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Outline

* Nuclear matter - a strongly interacting quantum liquid
where it occurs, what do we know: nuclei, stars, HIC
* Many-particle theory:

Equation of state, transport coefficients

QCD? Effective interactions, Green functions, spectral functions
» Low-density limit: cluster formation

Mass action law, nuclear statistical equilibrium, virial expansion
* Near saturation: medium effects

mean-field and quasiparticles, dissolution of bound states

 Quantum condensates:
transition from BEC to BCS, Hoyle states



Problems

1. Solution of the two-nucleon problem in nuclear

matter. Separable interaction. e
kcot =#—+r1,—
singlet (nn, pp): a =-23.678 fm, r = 1.726 fm a 2

triplet (pn): a = 5.396 fm, r = 2.729 fm, E = -2.225 MeV

2. Thermodynamics with Skyrme | (Lattimer/Swesty)
Binding energy 16 MeV, saturation density 0.155 fm-3
pot. energy density, n=n_p+n_n, y=n_p/n

w(n,y) = -[285.1 + 428.4 y(1-y)] MeV fm? n2 +986.0 MeV fmé n3

3. Bogoliubov transform. Transition from BCS to BEC
see G.R., D. Zablocki, Phys.Elem.Part.At.Nucl. 39, 369 (2008)



Nuclear matter

Phase diagram

[e(T; p) = erc(T;p) + w(p)]

20 [ T x T T T Y T ¥ T I
p - T phase plane .
%\ 15 -
= . i
— ~
- ~_ Stable
5 10 e i
8 % y
= meta . g
© 5 N =
= unstable stable ]
\‘ i
1 : 1 : 1 2 1 X | :
%0 0.2 0.4 0.6 0.8 1.0 1.2
Baryon density p/p
I L] L] L] L] I
— T =0,5,10,15,20
o5 1.0 T =17 MeV
£ — T =13 MeV
=
fah)
=
o
0]
5 oo
w
7))
fa¥)
—
o
| | |

I 0.05 I l I . 0.10 I I l l 0.15 .
Nucleon density p (fm'3)

JRandrup: Dubna School, 2010

Equation of state:
p(r)
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Hadron Gas versus Quark-Gluon Plasma
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Supernova
Crab nebula, 1054 China, PSR 0531+21

M1, the Crab Nebula. Courtesy of NASA/ESA



Supernova explosion
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Core-collapse supernovae
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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)



Parameter range: Explosion
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Nucleon-nucleon interaction

QCD? Effective Lagrangians, interaction potentials

e general form:

N
Va(@,P) = ¥ wai(p) Aaijwa;i(P) uncoupled

1,7=1
and
/! N LI
Vi (p,p) = ,legi(P))\aijwaj(p’ ) coupled
i,j=
p, p in- and outgoing relative momentum
« ... channel
N ... rank
Aaij - coupling parameter

L, L'  orbital angular momentum

Weak interaction - beta equilibrium? Coulomb interaction?



Many-particle theory

e equilibrium correlation functions
e.g. equation of state n(3, u) = Qio Zl(alal)

density matrix (a!af) = [$2 el f) (w)A(L, 1, w)

» Spectral function

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

¢ Matsubara Green function

G1,1,i2), == % +p, v==%143, -

1

L={pyoval, AW =Foo5

, ) — volume




Many-particle theory

¢ Dyson equation and self energy (homogeneous system)

1
iz, — E(1) — X(1,1i2,)

G(l1,iz,) =

¢ Evaluation of >.(1.72,):
perturbation expansion, diagram representation

9Im 2(1, w + i0)

All,w) = , . .
w — E(1) — Re 2(1, w)]* + [Im £(1, w + i0))?
approximation for = approximation for
self energy equilibrium correlation functions

alternatively: simulations, path integral methods



Simple approximations

1. ldeal Fermi gas
2. Hartree - Fock approximation
3. Quasiparticle approximation



Different approximations

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

omb(w — E®si(1))
- S—ZRB 2(1, Z)|z=Equasi_IJ1
d P
dww + p; — Eaussi(])

A(l,w) =~

—2Im (1, w + in)

quasiparticle energy E%%(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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Medium effects:
Quasiparticle approximation

Skyrme

relativistic mean field (RMF)

Lagrangian: non-linear sigma, TM1 parameters,
single particle modifications, energy shift, effective mass

DD-RMF [S.Typel, Phys. Rev. C 71, 064301 (2007)]:

expansion of the scalar field and the vector fields
in powers of proton/neutron densities

