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It is the aim of this study to quantify the role of in-medium 3 <> 3 collisions for systems of fermions which
initially are out-of equilibrium. The formulation of the three-body dynamics is based on the equations of motion
method for identical fermions—also denoted as quantum correlation dynamics—and presented in detail. The
on-shell two-body collision integral is briefly reviewed and the on-shell three-two-body collision integral is
derived on the basis of the same two-body interaction in leading order. The resulting equations obey particle
number as well as energy-momentum conservation. For a quantification of the relative impact of three-body
interactions a model study is employed for a homogeneous system in space in a finite box with periodic boundary
conditions. Here, spin-isospin symmetric nuclear matter systems are addressed with momentum distributions
that are given by shifted Fermi spheres (without overlap) as encountered in the initial phase of nucleus-nucleus
collisions after contact. The results for the relaxation times—employing an effective two-body interaction—are
compared to Boltzmann-Uehling-Uhlenbeck (BUU) transport calculations in the continuum limit. It is found
that the additional three-body interactions reduce the relaxation times up to a factor of 3 at 130 MeV /nucleon.
Furthermore, it is shown in BUU transport calculations that an enhanced stopping by 3 <> 3 collisions shows up
in the angular distribution of energetic nucleons (>60MeV), e.g., in central j.Rh collisions at 40 MeV /nucleon
that lead to the formation of a compound nucleus. The angular distribution of the energetic nucleons changes
from a slightly forward peaked angular distribution to a slightly sidewards peaked angular distribution which

might be controlled experimentally.
DOI: 10.1103/ytpz-vljz

I. INTRODUCTION

The dynamics of quantum many-body systems is of partic-
ular interest in the context of the nuclear many-body problem
and in heavy-ion collisions, which probe the matter at high
nuclear densities in and out-of equilibrium. While at low
bombarding energies below about 10 MeV /nucleon the dy-
namics of the heavy-ion collision can reasonably be described
by time-dependent-Hartree-Fock (TDHF) [1,2] the impact of
two-body collisions becomes important with increasing bom-
barding energies since the Pauli-blocking effect weakens for
higher energies.

In this energy range extended TDHF approaches have
been introduced such as the time-dependent-density-matrix
(TDDM) approach [3,4], which accounts for the additional
impact of binary elastic nucleon-nucleon collisions that are
not blocked by the Pauli principle [5,6]. However, this ap-
proach is limited to light nuclear systems and still low
bombarding energies due to the limited number of basis states.
On the other hand semiclassical transport models have been
formulated in the past [7-9], that can be solved within the
test particle approximation and also be applied for heavy
systems at higher energy. These models are denoted by
Boltzmann-Uehling-Uhlenbeck (BUU) or Vlasov-Uehling-
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Uhlenbeck (VUU) type approaches [10] and have been
employed by many transport groups worldwide for the analy-
sis of heavy-ion collision data in particular for the production
of hard photons, pions, or kaons [11].

While at bombarding energies below about
130 MeV /nucleon the production of pions is subthreshold, the
role of inelastic nucleon-nucleon collisions (e.g., NN — NA,
A — Nm) rises with increasing bombarding energy. Such
processes can easily be incorporated in semiclassical transport
simulations because the excited states (nucleon resonances
or produced mesons) have different quantum numbers than
the nucleons and also have low or moderate phase-space
densities. The role of inelastic reaction channels becomes
important for the stopping and equilibration in heavy-ion
collisions since in particular the elastic nucleon-nucleon
collisions become forward peaked and decrease in magnitude
for higher invariant energies. However, the question remains
about the role of higher-order interactions in the energy
domain below about 130 MeV /nucleon where the degrees
of freedom are just identical fermions (nucleons) and the
dominant processes are elastic scattering.

It is the aim of this study to formulate and/or derive a cor-
responding collision term and to investigate quantitatively the
impact of additional 3 < 3 interactions while keeping the full
antisymmetry of the problem. The derivation of transport the-
ories either conveniently starts from the BBGKY! hierarchy

lBogolyubov, Born, Green, Kirkwood, Yvon.
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in case of on-shell theories [10] or from the Kadanoff-Baym
equations for n-body propagators [12,13], which are the coun-
terparts of the reduced density matrices. Such derivations have
been performed in the past in the non-relativistic and rela-
tivistic case [11,14—16]% as well as for 2 <> n reactions (n =
3,4 ...)1in case of high density systems at relativistic energies
[18], where Pauli-blocking or Bose-enhancement factors play
a minor role since almost the full ‘zoo’ of hadronic states is
involved. As mentioned above a rigid formulation for 3 < 3
processes in the medium is still lacking and will be presented
here. This is of particular relevance since there is practi-
cally no information from experimental data on three-body
scattering events especially in the nuclear physics context.
Information about three-body scattering is practically only
available from chiral perturbation theory (ChPT) or lattice
QCD (1QCD) calculations [19].

The outline of this work is as follows. In Sec. II the
cluster decomposition of the reduced density matrices p, is
briefly recalled as well as the derivation of the equations of
motion for two-body and three-body correlation functions on
the basis of Ref. [20]. These equations will be expanded in
a single-particle basis and the physical interpretation of the
various terms be discussed for the two-body and three-body
correlation functions. Section III is devoted to the derivation
of on-shell collision terms in the two-body and three-body
case (in leading order) within a natural basis |o«) that di-
agonalizes the one-body density matrix. Explicit results for
the matrix elements of the two-body and three-body corre-
lations will be given while shifting the numerous interaction
terms to the Appendix. In Sec. IV a first model study for
spin-isospin symmetric nuclear matter systems is presented
with momentum distributions that are given by shifted Fermi
spheres (without overlap) as encountered in the initial phase
of nucleus-nucleus collisions after contact. The explicit time
evolution of the quadrupole moment in momentum space
will be presented for different bombarding energies and the
corresponding relaxation times be extracted. For comparison
BUU transport calculations are performed in a finite box in
the infinite nuclear matter limit employing the same (simple)
two-body interaction. This will allow to quantify the role of
the three-body interactions which appear on top of the two-
body scatterings.

