courtesy: D. Bemmerer, lecture at Karpacz-2019
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o-o. scattering phase shifts
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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, .
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Supernova explosion
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Density.
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temperature profile

of a 15 solar mass supernova
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Influence of cluster formation
on neutrino emission
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on neutrino absorption
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Composition of supernova core
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Asymmetric nuclear light clusters in
supernova matter
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Monthly Notices of the Royal Astronomical Society 483, 5426 (2019)



In-medium isospin-triplet phase shift
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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. Ivanov, lu. Karpenko,
G. Ropke, O. Rogachevsky, and H.H. Wolter, Eur. Phys. J. A 52, 244 (2016)
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Deuteron to proton fraction at
freeze-out temperature
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Light cluster production at NICAx

Au(b=2 fm) + Au
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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. Ivanoyv, lu. Karpenko,
G. Ropke, O. Rogachevsky, and H.H. Wolter, Eur. Phys. J. A (2016) 52: 244



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
(Received 13 September 2000; published 12 February 2001)

Wigner distribution OfxH{Ux Sy =KE™fw fasfes- -} (1= fx)
loss
cluster mean-field potential Ky Unfarfes - Hx
XNl v o
loss rate KCLOS(Pt)
in-medium :f d3kf d’ky d’k, d3k3|<k1k2k3|UO|kP>]¢21N—>pnN
breakup transition operator
Xk ) (ks ) fn(ks ) fnk,t)+--- . (3)
1

1 3 3 3 2
oo 31 Chidhad k3| (kP|Uqg|k1koks)]

X2mw8(E'—E)(2m)3 6P (ky+ky+k3), (4)

. 0 _
breakup cross section Tp(E) =



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-
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Element abundances in the Sun
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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).

« The ,exotic” light clusters can be taken into acount, but double
accounting must be avoided. Medium effects are important.

» Relevant for HIC (freeze-out, transport theory) and astrophysics
(supernova explosions: larger clusters (A>4), pasta structures)
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Equilibrium correlations and
transport codes

| ] I I |
sol- ? i Important: Mott effect
= A -
i Minor effects:
- in medium cross sections
— 40 o .
% = v
A . . . .
= Missing: inclusion of alphas
¢ . *
N 301 v 7 Correlated continuum,
L B correlated medium
@ INDRA
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p d t He o single-particle quantum kinetic
FIG. 6. Mean transverse energy of light charged fragments in equations and correlations

the angular range of —0.5=<cos 6, , <0.5.

_ -
C. Kuhrts, PRC 63,034605 (2001) Equilibrium solution’



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)



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



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



Shift of the deuteron bound state energy

Dependence on nucleon density, various temperatures,
zero center of mass momentum

l l . ._'-" /'T
- //
- T
/.//
/‘//
v s
A
/_,/ ]

o _/-
Z i
o
g —
o
11
=
£
=
5
=
g —- T= 4MeV .
3 — T=10MeV
e = T=20MeV

thin lines: -

L L l L l L l
fit formula 0 0.005 0.01 0015 0.02

baryon density (fm”)

G.R., Nucl. Phys. A 867, 66 (2011)



Four-nucleon energies at finite density

Solution of the in-medium wave equation, T=0

80 - L
60 =
- ok .
40F
4 free nucleons - .
at the Fermi energy : .
(continuum) 20F *  Pauliblocking) - 3

— interpolation
— continuum

Four particle energy shifts [MeV]

bound state
(o particle)
with Pauli blocking

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 1]
001 002 003 004 005 006 007
baryon density n,, [fm ]

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



Equation of state: chemical potential

baryon chemical potential u [MeV]

'180: e el '10_3‘ Ll 10_2I L ||||1Qi1
10 10 10” 10 10
baryon density n,, [fm”]

1

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).



3. Inhomogeneous matter: nuclel

Correlations are important in the low density region (ng < n.,/5 = 0.03 fm-3):
excited nuclei (Hoyle — like), surface of heavy nuclei, neck emission, etc.

Quartetting wave-function approach:
mixed gradient terms [Vz¢™ (s;,R)] are neglected,
Pauli blocking must be taken into account.

A ~ A~ ~

[Es—h1—hy—h3—ha]¥ (r1ror31) = [ d°Y) d° vy (rirs |B Viy_n X1y W (X rhrary)
+ [ d°r) d°ry(rir3|B Viy_n|r|r3) ¥ (r|rorirs) + four further permutations. (8)

- - Pauli blocking
=T - Y V() B(1,2) = [1 - fi(h1) — fo(h2)]



o decay of heavy nuclel

Decay modes of nuclei

10 20 30 40 50 R0 i a0 90 100 1o 120 130 140 150 160 170

'”mi._”_i}HEJHNEUTRoNsﬁ_LJ.g .