Dirac-Brueckner Hartree Fock (DBHF)

Diffusion Monte Carlo EOS calculation (Talk lllarionov)



Quasiparticle picture: RMF and DBHF
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Diffusion Monte Carlo EOS calculation
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Quasiparticle approximation for nuclear matter

Equation of state for symmetric matter
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Simple approximations

1. ldeal Fermi gas
2. Hartree - Fock approximation
3. Quasiparticle approximation

Where are the light clusters?
(d,t,>He,*He)



Different approximations

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

omb(w — E®si(1))
- S—ZRB 2(1, Z)|z=Equasi_IJ1
d P
dww + p; — Eaussi(])

A(l,w) =~

—2Im (1, w + in)

quasiparticle energy E%%(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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Cluster decomposition
of the self-energy



ldeal mixture of reacting nuclides

1

np(Ta Mp»#n) — V Z ZAfA{EA,z/K — ZAlp — (A — ZA)Mn}

Av, K

1

nn (T, Hp, pn) = V Z (A — ZA)fA{EA,uK — ZAp — (A —ZA)un}

AV, K

B 1

mass number A, fae) = exp(z/T) — (—1)A
charge Z,,

energy E, , «,
v internal quantum number,

~K center of mass momentum



Beth-Uhlenbeck formula

rigorous results at low density: virial expansion

Beth-Uhlenbeck formula

n(T,p) = __Ze E(p)—p)/kgT
+ _‘1726-(57";:-2p>/k3:r
dE' 2 d
o0 (E+P [4m~2u)/kgT =
+ .

o(E): scattering phase shifts, channel o



Alpha-particle fraction in the low-density limit
symmetric matter, T=2, 4, 8 MeV
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C.J.Horowitz, A.Schwenk, Nucl. Phys. A 776, 55 (2006)



Effective wave equation
for the deuteron in matter

2 2 %
o + £ ( n,P(p19p2)+ (1) fp1 ) fpz)v(p17p2§l91',l92')( n,P(Pl',Pz')
#2m1 2 2& pi'p2
Pauli-blocking =E.p wr(Pi:02)

Fermi distribution function
BEC-BCS crossover:

f, = [e<p2/zm—u>/kBT N 1]‘1 Alm et al., 1993



Effective wave equation
for the deuteron in matter

2 2 %

By L2 pep)+ + ) £,)) £V (Db 22 (D22
#2m, 2m,& o
Add self-energy Pauli-blocking =E.p ap(Piop))

Fermi distribution function
BEC-BCS crossover:

f, = [e<p2/zm—u>/kBT N 1]‘1 Alm et al., 1993



Deuterons In nuclear matter
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Scattering phase shifts in matter

3, [deg]

o, [deg]




Different approximations

low density limit:

1
16/ *
GE(12,1'2,i)) = ;\pnp (12) ——M__ o ,,P(12)
( v
L
=1
bound
n(B,u) =D AEV=(1) + Y gi2(Enp)
1 2,nP

uasi uasl 1 d
+Y / Ak G -para(E*(1) + E(2))25in%, (k) -5, (k)

2,nP

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



Composition of symmetric nuclear matter
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Deuteron quasiparticle properties

2
E*(P)=E' +AE, + 221* P>+ O(P*)
d

AE"™(T,n,,a)=0E(T,o)n, + O(n})

24 (Tony ) =1+ mO(T,a)n, + O(n2)
m,

T delta E delta m*
[MeV] [MeV fm3] [fm?3] E'* = -2225MeV
10 364.3 21.3

4 712.9 87.1 G.R.,PRC 79, 014002 (2009)




Few-particle Schrodinger equation
iIn a dense medium

4-particle Schrodinger equation with medium effects

([EHF(pl) +E™ (p,) + E™ (ps)+ E™ (p, )])lpn,p (P1>P2sDP3>Ps)

+ E(l = f, =,V (PLpyip P )Y, p (PSP P35 Ps)
P1,,P2,

+{ permutations}

=E, W, »(p,P,y,D5,P,)



Shift of Binding Energies of Light Clusters
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Composition of dense nuclear matter

1
np(Ta Mpaﬂn) — v Z ZAfA{EA,uK — ZAlp — (A—ZA)un}
Av, K
1
nn (T, Hps pn) = V Z (A — ZA)fA{EA,z/K — ZAlp — (A—ZA)un}
Av,K
mass number A
charge Z, f _ 1
energy E, AR) T exp(2/T) — (—1)A

v: internal quantum number

* Inclusion of excited states and continuum correlations

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

* Bose-Einstein condensation



alpha-fraction in symmetric matter
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Chemical potential of symmetric matter
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Proton fraction in symmetric matter
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particle abundancies X,