The results of the model study are primarily academic
and the question arises if a higher stopping power by ad-
ditional 3 < 3 collisions could be seen in experiments. To
this aim in Sec. V actual BUU transport calculations (with
enhanced cross sections) are performed for finite systems at
40 MeV /nucleon—Ileading to a fusing system with particle
emission—and the quadrupole moment in momentum space
of very energetic nucleons is calculated that are emitted early
in the system. A summary of the results and its implications

J

p1(11) = p(11"),

will be given in Sec. VI while the full list of interaction terms
is presented in the Appendix.

II. EQUATIONS OF MOTION FOR
CORRELATION FUNCTIONS

The dynamical description of the nuclear many-body prob-
lem in the nonrelativistic limit is based on the von Neumann
equation for the A-body density matrix p4 [21], i.e., (i = 1)

0
i — pa = [Ha, pal, 1
i P [Hy, o4l (H

where H, denotes the A-body Hamiltonian in the restriction
to two-body interactions v(ij),

A A—1

Hy = "ti)+ Y v(ij). )

i=1 i<j

The quantity #(i) denotes the kinetic energy of particle i,
which in case of nucleons is characterized by position r; (or
momentum p;), spin o;, and isospin 7;, while v(ij) denotes the
two-body interaction. Equation (1) is equivalent to a coupled
set of equations for the reduced density matrices of rank n,

on(1...n,1...0)= ﬁ Trer,...a)
xpa(l...A, 1.0, n+1...4),
3)
known as the BBGKY hierarchy [12,21], i.e.,
3 n n—1
i oo = |:i21:t(i), pn} + ;v(ij), Pn
+ ) [l n+ 1), puyi] )

i=1
for 1 <n <A with pgy; = 0. In these equations the time
evolution of p, couples to p,4+; and truncation schemes are
necessary to obtain adequate solutions to the set of equa-
tions (4). Different expansion and truncation schemes have
been proposed and investigated in the past [22-26] and com-
pared to the exact solution in case of simple few-body or
few-level systems [27-30]. Depending on the model systems
different approximation schemes are found to be suited in
each case.

In order to obtain a suitable truncation scheme for the nu-
clear many-body problem and in particular for the dynamics
of low energy heavy-ion reactions the density matrices p,
are rewritten in terms of antisymmetrized products of density
matrices of lower order, i.e., [20]

&)

p2(12,12') = A p(11)p(22') + ¢2(12, 1'2") = poo(12, 1'2) + 2(12, 1'2') = App(11)p(22) + 2(12,1'2'),  (6)

2For a comparison of various transport approaches and model results at intermediate energies the reader is refered to the review [17].

024601-2



QUANTUM CORRELATION DYNAMICS AND IN-MEDIUM ...

PHYSICAL REVIEW C 112, 024601 (2025)

03(123, 1'23") = Sy p(11)020(23, 2'3) + Sy p(11)e2(23, 2'3) + So p(22)c2 (13, 1'3)

+ 83 0(33)c2(12, 1'2") + ¢3(123,1'2'3")

= S1p(11)020(23,2'3) + 81 p(11)c2(23, 23') + Sop(22')ea (13, 1'3))

+830(33)cr (12, 12') + ¢3(123,1'2'3") @)
with the two- and three-body antisymmetrization operators
Aij=1=Py; Ayjy=1—=PFPp, (8)
Sy =1—=Pry—Pry; S =1-Py— P,
Sy =1—-Pry—Pry; S=1—Po— Py,
Sy =1—=Pry —Pry; S3=1—P3— Py, )

where P;; denotes the exchange operator between particle 7 and j. The cluster decomposition for p;—that is needed for the

equation of motion for p3—is given by

04(1234, 1'2'3'4") = A1y Sy Ay p(11)p(22)0(33)p(44') + Ty pao(12, 1'2')c2 (34, 3'4")

+ Ty pao(13, 13)c2(24, 2'4") + Ty pag (14, 1'4)c2(23,2'3) + Ty p20(23, 23 )ca (14, 1'4')

+ T p20(24, 242 (13, 1'3") + Ty pag (34, 34)er (12, 1'2) + Tyrea (12, 1'2))cx (34, 3'47)

+ Tyer(13, 132 (24, 2'4') + Ty ea(14, 4)e2(23,2'3') + Ay p(11)c3(234, 2'3'4')

+ Ay p(22)e3(134, 134 + Ay p(33)c3(124, 1'2°4") + Ay p(44))c3(123, 12'3') + ¢4(1234, 1'2'3'4")