T

100
90 :
0 P

R
0

O DECAY MODES
60 T gt (EC +e*)

O [ [y
S0 N :|a
TS B intemal Transition

P Spontaneous Fission
induced by strong interaction: Mp

proton emission [Mn

two-proton emission W statle nudlide
neutron emission [llunknown decay

30

cluster decay (C,0, Ne, Mg, Si)
binary & ternary fission



Landau Fermi liquid

Strongly degenerate Fermi system: excitations near the Fermi energy,

well-defined quasiparticles

Inverse of compressibility, T=0

| _ PE

K:n —
on T 3EF

(I+ fo)

Landau-Migdal parameter f, (T=0)

General case, correlations, finite T

K(T,n) = K(T,n)[1+ ¢o(T, n)
fluctuation-dissipation theorem

response function x(q, w)

|||||||||

)

lllllllll

n [fm'3]

G. Ropke, D.N. Voskresensky, |.A. Kryukov, D. Blaschke, Nucl. Phys. A 970, 224 (2018)



Noninteracting Fermi-gas

Ruy P

polarization loop

Bp  fo—.
LO(q7 Z) :gV/ (27T)3 z+€0p 2

2y +wy, D+ q

Dynamical structure factor

1 d°p
So(a,w) = efw — 19”/ (27)3 5 (fp— fpra) 0w+ g —epyq)

(0) 5 d’p 0
isothermal compressibility Kiso (Ts 1) = —5Gu 513 (1—fp)
ng (2m)

20 1 o_ N
p



Cluster decomposition of the
polarization function

X
|
|
e ) (nPIM(@@, )P+ @) = X 4 < -
A= S n, POy n,P+q,
Q)\-I—wu

Qo +w,,nP+q
e X X
|
|
|
|
|
°

!
— N
= +

My (q) = (v, P[M(q, 23, 2,) IV, P+ a) = Y ¥} p(p1,p2) ¥ Pra(P1 + 4, P2) + ¥ P1a(P1, P2 + Q)]

P1,P2

B (00 h35) {Zfo 1-1) +Z/ —f2 (E+ 5—2) [1+f2 <E+ %)} Da,P(E)}




scattering phase shift

T=0.1 MeV
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scattering phase shift

T=5MeV
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Cluster: few-nucleon system

Nucleon pair (position, spin, isospin)

h2 h2
—%Vf,l\lf(rl, 1‘2) - %V32\Ij(r1, 1‘2) + V(I‘l - I'Q)IP(I'l, 1'2) — E\IJ(I'I, 1'2)
Translational invariance: Jacobi coordinates R= 2 _2”2 S=7ry—r
Separation ansatz WU (ry,ry) = ™ (s)®(R)
h2 2 intr intr intr _intr h2 2
— V™ (s) + V(s)p™ (s) = EM ™ (s) ~1-Vi2(R) = E“"0(R)



Cluster: few-nucleon system

Nucleon pair (position, spin, isospin)

h h?
—%Vflllf(rl, 1‘2) - %Villf(rl, 1‘2) SR V(I‘l — 1‘2)\11(1'1, 1‘2) = E\IJ(I‘l, 1'2)

r; +ro

Translational invariance: Jacobi coordinates R = s S=Try—T]
Separation ansatz WU (ry,ry) = ™ (s)®(R)

h2 2 intr intr intr _intr h2
— V™ (s) + V(s)p™ (s) = EM ™ (s) —EV%{@(R) — E°™®(R)

Nucleon quartet {’?Ta”w_PTa_Pi_}

h2
- Z %vgi\]}(rh 1'2,1‘3,1'4) = ‘/4(1.17 re,rs, I'4)\IJ(I‘1, 1'2,1'371'4) — E\I](rlar27r37 I'4)
%
‘/4(1'1,1'271'3,1'4) = V(I’l = 1'2) + V(I‘l = I'3) + V(I‘l == I'4) + V(I‘g = I'3) + V(I‘z &= I'4) + V(I'3 = I'4)

Jacobi-Moshinsky coordinates rn.+ =R+ 8S/2+s/2, Pnt =P/4+Q/2+q,
r,, =R4+8/2—s/2, Pn, =P/44+Q/2 —q,
r,s =R-8/2+s'/2, p,»=P/4-Q/2+d,
r,, =R—-S/2-5'/2, Py, =P/4—-Q/2—(".