Light Cluster Abundances
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Internal energy per nucleon
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Internal symmetry energy
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Application to Heavy lon Reactions

» Test the EOS

(NSE, virial,... at low densities,

Skyrme, DBHF, RMF,... near saturation)
« Unifying quantum statistical approach
* Symmetry energy



E [MeV]

Symmetry energy

Heavy-ion collisions, spectra of emitted clusters,
temperature (3 - 10 MeV), free energy
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Symmetry energy,
comparison experiment with theories
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Symmetry Energy
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Cluster yields in Heavy lon Collisions

« Thermodynamic parameters (temperature and nucleon density) at freeze out
from cluster yields

« Saha equation in plasma physics and Albergo thermometer (mass action law)

» Albergo temperature: double ratios of yields to eliminate the chemical
potentials (e.g. 2H, 4He vs. 3H, 3He)

* Is nuclear statistical equilibrium (NSE) or statistical multifragmentation
justified?

* Account of medium effects changes the inferred values for temperature and
density.

S. Shlomo, G. R., J.B. Natowitz,
PRC 79, 034604 (2009)



Albergo Temperature Misfit
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Liquid-vapor phase transition
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Symmetric nuclear matter: Phase diagram
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Conclusion |

* Due to the interaction, cluster are formed in nuclear matter that are
of significance in the low-density limit. Here, the nuclear statistical
equilibrium or cluster virial expansions can be used to describe the
thermodynamic properties.

« Medium effects become of relevance for densities > 104 fm-3. Single
nucleon quasiparticle energies can be introduced. In addition, Pauli
blocking modifies the cluster properties so that they are dissolved with
increasing density.

* Properties of nuclear matter such as the symmetry energy are
determined in the low-density region by the formation of bound states.



Outline

* Nuclear matter - a strongly interacting quantum liquid
where it occurs, what do we know: nuclei, stars, HIC
* Many-particle theory:
Equation of state, transport coefficients
QCD? Effective interactions, Green functions, spectral functions
» Low-density limit: cluster formation
Mass action law, nuclear statistical equilibrium, virial expansion
* Near saturation: medium effects
mean-field and quasiparticles, dissolution of bound states

* Quantum condensates:
transition from BEC to BCS, Hoyle states



Pauli blocking and Mott effect
Two different fermions (a,b: proton,neutron) form a bound state (c: deuteron).
¢ —EF(q pab,.,

Is the bound state a boson? Commutator relation

lc,c] = EF(qp)F(qp)[pq,, by_,al]
ab b, a. +ab. b _ a.-ab, b a. . -b. .ab

pZa-p“q'-p'“p’ pYa'-p'Yq-p“p’ pPq'-pPq-pGp ~Og_p a0y a4
+ + + +
+bq papbq pap +bq _pdpdy bq p_bq papapbq p_bq pap apbq -p
+ +
=da,a, 661 pa'-p' _bq pbq pépp _(61),17’ _ap’ap)aq—p,q’ p’ _bq pbq pépp’

[Cq’C;’ ]_ = EF(q,p)F (q,’p,)[(ép,p' N a;’ap )561—19,61’ p' _b; -p bq papp ]
p.p

= EF(Q,P)F*(Q,]?)Q],Q, — EF(q,p)F*(q',p')[(a;,ap)6q_p,q, _p (bq* b, p)ap’p,]
P p.p’

<[cq ,c;]_> =0,, 1-2F(q,p)F*(q,p)(<a;Cl > <b; oDa- P>)

Fermionic substructure: phase space occupation, “excluded volume”

averaging



Quantum condensates: Outline

Many-particle system

- Mean field approach: self-energy and Pauli blocking
- Generalized Beth-Uhlenbeck equation

- Mott effect and transition from BEC to BCS

- Self-consistent solutions and pseudogap

Correlations: account of higher clusters
- Cluster expansion of the self-energy

- Cluster - mean field approximation

- Quantum condensates: Pairing and quartetting
Finite systems: 4-n nuclei

- Cluster formation in dilute nuclei

- BEC states: Hoyle state and THSR wave function
- Suppression of the condensate at increasing density