(10)
with the four-body antisymmetrization operators
'y =0 =Py —Pry —Pry — Pry + PraPoy); Tt = (1 = P13 — Py — Pi3 — Py + Pi3Pa),
Ly =10 —=Pry—Pry — Pry — Pyy + ProPyy); To=(1—Po—Piy— P3— P+ PaPy),
'y = —=Pry —Pry — Pry — Pyy + Pr3Pyy); T3 =(1—Pyo—P3— Py — P+ Pi3Py),
Ay =0 =Py —Pry —Pry); A =0 —Pip— Pz — Pu);
Ay = =Poy — Py — Pry); A= (1 — P — Pz — Pu);
Ay = =Pyr —Pyy — Pyy); A3 =(1— Py — P — P3);
Ay =0 = Pyy — Pyy —Py3); Ay =1 — Py — Py — Pi3). 11
One obtains (after some lengthy algebra)
i% p(1151) =[t(1) — t(1)]p(11';1) 4+ Tr—2)[v(12) A1z — v(1"2) A1y ]p(1151)p(22';1)
+ Tro—oy[v(12) — v(1'2)]c2(12, 1'2; 1) (12)
for the time-evolution of the 1-body density p(11’;¢) and
i% (12, 12558) = [t (1) +1(2) — 1 (1) = 1(2)]e2 (12, 127 1) + Tr3=3)[v(13).As3 + v(23) Az — v(1'3) Ayz
—v(2'3)Ay31p(33";1)c2(12, 125 1) 4 [v(12) — v(1'2)] p20 (12, 1'2")
— Tra=3)[v(13)p(23';1)p20(13, 1'2"52) — v(1'3")p(32';1)p20(12, 1'3'51)
+v(23)p(1351)p20(32, 1'2'51) — v(2'3")p (315 1) p20(12, 325 1)] (13)
+[v(12) — v(1"2)]c2(12, 125 1) — Tr3=3/[v(13)p(23"; £)ca(13, 1'2;1) — v(1'3")p(32';1)c2 (12, 135 1)
+v(23)p(13';1)c2(32,1'2";1) — v(2'3)p(31';1)c2(12,3'2';1)] (14)
+ Tr=3)([v(13) A3 A1y —v(1'3)Aps Aplp(1151)c2(23,2'3';1)
+ [W(23) A Ay — v(2'3) Arz A]p(2251)ea (13, 1'351)) (15)
+ Tri=3)[v(13) + v(23) — v(1'3") — v(2'3)]c5(123, 1'2'3';1) (16)

for the time-evolution of the 2-body correlation ¢, (12, 1'2';¢).

024601-3



WOLFGANG CASSING PHYSICAL REVIEW C 112, 024601 (2025)

The equation of motion for the three-body correlation c¢3 amounts to

i% e3(123, 1'2351) = [t(1) + 1 (2) + 1(3) — (1) — 1(2') — t(3)]e3(123, 1'2'331)
+[(12) 4+ v(13) + v(23) — v(1'2) — v(1'3") — v(2'3)]e3(123, 1'2'3'; 1)
+[(v(12) + v(13)S) — (v(1'2") + v(1'3)S 1p(11':1)c2(23, 235 1)
+[(W12) + v(23)Sy — W(1'2) + v(2'3)NS 122 1)cr(13, 1'351)
+[(v(13) + v(23)Sy — (v(1'3") + v(2'3))S31p(33":1)c2 (12, 1'2'; 1)

— Tru=s){[v(ADSy — v(1'4)S 1(Po4 + P34 + Poy + Pya)p(11':1)p(44;1)c2(23,2'3";1)

+ 2SSy — v(2'4)S(Pra + Pya + Pis + Piy)p (22 1) p(44'51)c2 (13, 1'3'31)
+ W34Sy — v(3'4)S31(Pis + Pog + Pra + Poy)p(33'51)p (44 1)c2 (12, 1'251)
+[(v(24) + v(34))Sy — (WQ2'4) + v(3'4))S11p(41;1)p(14'51)c2(23,2'3';1)
FI(14) + v34)Sy — (W(1'4) + v A NS A2 )p (243 1)er(13, 1'3:1)
+[(W(14) +v(24))Sy — (v(1'4) +v(2'4))S310(43'51)p (34 1)c2(12, 1'2'51))

a7

(18)

+ Tru—a{[v(14) + v(24) + v(34) — v(1I'4) — V(2'4) — V(3'4)] (Syca(12, 341 1)c2 (34, 1'2':1)

+ 8y (13,24 ;)cr (24, 1'3'51) 4+ Spea(14, 2'3' ;1) (23, 17451))

+(v(24) + v(B34)Sy — (WQ'4) + v 4))Si1c2(14, 145 1)c2(23,2'3'5 1)

+ [(v(14) + v(34)Sy — (W(1'4) + v(3'4))S,1c2 (13, 1'3;1)cr (24, 2'45 1)
+[(v(14) + v(24))Sy — (v(1'4) + v(2'4)S31c2(12, 125 )2 (34, 3’45 1)}

+ Tra—a){[v(14) + v(24) + v(34) — v(1'4) — v(2'4) — v(3'4)]

X (1 = Piy — Py — Py — Pry — Py — Pyy) p(44'51)c3(123,1'2'3;1)

+ [w(14)S) — v(1'4)S 1p(117;1)c3(234,2'34 ;1) + [v(24)Sy — v(2'4)S,]

x p(22';t)c3(134, 1'3'45t) + [v(34)Sy — v(3'4)S310(33;1)c3(124, 124 1)}

+ Try=ay[v(14) + v(24) + v(34) —v(1'4) — v(2'4d) — v(3'4)]cs(1234,1'2'3'4';1)

and no longer depends on interaction terms of order vppp and Trs (vpppp) which drop out.
Following Refs. [31-34] one introduces the bare mean-field Hamiltonian by

h(@i) =t(i) + U (i) = t(i) + Trpmmyv(in)Ainp(nn'; 1);
h(i') = 1) + UG) = () + Truowyv('n) Apy p(nn's 1),
the particle-particle and hole-hole (pp-hh) blocking operator by

QI:J =1- Tr(n:n’)(Pin + Pjn)ﬂ(”l”l/ﬂ); 7j’ —1_ Tr(n:n’)(Pi’n’ + Pj’n’)p(nn/;t),

and the effective (pp-hh) in-medium interaction V=(ij) via
V=(ij) = Q;v(ij); V= j) =0 Wi j)

which act on all terms to the right.
The equations of motion for p, c;, and c¢3 then reduce to

i% p(11'51) = [A(1) — h(1)]p(11'51) + Tra=x)[v(12) — v(1'2)]e2(12, 125 1),

2 2
.0 YR . -/ L = =/1/n/ 187,
i 2, 1251) = ;Zl h(i) — i’E:I’h(l) (12, 1251) + [V7(12) = VZ(1'2)]p20(12, 1°2751)

