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Bound states in a hot environment
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1. Correlations and bound states

Nuclear systems (nuclei, nuclear matter, neutron stars, HIC,...): dense,
strongly interacting many-particle systems (also: dense plasmas, warm
dense matter, QGP, etc.)

|ldeal quantum gases? Correlations, formation of bound states. Quantum
condensates, correlations in the continuum.
Quantum statistical approach is needed.

Single-particle approximation: Quasiparticles, mean-field approximation,
effective mass, shell-model, transport codes

How to include correlations, in particular bound states?
Talk of Elena Bratkovskaya: PHQMD: ‘price to pay for profit’
In nuclei: Hoyle state, molecule-like states (°Be,...). Pairing,...

In nuclear matter (astrophysics): Saha equation, nuclear statistical
equilibrium, ... pasta phases, Beth-Uhlenbeck equation

In HIC: cluster formation, freeze-out — coalescence? Transport codes
N-body correlations are important for cluster formation!



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
U Wroclaw
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Talk given by Manuel Lorenz
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Nonequilibrium evolution of the fireball.
Where the clusters are formed? Very early? Late?

Freeze-out In the phase diagram

Jargen Randrup, Jean Cleymans:
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2. How to form clusters?

Nuclear reactions, nonequilibrium process

Talk given by Stanistaw Mréwczynski

Final state interaction - conventional
approach to production of light nuclei

Binding energy of a deuteron is €5 = 2.2 MeV.

A characteristic time of deuteron formation is 1/ €5 = 100 fm/c.

resonances, 4Li ?
A

energy scale energy scale
of particle production ~>> | of formation of a nucleus

- particle’s mass - binding energy

fast process slow process



o decay of heavy nuclel

Decay modes of nuclei
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Preformation: o decay of 2'?Po
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212Po: o on top of “%Pb

Where the a is formed? Preformation factor?
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Local effective potential W(R)
with respect to the 2%8Pb core.

Woods-Saxon potential
of 2 neutrons and 2 protons
including Coulomb repulsion.

Density in Thomas-Fermi
approximation

with chemical potential fixed
by the total nucleon number

energy [MeV], baryon density x 1000 [fm_3]

Pauli-blocking of the . particle

G.R. etal., PRC 90, 034304 (2014),
C. Xu et al., PRC 93, 011306(R) (2016)
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Nonequilibrium statistical operator (NSO)

Nonequilibrium — (local) thermodynamic equilibrium: freeze-out concept

principle of weakening of initial correlations (Bogoliubov, Zubarev)

(5
il = / =0Tt 1)) prer (b)) U (£, £1) dity

— 00

time evolution operator U (¢, tg)
relevant statistical operator pre1(f)  maximum of information entropy

selection of the set of relevant observables {B,}

self-consistency relations  Tr{p.(t)B,} = (Bn>t = <Bn>t

rel —

extended von Neumann equation

0
a@g (t) T

1

L H, 02(8)) = —= (02(t) - ora(®)

o(t) = lime—0 0c(t) after thermodynamic limit



Relevant statistical operator

State of the system in the past Tr{p(t)B,} = (B,)"

Construction of the relevant statistical operator at time t

Srel (t) — _kB Tr{prel(t) 10g Prel (t)} -> maximum

5[Tr{prel(t) log prel(t)}] = () Tr{prei(t)Bn} = (B >rel <Bn>t

Generalized Gibbs distribution

Prei(t) = exp{—(I)(t) - ; An (t)Bn} ®(¢) = log Tr exp{— > A (t)Bn}

n

851«81 (t) Z )\

But: von Neumann equation?
Entropy?