D. W. Snoke and G. Baym

Table 1. Bosons under study

Particle Composed of In Coherence seen in
Cooper pair : e, C metals superconductivity
Cooper pair h*, h* copper oxides high-T,
supcreonductivity
exciton e, ht semiconductors  luminescence
and drag-free
transport in Cu,O
biexciton 2(e~, h*) semiconductors luminescence
and optical phase
coherence in CuCl
positronium e, 6" crystal vacancies (proposed)
hydrogen e, D" magnetic traps (in progress)
‘He ‘He?t, 2¢~ He-I1 superfluidity
3He pairs 2(*He?t, 2¢7) 3He-A,B phases  superfluidity
cesium o & e~ laser traps (in progress)
interacting bosons  nn or pp nuclei excitations
nucleonic pairing nn or pp nuclei moments of inertia
neutron stars superfluidity and
pulsar glitches
chiral condensates  (gq) vacuum elementary particle

structure

meson condensates

pion condensate

neutron star

neutron stars,

= (ud), ete. matter supernovae
kaon condensate (proposed)
- (us)
Higgs boson (tt) condensate vacuum elementary particle

(proposed)

masscs

Bose -
Einstein
Condensation

Int. Workshop BEC 93
Levico Terme
Ed.: Griffin, Snoke, Stringari
Cambridge Univ. Press, 1995

“This is the first book
devoted to Bose - Einstein
Condensation (BEC) as an
interdisciplinary subject,
covering atomic and
molecular physics, laser
physics, low temperature
physics, nuclear physics
and astrophysics.”



Many-particle system

Hamiltonian (non-relativistic)
1
H= )Y EMa'a +— Y VU212 a;a,a,
2011 S QV212a e

12,12’
fermions in states {1} ={p,o,7}
interaction: Coulomb, nuclear, ...
bound states (bosons)
guantum condensates
homogeneous system in equilibrium: o =exp[-S/k;]
variation in time and space
(finite systems? non-equilibrium?)



Many-particle system

« Hamiltonian (non-relativistic)

H ="y E(la;a, + 1 Y V(1212 a;aya,
1 2 12,12’
« Entropy p(7)=exp[-S(¢)/k,]
* cluster decomposition, non-equilibrium
S(1)=S,() + S.(1) + S, (1)

S,(t) = E&(lZ,t)a;al + %Ew(lZ,r)afa; +cc.
1,2 1,2

! |
S,(H) == Y w1212 )a; a}aya,

212,1'2’
Lagrange parameter S, are determined by <a;a1>t,<a2a1>t,,,,



Many-particle system

« Hamiltonian (non-relativistic)

+ 1 AN+ 4+
H ="y E(la;a, + > Y V(1212 a;aya,
1

12,12

« Entropy p(t)=exp[-5(7)/k;]
 cluster decomposition, equilibrium
S=8§,+5+3,
S, = > (E() - u)/Tajq,

1
S, = 5 2V(12,1’2')/Ta1+a;a2,a1,

12,12

Lagrange parameter T,u are determined by (H),(N)



BEC - BCS crossover
In mean-field approximation

only single-particle contributions to the entropy

1
$,(5) = Y EA2.0a5a, + 521})(12,t)a1+a; tec.
1,2 1,2

Lagrange multipliers are determined by the given mean values

t i
<a;al> =0,,n(L,1) <a2a1>t =F(12,t)=0, ., 5,x(12)e "F (p,1)
diagonalization by Bogoliubov-Valatin transformation

— + 2 2\-1/2
Qpigt = upbqﬂ%? + Vpbq—p,¢ 2lu, F'=1+(1+6,)

o _ A2 IF2) ]
- n) -n(2)

the anomalous mean values <b2b1>tvanish



Effective wave equation
for the deuteron in matter

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

2 2
2p’711 +A + 2’% +A, ¥, (p1spy) + 2(1 = [ = LIV (Dipsp s VY, 0 (0 Py)
1 2 PP

Add self-energy Pauli-blocking = Eap¥r(piop2)

Thouless criterion
Ed(T,M) = 2:“’

| BEC-BCS crossover:
7 =[e<p2/zm—u>/kBT +1]‘ Alm et al.,1993
P

Fermi distribution function



Quantum condensate

Bose-Einstein-
Condensation
of deuterons
(BEC)

T [MeV]

Bardeen-Cooper
Schrieffer
pairing

(BCS)




Crossover from BEC to BCS

Phase transition to the superfluid state

fermionic model system with separable interaction, T* = T/Ey, n* = n(h?/mk,)3/?