FIV=(12) = V=(1'2)]ea(12, 1251)

+ Tra=s{[v(13)A13A12 —v(1"3) A3 Ailp(1151)c2(23,2'3';5 1)
+ [v(23) A3 A1y — v(2'3) Ar3 A2]p(22'51)c2 (13, 135 1))

+ Trass[u(13) + v(23) — v(1'3) — p(2'3)]e3(123, 1'2'351),
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and
9 3 3
i e3(123, 1231 = }:hay-E:ha) c3(123,1'2'3':1)

i=1 =1
+[V=(12)Sy +V=(13)S) — V=(12NS) — V=(1'3)S11p(11'51)c2(23,2'3;1)
+[V=(12)Sy +V=(23)Sy —V=(1'2)S, —V=(2'3)S,10(22';1)cr (13, 1'3;1)
+[V=(13)Sy + V=(23)Sy — V=(1'3)S; — V=(2'3)S310(33";1)c2 (12, 125 1) (30)
— Tru=n) {[v(IDSy (Pya + Pyy) — v(1'4)S) (Pog + P3a)]p(44'51)p(11'1)c2(23, 2'3'51)
+ 2N Sy (Pry + Pyy) — v(Q2'4)Sa(Piy + Psa)lp(44'51)p(22'51)ca (13, 1'3'51)
+[v(34)S3 (Pra + Pya) — v(3'4)S3(Pra + Paa)lp(44';1)p (333 1)c2 (12, 1'251)) (31)
+ Tr=s {[v(14) +v(24) + v(34) — v(1'4) —v2'4) —v@ )] {Srea(14,2'3;1)c (23, 1451)
+ 8y (13,24 ;1)cr (24, 1'3'51) 4+ Sy c2(12, 3'451)c (34, 12 1)}
+[(v(24) + v(34)S)y — (W2'4) + v(3'4)NS11ca(14, 1'4';1)c(23,2'3'51)
+[(W(14) +v(34))Sy — (v(1'4) + v(3'4))S2le2(13, 135 1)c2 (24, 2'4'5 1)
+[(v(14) + v(24))Sy — (v(1'4) + v2'4)NS;31c2(12, 125 )2 (34, 3’45 1)} (32)
+[V=A2)+ VA3 +V=(23) - V=12 - v=(1'3) —V=(2'3)]c3(123, 1'2'3; 1) (33)
+ Tremy{[v(1n) A1, Sy — v(1'n ) Ay S11p(1151)e3(n23, n'2'35 1)
+ [v(2n) A0Sy — v(2'n) Ay S2]p(22'51)c3(1n3, 1'n'351)
+ [v(3n) A3, Sy — v(3'n)A3wS31p(33;1)c3(12n, 1'2'1'; 1)} (34)
+ Tryg=an[v(14) + v(24) + v(34) — v(1'4) — v(2'4) — v(3'4)]cs(1234,1'2'3'4';1), 35)

where a couple of interaction terms have been rearranged.
These equations suggest to define the additional operators

Vit (i, i) = Tt e [v(in) AinAra — (@' Apy A2 p (i’ £ )PPy (36)
for the two-body correlation case and
Vit (i, i) = Tr e [0(in) AinSy — v(@'n ) Apw Silp(ii's )PP
Vi, i) = Trguem (i) Ain Ay — v(i'n') Avw AilpGii's 1) P Py (37)

for the three- and four-body correlation case, where all permutation and antisymmetrization operators act to the right. The
operators (36) and (37) describe interactions in the various particle-hole (p-h) channels [33,34] (see below).
Introducing, furthermore, adjoint operators via the relations

(OGij)en)' = ¢, 06" = O )y (38)
and a commutator via
[0, c,] = Oc, — ¢, 0", (39)
the equations of motion can be written in more compact form, i.e.,
i% p — [h(1), p] = Tro=o)[v(12), c21; (40)
9 2 2 3
i o= [Z} h(i), Czi| —[V=(12), c2] — Z} Vi (i, i')es = [V=(12), paol + Tr=y) [Z} v(i3), c3] (41)

and

3 2 3
. 8 . =y .o
o ¢ [; h(D), 63} — [ DoV e | - ;Vf(l, i")es

i<j
= [S3(V=(13) + V7(23))Sy, p(3351)c2(12, 1'251)] (42)
= Tra=a)[S1v(14)Sr Axy Poa, p(11'51)p(22';1)c2 (34, 345 1)] (43)
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+ Tra—s) {[S3(v(14) 4+ v(24) + v(34))Sy, (12, 343 1)c2(34, 1'2';1)]
+[S3(v(14) + v(24)S3, €2(12, 125 1)e2 (34, 34 1)1} (44)

3
+ Truy) [Z v(id), c4(1234, 1'2/3'4'; r)} . (45)

i=1

The set of equations (40)—(45) describe the nonperturbative time-evolution of arbitrary Fermion systems interacting via two-
body forces and avoid any double counting of interactions.

Various limiting cases of these equations are known [31-34]. When neglecting two-body correlations ¢, in Eq. (40) one
recovers the time-dependent Hartree-Fock theory (TDHF) for weakly interacting systems, while —iTr=o[v(12), c2] gives a
collision term. In Eq. (41) the terms [V =(12), pyo] describe residual nucleon-nucleon scattering in the Born approximation (BA),
the additional terms [V =(12), ¢,] lead to time-dependent G-matrix theory (TDGMT), while the contribution with VZJ- (i,i)cy lead
to additional 2p-2h interactions that are important, e.g., for the damping of giant resonances [35]. The physical contents of these
equations becomes more transparent within an arbitrary single-particle basis although the compact form of Egs. (40) to (47) gets
partly lost.