3. Many-particle theory, spectral function

Equation of state 17" (T, sy ) = Q Z / S ol uT)/T n 1ST(1,W)

DP1,01
Spectral function Sr(1,w; T, tin,y thp) E(1) = h?p?/2m,

1

1,w) = 2T 0) =

Green function G,
Self-energy X
2Im¥ (1, w — i0)

Sl ) = (w—E(1) — ReX(1,w))2 + (ImX(1,w — i0))2

Expansion for small damping (Im X)

270 _ Equasi 1
S(1w) ~ — 2O O st P
o %Re 2(17 Z)'z:Eq“aSi(l) dww — E4 (1)
Quasiparticle energy E9#5i(1) = B(1) + Re 3(1, 2)| ,— pavssi(1)

Correlations (bound states) in Im X
Cluster decomposition, Bethe-Salpeter equation



Different approximations

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



Different approximations

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

medium effects

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



Quasiparticle picture: RMF and DBHF
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Incorrect low-density limit J.Margueron et al., Phys.Rev.C 76,034309 (2007)



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

Inclusion of the light clusters (d,t,3He,*He)



Nuclear statistical equilibrium
(NSE)

Chemical picture:
|deal mixture of reacting components
Mass action law
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|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)



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

low density limit saturation density



Nuclear statistical equilibrium
(NSE)

Chemical picture: Physical picture:
Ideal mixture of reacting components "elementary” constituents
Mass action law and their interaction
® ®
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Interaction between the components Quantum statistical (QS) approach,
internal structure: Pauli principle quasiparticle concept, virial expansion

“excluded volume”



Different approximations

medium effects

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

Quasiparticle quantum liquid:
mean-field approximation
BHF, 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 bound state energy

Dependence on nucleon density, various temperatures,
zero center of mass momentum
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Scattering phase shifts in matter
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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, fA( )= 1
energy E, , ) exp(z/T) — (=1)A

v: internal quantum number
excited states, continuum correlations

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



Shift of Binding Energies of Light Clusters
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Light Cluster Abundances
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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



4. Beth-Uhlenbeck formula

low density limit:

L 19 \\ __ 1 * '
GE(12,1?,i)) = ;\pnp(lz)iwA - np(;2)
( J
L
=2
. bound
n(B, ) =Y _ fIE™™ (1) + ) gi12(Enp)
1 2,nP

> uasi uasi . 1 (i
+ 3 [k Sy ES0) + E(2))2 in8 0) 8

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 bound state -2.2 MeV G. Roepke, J. Phys.: Conf. Series 569, 012031 (2014).



Deuteron-like scattering phase shifts

_ 0 1 > 1
Virial coeff. o« e~ Fa/T _ 1 7T_T/ dE e~ E/T {5C(E) —3 Sin[25c(E)]}
0

T=0.1 MeV
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deuteron bound state -2.2 MeV G. Roepke, J. Phys.: Conf. Series 569, 012031 (2014)
Phys. Part. Nucl. 46, 772 (2015) [arXiv:1408.2654]



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 ?
z([:)art (P, T, ng, }/p) _ 6[N,un-i-Z/,Lp—NEn(P/A;T,nB,Yp)—ZEI,(P/A;T,nB,YID)]/T

X ge { |:6—E'i:ntr(P;T,’nB,Yp)/T _ 1] e I:_Eéntr(P, T, W5 1/;9)] + ’UC(P; T, ng, Yp)}

parametrization (d — like):

|
ve(P=0;T,np,Y,) ~ [1.244— ( — 1.24) e%"‘B/T] :

UTr=0 (T)

0 0 s —0.102424 T'/MeV
va(T) = vp,—o(T) ~ 0.30857 + 0.65327 e / G. Roepke, PRC 92,054001 (2015)

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



Density effects?

The Beth-Uhlenbeck equation is identical

with the Dashen, Ma, Bernstein approach.