0.7 BE no
bound

states

bound states

06 | M'D'I'I'

0.5

0.4

0.3

temperature [T*]

—15‘ - -2 -1.5 -1 0.5 0 0.5
total particle density log [n*]

MSR®: blocking by single-particle distribution function
thick line": including the interaction with the correlated component of the medium

2 P Nozieres, S. Schmitt-Rink, J. Low Temp. Phys. 59, 159 (1985)
b g Ropke, Ann. Phys. (Leipzig) 3, 145 (1994)



Inclusion of correlations
in the medium

« Self-consistent description of the medium

* Formation of higher clusters

» Correlated condensates (quartetting)



Pseudogap

Precritical Pair Fluctuations and Formation of a
Pseudogap in Low-Density Nuclear Matter

 Self-consistent solution of the two-nucleon Bethe Salpeter equation

and evaluation of the density of states

 above the critical temperature: depletion near the chemical potential
instead opening of the gap



Density of states near phase transition

0.03 ——— T A L I
- ) |
l e BCS
i !i BHF
lI I'i —— T matrix
: ! i —-— BCSatT=0
| |
« B s I
0.02 j |
! , b
— ; h
= i
Z ill
L i ‘
0.01 r i
0 L
-40

T=5 MeV, rho=rho,/3: T-matrix in quasiparticle approximation,
compared with BCS and BHF. Also shown: BCS at T=0



Density of states near phase transition

0.016 ——————————— — e
h | ’/
| Lo # !
- T=500MeV | i e
L ——— T=450MeV | g e
0.012 | —— T=435MeV i 4 s
| —-—- BCSatT=0 | X #
I ' ]
|
= ' |
S 0.008 | i
Z I
[ |
|
0.004
~100

rho=rho,/3: T-matrix, self-consistent spectral function



Few-particle Schrodinger equation
iIn a dense medium

4-particle Schrodinger equation with medium effects

([EHF(pl) +E™ (p,) + E™ (ps)+ E™ (p, )])lpn,p (P1>P2sDP3>Ps)

+ E(l = f, =,V (PLpyip P )Y, p (PSP P35 Ps)
P1,,P2,

+{ permutations}

=E, W, »(p,P,y,D5,P,)



o-cluster-condensation

temperature T [MeV]

(quartetting)

10

(o0]

(o)}

AN

----- T.° (deuteron pairing)
—— T,” (a—quartetting)

20 40
chemical potential u* [MeV]

60



temperature T [MeV]

o-cluster-condensation

(quartetting)
10
sl T T, (deuteron pairing)
— T, (a—quartetting)
6 L
4 L
2 =
0 -4 |_3 '_2 '_1 0
10 10 10 10 10

density n, [fm™]

G.Ropke, A.Schnell, P.Schuck, and P.Nozieres, PRL 80, 3177 (1998)



Clusters in nuclei

- Low-density isomers

« Alpha matter at low densities
« Quartetting

« Condensate wave function

« Suppression of the condensate with increasing density
 Dissolution of clusters with increasing density



Alpha cluster structure of Be 8

o ] | | L R R
- N
h 0F NN

NG/
_ T/ 005 / i
i 00025
_ﬁ_ | l I l 1 I L 1 L I I. 1 IOI | 1 I 1 1 1
4 2 0 2 4 2 0 2 4
=+ (fm) R.B. Wiringa et al.,

PRC 63, 034605 (01)

Contours of constant density, plotted in cylindrical coordinates, for 8Be(0+) .
The left side is in the laboratory frame while the right side is in the intrinsic frame.



Self-conjugate 4n nuclel

2C.

07 state at 0.39 MeV above the 3a threshold energy:
a cluster interact predominantly in relative S waves,
gaslike structure

a-particle condensation in low-density nuclear matter
(o < po/5)

na cluster condensed states
- a general feature in N = Z nuclei?



Self-conjugate 4n nuclel

na nuclei: 8Be, 12C, 160, 2Ne, 24Mg, ...
Single-particle shell model, or

Cluster type structures

ground state, excited states

na break up at the threshold energy E' = nE,



Variational ansatz

|®na) = (CF)" [vac)

a- particle creation operator
Cl = [ d®Re~F/RS
X [d®ry ... dragos(Fi—R)al ., (71) . . . dos(Fa—R)al ., (72)

with

1 —2 /(25
b0s(F) = (ﬂ.b2)3/4e /e




Variational ansatz

total na wave function
<7'10' 171 .. - T4nO4nT4n I cbna)

o A{e B Tg(ay) .. g(a)]

where .B2 (b2 + QRO) — 1 Zn 'rzna

2 .
d(a;) = e ~gz Emon(fim—in)” _ jnternal o wave function

A Tohsaki, H. Hoviuchi. P Schuck. G. Ropke. PRL 87.
192501 (2001



3 alpha variational energy

b(fm) 3&
A
1.8 L \
/ \ -70
1.6 -75
-80
-85.5MeV Saddlxe point
1.4 -81.1MeV
e -80
— -75
1.2 B / —70
| 1 | | \ -
0.0 2.0 40 6.0 8.0 10.0 Ro(fm)