A. Expansion in a single-particle basis

Following [31-34] it is of advantage to expand p, ¢, and c3 in an arbitrary complete single-particle basis v, i.e.,

p(1151) = Zpaa’(t)wa(l)w;’(ll)s (46)
(12,17251) = Z Coparp (Vo (DY) (15 (2), 47)
afa’'p’
c3(123,12'3;1) = Z Copy e pry OV DY), G (15,295, (3). (48)
afya' By’

A straightforward (but lengthy) calculation then gives
d

o P = D e prar = pesiecl + Y 1 D @BIVIAY)Coarp = Capry (hy [Vl B)) (49)
A B Ay
for the one-body density matrix while the time evolution of the two-body correlation matrix is given by
0
l— Caﬂoz’ﬁ’ = Z{ha)»ckﬂa’ﬂ’ + hﬂkcut)\a’ﬂ’ - Caﬁ)\ﬂ’hka’ - Caﬁa’khkﬂ’}
ot -
+ Y Oy WY WYY 020y — (P20)aprry (VY 101AY ) O ) (50)
Myy!
+ Y Qapry WY VI Cryarp — Caprry (M [01AY) O ) (51)
A yy’
+Aup Y Y VIAY) AlQ%0 Crpy + Qg Cayary'] (52)
Ayy!
+ Y WY I8 Clpy wpry + 881 Ciy wpry — 810 Capy iopry — 38 Capyariry |- (53)
Ayy!

where the explicit time dependence of the expansion coefficients has been suppressed. Furthermore, the particle-hole (p-h)
blocking operator

Qaiarrs = SartPrar = ParBan = (1-p = p - Daraerr = =0 (54)
has been introduced, the (pp-hh) blocking operator [cf. Eq. (23)]
QZpiry = Sardpy = SarrPpy — Pardpy =1-1=1-p—p-1=07, (55)
and the mean-field Hamiltonian [cf. Eq. (22)]
hay = (@ltIA) + Y @y [VAy) 4 pyys (56)
124
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while the uncorrelated two-body density matrix is given by [cf. Eq. (6)]

(P20)apa'p = Pac' Ppp — Pap Ppa-

The index A denotes antisymmetrization of the two-body interaction v, i.e.,

(o' B'lvlap)a = (/' B'lvlaB) — (o B'lv|Bar),

@plolap = [ a1 [ 42900032002 bR

The time evolution for the expansion coefficient c? wBy. By furthermore, reads

C3
A

= Z{(aIB|Q:U|)"n)ASa’pAa’ nyB'y — Sacﬁyﬂy’potk()‘va:T|a/13/).A

A
+(ﬁ)/ |Q:U|)"77>A8ﬂ’pkﬁ’cana’y’ - Sﬂcaya’npﬁ)\ (AU|UQ=T|/8/V/>A
+(yalQ=vIAn) ASy pry Cparp — Sy Capnp Pya(AnvQ=" Iy} 4}

+ Z {Sypa/vpﬁn’(A,Tl’|v|0l,71>,45m’ nypy — Sy’cﬁyn’y’aal’ <an,|v|)‘n>.4:0)\a’:0nﬁ’
AN’

+Sa)0ﬂ)u’py77’ 0‘/77/ | vlﬁ/n>A8Aﬂ’Ca77a’y’ - Sa’caya’n’(sﬂ)u’ (/377/|U |)~77)A,0/\/3':0ny'
+8p0y1 Pan (X0 1y 1) 481 Copocpr = Sp Capor Sy (v ' [VIAN) 42y O}

+ > {(@BIOTVIANCS, ) gy — Capyiny AnIWQT ! BY) + (v [Q=VIANCa iy

An

—Cagy MV &Y) + (BYIQTVIANC,, wpry — Cagy wnyAnIvO~T BV

1 3
+ ) W I a{SeQuiars Copy iy + S8Chrgn Canyarny + Sy Qi Capnarpr )

ANy

+ Z{Sa’cﬂya’n (0”I|v|3)»)caxﬁ/w - Sacﬁyé)»(‘s}"'ma/’ﬂcanﬁ/y/ + Sﬁ/Cayﬁ’n<:377|v|5)">C5Aa’y’

néx

_SﬂCayék <8)‘|U |/3/n>cﬂnot’y’ + Sy’Cotﬂy’n ()/ n | v |8)‘>C8Aa’ﬂ’ - Syca/%k <5)‘|U | y/n)cyno/ﬁ’}
+ D ASu (14 PypPy)Coy pry 0 [0120) Cinary St — Sl + Py Py )Coypry (X' 010 0) Cpyiry 10

ANy

+Sﬂ’(l + PayPa’y’)CAya n (.877 |v|)‘77) anﬁ’y’sﬂk’ Sﬁ(l +PayPa y )Cﬂya n <)\ n |v|:3 77) an)'y ’8Aﬂ’
+S (1 + PaﬁPa ﬂ’)CAﬂot n (Vrl |U|M)> any’'p’ Syk’ S (1 + PaﬁP ’ﬁ’)Cyﬂoz n <)‘- n |U|V 7’) an)! ﬁ/(SAy }

+ Z (A" IANNISar Agy Cpapry 8yxr — SaApry'Cypaday 1Canary

AN

+[Sﬁ/Aakaya’y’8aA’ - Sﬂ-Aa’y’ ayA’y’SAa/]Cﬁnﬂ’r]/ + [Sy/AaﬁCaAa/ﬂ/(SﬁA/ - SyAa/ﬁ/caﬁa’k/(g)»ﬁ’]cyny’n’},

3 3 3
aovapy = 2 NhaCusywpy +h51Cory iy + 1iCaprapy = Capyagry i —C

(57)

i)

(58)

(59)

(60)
(61)

(62)

(63)

(64)

where the coupling to explicit four-body correlations ¢4 has been neglected such that the set of equations is closed. The three-
body antisymmetrization operators S, are defined as in Eq. (9) by replacing (1 - «), 2 — B), 3 — y), (1’ —> &), 2" — B)

and (3’ — ).