Talk given by Peter Braun-Munzinger:

the proton anomaly and the Dashen, Ma, Bernstein S-matrix approach

T dp 1 |
thermal yield of an (By,5) = d /mth dM/ @7 27 Br,7(M)
(interacting) resonance 1
with mass M, spin J, and X , : :
isospin | 5P BN o A. Andronic, pbm, B. Friman,

P.M. Lo, K. Redlich, J. Stachel,
arXiv:1808.03102,

need to know derivatives s Phys.Lett.B792 (2019)304

of phase shifts with By (M) =2 doy

respect to invariant mass dM



5. Heavy ion collisions



EoS at low densities from HIC

week endi 11
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Symmetry Energy
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[MeV]

Symmetry energy: low density limit

correlations (bound states) —> larger values for the symmetry energy
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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,! M. Beyer,* P. Danielewicz,” and G. Ropke!
'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 Sfaofes- -} (12 fx)
__ 1 loss
cluster mean-field potential Kx*Unfafes-- 3 fx
X=No@ oo s
loss rate KCLOS(PL)
in-medium :f d3kf d’ky d’k, d3k3|<k1k2k3|UO|kP>|121N—>pnN
breakup transition operator
Xk ) ks ) fn(ks ) fnk,t)+--- . (3)
0 1 1 3 3 3 2
breakup cross section A e 3—,J d°ky dky dk3[(kP|Uo|k1ksk3)|
X2mwS(E' —E)(2m)3 6P (ki +ky+k3), (4)

P. Danielewicz and Q. Pan, Phys. Rev. C 46, 2002 (1992)



AMD (Akira Ono)

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

of (r,p, 1)

= S LA} = Loon + fluct —oor]
TDHF TDCM
AMD l
Nucleon motions ” Localized
without limitation fluct. Sl wave packets

“swF ) [ AwMD
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



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

|e(3P+p)+e(3P-p)|#(p)

dp’ 3
+[1-rde+p-rGe-p)] [ S5 @ivphie)
= E{(p)
~
100; A B I T B
‘% 10%E, / \
E
10 T=5MeV |
1015 IO4 I‘I MI(I)_3 - ""1‘(')_2 - 10—1
baryon density n, [frn_3]

QS for symmetric nuclear matter
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Effect of cluster correlations: central Xe + Sn at 50 MeV/u
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6. Weakly bound nuclei, astrophysics
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Composition of supernova core
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Asymmetric nuclear light clusters in
supernova matter
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Example: °He
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Fig. 2. (Color online.) The phase shifts for elastic neutron-alpha scattering 8t ; (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 byp.
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Conclusions

Nuclear systems: strongly interacting, quantum
Correlations (bound states) are of relevance
Continuum correlations, resonances

In-medium corrections, Beth-Uhlenbeck equation
Inhomogeneous, nonequilibrium systems
Cluster (pre)formation, early “initial” correlations

Of interest also for the quark substructure
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/. Neutron stars

Inner crust: pasta structures

A NEUTRON STAR: SURFACE and INTERIOR

‘Spaghetti’

. ‘SWiss
LExr 1 1
CORE: . ¥ ‘g. ]
Homogeneous a 0 .iE |'
Matter . 0! | 1

\ «————— ATMOSPHERE

ENVELOPE
CRUST
OUTER CORE

‘ INNER CORE

\ | ). M. Lattimer and M. Prakash, Science 304, 536 (2004)




Density of neutron star crust
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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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Supernova explosion
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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,! M. Beyer,* P. Danielewicz,” and G. Ropke!
'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)
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P. Danielewicz and Q. Pan, Phys. Rev. C 46, 2002 (1992)



Mott effect, in-medium cross section
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Cluster virial expansion for nuclear matter
within a quasiparticle statistical approach

Generalized Beth-Uhlenbeck approach
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Excited light nuclel
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Few-particle Schrodinger equation
iIn a dense medium

4-particle Schrodinger equation with medium effects
(self-energy shifts and Pauli blocking)

([EHF(p1) +E™ (p,)+ EHF(p3) +E™ (p4)])lpn,p (P1>P2sP3sPs)

+ Y (A=, = [, V(Pipsipy 02 )W, 5 (PP P3oDs)
P1’ =P2’

+{ permutations}

= En,Plpn,P (pppz »P3 ap4)



Intermediate-mass fragment
production
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Nuclear matter phase diagram

Exploding
supernova
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arXiv 1307.6190
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