4 alpha variational energy

X
b(fm) .
A
18 [ & =
N
1.6 | -127.7MeV -100
-105
~ Saddle point
1.4 -120 -107.5MeV
-0 -105
-100
-95
]2 1 1 / | 1 >
00 20 40 6.0 80 100 Ro{(fm)

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



Results

Ey Eep  Ex—El (E-E)ep /() ()
(MeV) (MeV) (MeV) (MeV) (fm)  (fm)
“C k=1 -8.9  -92.16 (07) -34 -7.27 297  2.65
k=2| -820  -84.51(03) +0.5 0.38 4.29
Efr | 825 -84.89
0 k=1[ -1248 -12762 (07) -14.8 -14.44 2.59  2.73
(-128.0)* (—18.0)*
k=2| -1160 -116.36 (0f) -6.0 -3.18 3.16
k=3| -110.7 -113.62(0f)  -0.7 -0.44 3.97
E¥ | -110.0 -113.18
‘Bc. - 0% + 0.1

Tabelle 1: Comparison of the generator coordinate method calculations with
experimental values. E¥F = nE, denotes the threshold energy for the decay
into a-clusters, the values marked by * correspond to a refined mesh.



Estimation of condensate fraction
In zero temperature a-matter

a-cluster condensate in 2C, 160:
resonating group method -
occupation numbers of a-orbits in 2C

RMS radii | S-orbit | D-orbit | G-orbit

OF (gs.)| 244fm | 1.07 | 1.07 | 0.82

OF | 431fm | 2385 | 029 | 0.16

80 % condensate at 1/8 nuclear matter density

T' \! QRPN CL‘A- Y- . SKL‘- L LJ/-. . (fL ‘4' % - V“\’V‘u--‘\\\‘ !S = (':OO/O



Open problems

Matter at low densities:
» wave function,
* correlations,
* cluster formation,
e guantum condensates



Clustering phenomena in nuclear
matter below the saturation density

T ] T l T T T l T T T
0 _
= ]
O -
2 _
Q
2 -5 — 7
- J
&, _
> i
v
E. 10 /7 DFS due to *He clustering
& | —— - — DFSdueto °0 clustering |
| —— — Uniform limit of DFS due to *He clustering
i Uniform limit of DFS due to '°0 clustering  _
) ) I | ] 2 ] | ] 2 I
0.0 0.2 0.4 0.6

P/ Po
*FIG. 8. Energy curves of DFSs due to a and 160 clustering in
*the symmetric nuclear matter by the use of the BB sBad force. The
«density of matteris normalized by the saturation density of the
«uniform matter with the Fermi sphere, 10=0.206 fm-3. The presentation
-of the curves is similarto that in Fig. 4.

Hiroki Takemoto et al.,
PR C 69, 035802 (2004)



Energy of a-Matter at T=0

20 20
15 15
10 10

5 5

E/N, (MeV)
E/N, (MeV)

-10 -10

-15 -15

-20 -20

25 L \ | 75 | ® AB-HNCO %, mm AB-CE |
"= [ @ DIN-HNCO \g —— DIN-CE | "~ [ @ DIN-HNCO \g = DIN-CE |
3 LEAUENCO | Ny, T RME 3o LEAMENCO  Nwy | T RMEE

00 001002003 004005006 007 008 00 001002 003 004 005 006 007 008

p (o particles per f1113) p (o particles per fmS)

Total energy calculated with the cluster expansion
within the HNC/O (circles) and HNC/4 (solid lines) approximation.

Different interaction potentials

F.Carstoiu, S.Misicu, PLB, 2009



Alpha-alpha scattering phase shifts

LI B | 1 LI I | I LI B LI I | | T #‘l T I | I R A | | LI I | E

600 , . s@-0) ol s S
«---x D (L=2) / :
SO0 e (L=4) 'E’ g

5, (E) [deg]

Horowitz & Schwenk,
NPA (2006)



Internal energy per nucleon

10 I
8 —]
6 —
4 y
— T=2MeV
| —
0 — T=4Me
2f T TI0Mey Quantum
4 T ToiaMev | £ - statistical
N 1218 MoV g approach:
8- —— T=20 MeV ]
-10 - ) -
12 ] Cluster ?
14 -
-16 |~ B
asf . Condensate?
| ) | ! | ! | ! |
205 0.05 0.1 0.15 0.2 0.25

EOS for symmetric matter - low density region?