The physical contents of Eqs. (49) to (64) now becomes transparent when adopting a ‘natural’ basis v, that diagonalizes
the one-body density matrix, i.e., Oyy = NySye’» Where n, denotes the occupation number of the state ¥,. The term hyg ny
then describes the conventional one-loop Hartree-Fock propagation whereas ﬂ(aﬁ|vcz|a’ﬁ yand ) 8 {(aBlcyv|a’B) describe

the coupling to more complicated configurations and will be attributed to two-body scatterings.

B. Two-body correlation dynamics

The equation of motion for the two-body correlation function C, g, g () provides more precise information on the higher order
configurations considered. Whereas the terms with A, describe the evolution of the state in the time-dependent mean field, the
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limit (50) accounts for interactions in the Born approximation, i.e.,

Z{<“ﬂ|Q=U|/\V>(,020)Aya/ﬁ/ — (p20)apry Ay 10O~/ B'))

Ay
= (aBlvla'B") alnang (1 — ny)(1 — ng) — ngng(l — ng )(1 — ng)l, (65)
where one has used that O~ becomes diagonal in the ‘natural’ basis,
Q:,gky = 8aA85y[1 — Ny — nﬁ] (66)

In the Hartree-Fock (HF) limit (n,, = 0 or 1) the operator Q= vanishes for ph or hp states and thus acts as a projector on pp and
hh states.

The interaction terms in Eq. (51) correspond to a resummation of ladder diagrams [31-33] which becomes obvious when
considering the stationary limit of the particular approach including the interaction terms in Egs. (50) and (51), i.e.,

(0 — (g + Eﬁ))Caﬁa’ﬁ/ — (0 — (e + Eﬁ/))caﬁa’ﬂ’
= 30 = 1 = n) @Bl B 0y — 3 (Pdapsy G 01 B = s — g, ©7)

Ay Ay

assuming hq), = €484, While (02)aparp 15 given by

(02)aparp = (020)aparp + Caparp- (68)
Equation (67) is fulfilled for (¢ — 07)
Cuparp = [0 — (o + €p) +i€]7 (1 = 1 — np) Y_(@BIVIAY)(P2)syarp (69)
Ay

and its hermitian conjugate equation. Defining a G matrix via
(aBlvpa|d'B') = (aBlGpxle’B') (70)
and using Eq. (68) one obtains

d—=m —ny)

Y @BIGIY Y or0)ywp = Y _(@BIVY Y 020)ywp + Y _(@Blvlhy) PR

Y GvIGIY ) (p20)yarps

My’ My’ Ay Ay’
(1)
which for arbitrary matrix elements of p,( gives the result
Y /! (l_n)\_nl/) 7Y
aB|Gla = (afB|v]a’'B’) + aBlv|i —(Ay|Gla'B'), 72
(@BIGla'B') = (aBlvle’B) + ) ( ﬁlly>[w_(q+€y)+l€]()/l o' ) (72)

ry
which is the G-matrix equation [36,37]. Thus the terms (51) account for the ‘short-range’ correlations in the traditional sense.
Note that in conventional Brueckner theory the matrix element of Q~ is approximated by (1 — n, — ny, + neng) = (1 — ng)(1 —
ng), i.e. hh scattering is neglected.
The terms in Eq. (52) account for ph interaction diagrams (fully antisymmetrized) since also O becomes diagonal in the
‘natural’ basis
Ooiarrr = SarSra [Ny — 1] (73)

and excludes pp or hh interactions in the HF limit.
When neglecting the antisymmetrization A, g in Eq. (52) and assuming Q=v = 0, i.e., neglecting pp and hh interactions, the
two-body correlation matrix becomes separable, i.e.,

Copap (1) = fau () fpp (1) (74)

and one obtains

0
fﬁﬁ’ {15 Joo — (€4 — €0) foar — Z(na’ - na)<ayl|v|a,y>¢4fyy’}

vy

ad
+ faa'{ia fop — (65— €p) fpp — D (g — nﬂ)(ﬂy/|v|ﬁ/V>Afyy’} =0 (75)

vy’
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when assuming again hy; = €,8q,. Equation (75) is fulfilled if f,, and fgg each are the solution of the random phase
approximation (RPA) equation [33]

[0 — (€0 — €0 fua (@) = (1o = 110) Y (/[0y} afyy (@) (76)

vy

when performing a Fourier transformation in time (ft — ). Thus Eq. (74) describes RPA correlations in the specific limit
considered and accounts for ‘long-range’ correlations or ‘density fluctuations’ whereas when including all interaction terms in
Egs. (50)—(52) simultaneously one describes ‘long’ and ‘short’ range correlation phenomena on the same footing without double
counting of interactions. Note that the theory dynamically accounts for the lowest order parquet diagrams [22].