Summary

* The low-density limit of the nuclear matter EoS can be rigorously treated.
The Beth-Uhlenbeck virial expansion is a benchmark.

« An extended quasiparticle approach can be given for single nucleon
states and nuclei. In a first approximation, self- energy and Pauli blocking
is included. An interpolation between low and high densities is possible.

« Compared with the standard quasiparticle approach, significant changes
arise in the low-density limit due to clustering. Examples are Bose-Einstein
condensation (quartetting), and the behavior of the symmetry energy.

* Problems: Instability of homogeneous matter at low temperatures,
condensation energy for Bose condensate state (compare pairing)?
,strict® solution of the 4-nucleon equation including Pauli blocking?
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Astrophysical Applications

* Supernova explosions

* Neutrino transport

* Neutron star structure

« Equation of state (EOS)

« Composition

* Transport properties (cross sections)



Composition of supernova core

10()
10"
10
10°
10°
107
10°
of L s K.Sumiyoshi,
10 10 G.R,,
PRC 77,
r [km] 055804 (2008)

Mass fraction X of light clusters for a post-bounce supernova core



Rms-dependence
of condensate energies

4_ -
2t e “ —
.D -
-2 F
3 <l
=
S s
L]
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A2 |y
14 |
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R [T]

Variational energy for the Gaussian condensate of 4 alpha



Heavy nuclei abundances in nuclear matter

T=10 MeV, asymmetry 0.42, as function of baryon density

1

0.1

llllllll

I

0.01

llllllll
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0.001

0

n, p, d, t, He3, He4, Li5,...



Problems:

« Warm Dilute Matter: Nuclear matter at subsaturation densities (T, n,, n,):
Temperature T < 16 MeV = E /A, baryon density ng < 0.17 fm= = n, asymmetry

» Formation of clusters (nuclei in matter):
A = 1,2,3,4: free neutrons, free protons, deuterons (°H), tritons (3H), helions (3He), alphas (*He)

- Low-density, low-temperature limit:
Virial expansion, non-interacting nuclides, quantum condensates

* Transition to higher densities:
Medium effects, quasiparticles. Interpolation between Beth-Uhlenbeck and DBHF / RMF

« Cluster formation (correlations) vs. mean field:
Consistent quantum-statistical approach



ldeal mixture of reacting nuclides

1
np(Ta Mpalin) — V Z ZAfA{EA,z/K — ZAlp — (A—ZA)un}
Av, K
1
nn (T, Hp, pn) = V Z (A — ZA)fA{EA,uK — ZAp — (A —ZA)un}
AV, K

(statistical multifragmentation)

1
mass number A, Ta(z) = exp(z/T) — (—1)4
charge Z,,

energy EA’V,K,
v: internal quantum number,
K: center of mass momentum




Virial expansion

excited nuclel

resonances

scattering phase shifts (no double counting)
virial expansions

gquantum statistical approach

Particle clustering and Mott transition in nuclear matter at finite temperatures,
G. Rdépke, M. Schmidt, L. Minchow, H. Schulz: NPA 399, 587-602 (1983).
Generalized Beth-Uhlenbeck Approach for Hot Nuclear Matter,

M. Schmidt, G. Ropke, H. Schulz: Annals of Physics 202, 57 - 99 (1990).
Cluster formation and the virial equation of state of low-density nuclear matter

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



S, S [MeV]

Symmetry energy and symmetry free energy
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Few-particle Schrodinger equation
iIn a dense medium

Four-particle Schrodinger equation with medium effects

[EHE(p1) + E%E(py) + E2E(ps) + E2X(ps)] ¥np(p1, P2, D3, P4)

+p/1p/2p§p4{[1 —‘Lm) f(pz)] V(P1P2,P1P2) p3p§35p4p4

+ [1 = f(p1) — f(ps)] V(p1ps, p1p3)5p2pf25p4pa
+ permutatlons} %P(Pl , P, D3, Dy)
= Enp Ynp(P1,P2, D3, P4)



Estimation of condensate fraction
In zero temperature a-matter

<\If]a,$a0|\11)
(U|¥)

ng =

destruction of the BEC of the ideal Bose gas:
thermal excitation, but also correlations

“excluded” volume for a-particles =~ 20 fm3 -. . = .
at nucleon density p = 0.048 fm 3 filling factor ~ 28 %
(liquid *He: 8 % condensate),

destruction of the condensate at = py/3



Estimation of condensate fraction
In zero temperature a-matter

a-cluster condensate in 2C, 160:
resonating group method -
occupation numbers of a-orbits in 2C

RMS radii | S-orbit | D-orbit | G-orbit

OF (gs.)| 244fm | 1.07 | 1.07 | 0.82

OF | 431fm | 2385 | 029 | 0.16

80 % condensate at 1/8 nuclear matter density

T' \! QRPN CL‘A- Y- . SKL‘- L LJ/-. . (fL ‘4' % - V“\’V‘u--‘\\\‘ !S = (':OO/O



Suppresion of condensate fraction

Alpha-alpha interaction

(Ali/Bodmer), : ' ' | |
no Pauli blocking: [
« Variational calculation =08 ¥
(Clark/Jastrow approach g *
to the alpha-particle =
condensate amplitude) 0.6
(crosses) Q
« First order approximation g
(full line) 504
2
 Yamada/Schuck’s 8 02 9
result for condensate X X
in C12 - 02+
| ) | ) | : |
(stars) % 0.05 0.1 0.15 0.2

Y. Funaki et al., PRC 77, 064312 (08)

nucleonic density [fm~3]



Quasiparticle approximation for nuclear matter

Equation of state for symmetric matter
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Correlations in the medium

@ >>(2) C“' :I 2X) (2)
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Cluster - mean field approximation

Cluster (A) interacting with a distribution of clusters (B) in the medium,
fully antisymmetrized

! !/ m 1 m / !
Y {H (AL AY+ Y NS, + EEAVZ;" 18,1 = E yup Oy o W p (1A = 0
1..A' i i,

self-energy

A (1) = EV(lle)ex Ffo+y E fB(EBVp)EVh(lz iy, (1..Bw, ,(1'.B"

BvP 2...
effectlve interaction

AV =——[f O+ oVezr)-3 > fB<EBVp)EM,wBVp<22 B Wy, (22"..B")

BvP 2" RB"

phase space occupation (1) = f,(1) + 2 EfB(EBVp) 1Y, (1..B) P

BvP2..B



Cluster - mean field approximation

Cluster (A) interacting with a distribution of clusters (B) in the medium,
fully antisymmetrized

! !/ m 1 m / !
Y {H (AL AY+ Y NS, + EEAVZ;" 18,1 = E yup Oy o W p (1A = 0
1..A' i i,

self-energy

A (1) = EV(lle)ex Ffo+y E fB(EBVp)EVh(lz iy, (1..Bw, ,(1'.B"

BvP 2...
effectlve interaction

AV =——[f O+ oVezr)-3 > fB<EBVp)EM,wBVp<22 B Wy, (22"..B")

BvP 2" RB"

phase space occupation (1) = f,(1) + 2 EfB(EBVp) 1Y, (1..B) P

BvP2..B



In-medium shift of
binding energies of clusters

Solution of the Faddeev-Yakubovski equation with Pauli blocking

0 d t alpha

T=10 MeV DSt A A2 S
510 .

= | i

= [ ]

Z-201 _

m i

_30 R SR TR S S SR SR I ‘25 T A T T TR T N .-

0 0.01 0.02 0.03

. -3
nuclear density p[fm ]
M. Beyer et al., PLB 488, 247 (00), A. Sedrakian et al., Ann. Phys; PRC 73, 035803 (06)



Estimation of condensate fraction
In zero temperature a-matter

<\If]a,$a0|\11)
(U|¥)

ng =

destruction of the BEC of the ideal Bose gas:
thermal excitation, but also correlations

“excluded” volume for a-particles =~ 20 fm3 -. . = .
at nucleon density p = 0.048 fm 3 filling factor ~ 28 %
(liquid *He: 8 % condensate),

destruction of the condensate at = py/3



Suppresion of condensate fraction

« Alpha-alpha interaction
(Ali/Bodmer),
no Pauli blocking:

Variational calculation
(Clark/Jastrow approach

to the alpha-particle
condensate amplitude)

(crosses)
First order approximation
(full line)

o =
N o0
1 1

* K

condensate fraction
o
.3
|

)
g
I

e Yamada/Schuck’s ' X X

result for condensate

in C12 - 02+ 0 A [ S S S S
(stars) 0 0.05 0.1 0.15 0.2

nucleonic density [fm'3]

X

Y.Funaki et al., PRC 77, 064312 (2008), F.Carstoiu, S.Misicu, PLB, 2009