C. Three-body correlation dynamics

Within the natural basis (pug = dup ) the equations for the expansion coefficients read
0 5 3
rw Copyapy — (€ t+ept+e€, —ex —€g —€) Copy gy
= Y {((1 = ny — np)l{aBlvla’'n) a ne Coypry — (@BIVIBN) 4 ngr Coyaryr — (@BlVlY M) A 1y Copprar)
]

_(Cﬁyny’ Ny (OH’]|U|(X/,3/>_A - Cayny’ ng (,377|U|01//3/>A - C/Sutr]y’ ny <V77|U|Ol//3/)A](1 — Ny — nﬁ’))
+((1 —hg — ny)[(ﬁ)/|v|,3/’7)A ng Cana’y’ - (ﬁJ/|U|0/77)A Ny Cumﬂ’y’ - <,3V|U|V/’7>A Ny Cotna’ﬁ’])
_([Cotyot/n ng <,37]|U|,3/)//)A - Cﬂya’n Ny (0”7|U|,3/J/,>A - Caﬁa’n ny ()/77|U|13/J/,>A)](1 — ngr — ny’)
+((1 —ny — ny)[(VW|U|V'TI>A ny Cnﬁot’ﬁ’ - (VOl|U|ﬂ’71>A ng Cnﬂa’y’ - (VOl|v|0l’TI>A Ny Cr]ﬁy’ﬁ’])
~([Capnp 1y (ynlvly'@) a4 — Cyppp ne (an|vly'a’) a4 — Coyyp np (Bnlvly'a’) DI — ny — ny))}

— Y {(Cpynylanlvle’ By anang — Cpynp lan|vle’y') antany: — Cpyparlomlvly’ ') anymp)
n

—(ngng(aBlvla/n) ACyy gy — nany (ay [vle'n) aCyppy — nyng(y Blvla'n) aCpy)
+(Cayary (BNIVIB'Y ) aAngny — Caypry(Bnlvle’y") angny — Coypyry(BnlvlB'a’) angng)
—(ngny (BY 10IB'M) ACanary’ — nay (ay [VIB'M) ACpnary — npna(Bet|vIBn) AC,nary')
+(Capp (ynlvly'e) anyng = Capya (ynlvly’B') anymg — Capyy (ynlvIB'e’) angnyar)

—(nyna (yalvly' ) aCypar — nyng(y B’ 101y m) AChaap — ngna(Berlvly ) ACyap)) (77)
+ > {0 = na = ng)(@BIIANC,, wpry = Capy iy (Bnlvled B (1 = s — )
An

+(1 = 1y — )@y VI Gy iy — Capy sy Anlvle'y') (1 = nee — )
+(1 =1y — ng)(BYVIANCL,, gy — Cagy g NIVIBY)(1 = ng — )} (78)
+ ) {0 wlan) (g — na)Cg, gy — (@0 101BM) A = 16 )Coy oy — (@0 [y 1) Ay = 10)Co e iy
nn'
(B lan) Al — ng)Chyy iy — B0 WWIBN) A — 1 )Co iy — (BN 0IY D) A1y = 1 )Ca g iy
H M lym Ay, = ny)Copy g — V0 0B A(g = 1y)Cay oy — (71 T0l00) A(Ma = 1,)C gy e} (79)

where terms of order vc,c, have been discarded. The terms of order vpcs describe corrections to the propagator for c3 in the
pp-hh channel as well as in the p-h channel while the terms of order vpc, and vppc; are the leading order contributions for the
three-body collision term. Thus—neglecting the terms with vpc3 and vc,c;—one obtains in leading order

.0
(lg —(€atept € —€w —€p — 6)")) Cgtﬂy,a’ﬂ’y’

=Y (((Manpha + Rufigng ) (@Blvla'n) 4 Coypry — antpiy + Aaiigng ) BlvIBn) 4 Coyary
n

- (nanﬂﬁy’ + ﬁaﬁﬂny’xaﬂlw]/,n)fl Cnyﬂ/a’) - (Cﬁyny/ <0‘n|v|a/ﬂ,>A(na’nﬂ/ﬁa + ﬁa’ﬁﬂ’na)
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— Cayny (Bnlvle’ B A(nongiig + figiigng) — Cpany (ynlvie' B'Y al(nongit, + g iign,))
+ ((ngny g + i, ng ) (By 1B M)A Canaryr — (npnyfig + figiyng ) By [vle'n) 4 Cangryr
— (ngny ity + figityn, ) (BY 0¥ M) A Canarpr) = Cayary (BNIVIB'Y ) Alngny, fig + figity,mg)
— Cpyary an|v|B'y") a(ngny iy + figit,ng) — Cagary (YnlvIB'y") A)(npny i, + figi,m,))
+ (ngny, iy + figit, iy )y @lvly'n) a4 Coparp — (naityfig + figityng )y a|v|B'n) a Copary

— (oM fig: + Tigity o )(yalvla'n) 4 Copyp) — (Capnp (ynlvly @) a(ngmy, ity + figity,my,)
— Cypnp lanvly @) A(ngny iig + figityng) — Cayng (BIVIY &) A)(ngny iig + figiiyng))}

= Vo wpy @) (80)
using the identity
ngny, + (1 —ng —n,)ng = ngn, g + figi, ng 81)

with 7ig = 1 — ng, which clearly demonstrates the Pauli blocking. Note that the right-hand side (r.h.s.) of Eq. (80) is entirely a

function of the occupation numbers and the two-body correlations, which will be determined in leading order below.

III. COLLISION TERMS

In the context of transport theories the two-body and three-
body collision terms are of primary interest. In order to obtain
transparent results the leading order terms for Cygyp () and

Ciﬂy «ply’ ,(t) will be considered.

A. Two-body case

In leading order one considers

— [h(1), p] = Tr=2)[v(12), 2] (82)

15,0

and
z— e~ [Z hi), Cz:| =[V=(12).px].  (83)

The collision term in Eq. (82) requires to compute
F(1;1) := —iTrp—on[v(12), c2(12, 1'2';1)] (84)

or in a single-particle basis

L) =—=i) > {(aBlvlry)Ciyap(t)

= Capry )1y vl B)}, (85)

i.e., the explicit knowledge of the two-particle correlation
function in an arbitrary basis |a).

To calculate the two-particle correlation function in leading
order one uses a discrete basis in which the single-particle
Hamiltonian A, () and in particular p,, () is diagonal, i.e.,

,Ootoz’(t) = Ny (t)saa’ . (86)
J

hak(t) ~N €y (t)(sa)u;

(

In this basis the equation of motion for the expansion coef-
ficients Cy gy g () then reduces to (omitting the explicit time
dependence of all quantities)

.0
LE‘M+%_W_%#@W“”
=Y {(@BIQ™vIAy ) (020)yep

Ay
— (P20)apry (Ay VO™ |’ B')}
= (aBlv|d' B alnanpiigiig) — nengiigig )]
=: (aB|Vp()la'B), (87)

where one has taken advantage of the fact that in this basis
Q= is diagonal

OQupry = Sardpy [l —ng — ngl. (88)
Furthermore, the identity
ngng(l —ng —ng) —ngng(l —ny — ngr)
= na’nﬁ’ﬁaﬁﬂ — nanﬂfla/flﬂ/ (89)

has been used with 7, = 1 — n,,.

Equation (87) is a differential equation of first order in
time that can be integrated directly. With regards to approx-
imations to be carried out later (within the framework of the
energy conservation in two-particle collisions), it is assumed
in the following that in particular the single-particle ener-
gies €,4(t) ~ ¢, are weakly varying functions of time. This
approximation is particularly well or exactly fulfilled for the
electron states in solids as well as for the single-particle states
in a sufficiently large normalization volume. For a vanishing
homogeneous solution of (87) Cy g4 (t) then is given by

Coparp(t) = —i/ dt’ exp{—ile, +€p — € — €1t — 1)} (V) B), (90)

fo
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as one can easily verify by insertion in Eq. (87). Due to the function in the occupation numbers the matrix elements C, g, g vanish
identically and do not contribute to the normalization of the 2-body density matrix p,, i.e.,

> (Paabpp = PapPpa + Capap) = Y _(Maltp — nabup) = A(A — 1) ©1)

af

with A denoting the total particle number.

af

For the diagonal element of the two-body collision term (85) one obtains with Eq. (90)

L) ==Y Y {{aBlvry)Ciyap(t) — Cupry 1)y [0l B))

B Ay

-3 / dr'{exp{—iles + €, — €4 — €51t — 1)} (@Blv|2y) Ay [Va(t)laB)
By 0

— exp{—iles + €5 — €, — €, 1(t — " HYHaBIVE(t)|Ay) Ay |viap)}

ZZ[ dt' 2 cos{ley + €5 — €, — €,1(t — 1)}
gy VN0

x (aBlvlry) Ay vlaB) alm. (" n, (¢ ig (tigt") — no (t Ing(t )i, (t iy, ()] (92)

with Vg(¢) from Eq. (87). In Eq. (92)

(@BlVs()Iry) Ay vlep)} =

has been used since the function with the occupation num-
bers changes sign. The collision integral (92) then can be
illustrated as shown in Fig. 1, where the open circles denote
a factor n for the occupation number while the full circles
denote a factor 7.

The further assumption is that the occupation numbers
ng(t') = ny(t) are approximately constant in time. In this case
one can carry out the time integration in (92) for systems of
low density or weak residual interaction and gets

/ dt’ cos(leq + €5 — 6 — €1t —1))  (94)

fo

AT (g +€g— €L —€)), 95)
Q A O ® Q
14 Va
s 2PN B
( \ .j

® a

B
d )

FIG. 1. Illustration of the collision integral (92), where the open
circles denote a factor n for the occupation number while the full
circles denote a factor 71. The closed line corresponds to a summation
over particle 2 (or index §). Here, V, denotes the antisymmetrized
matrix element of the interaction v.

—(aBlvIry) (Ay [Vs(t)lap) (93)

(

i.e., the energy conservation in the two-body collisions. For-
mally this result is obtained by taken the limit r — oo.
Equation (94) implies that the time between two subsequent
collisions 7, is large compared to the actual collision time
7., such that the energy uncertainty associated to tj, i.e.,
A€ =~ hi/tg; will be small. For the diagonal elements of the
collision term one then obtains

I(fa(t) ~ 2w Z ZS(GQ +eg—€,—¢€,)
B Ay
x {aBlv|ry ) Ay |vlaB) a [nany, igiig — ngngiiiy, 1(F)
(96)

in the basis |o) in which the matrix p,, is diagonal. Note
that the result (96) is obtained directly when approximating

O @
A a
Va
Y o Py B
O @
o \J
— Vv, A
B~ 8

O @

FIG. 2. Illustration of the matrix element Cj,4p in the on-shell
limit, where the open circles denote a factor n for the occupation
number while the full circles denote a factor 7i. Here, the box with V,
denotes the antisymmetrized matrix element of the interaction v.
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Ciyap by
Cryapt) =im 8(eq + € — €, —€))
x Ay [vlaB) almn, fighg — ngngiiii, 1(t)
= —i (Ay[Vg(D)|aB).a, o7

i.e., by the on-shell matrix element of the (antisymmetrized)
interaction v with its characteristic function in the associated
occupation numbers (except for a factor —im). Accordingly,
Cjyap in the on-shell limit can be illustrated by the diagrams
shown in Fig. 2 where the open circles denote occupation
numbers and the full circles blocking factors.

J

Equation (96) now is evaluated in the basis of plane waves
|a) ~ exp{ipy - r}, such that the matrix p becomes diagonal
in momentum space

p(p,p) = (27)*8*(p — pHin(p). (98)

In Eq. (98) then n(p) has the physical interpretation of the
occupation number of a plane wave with wave number (or
momentum) p.

Next, one assumes for simplicity that the matrix elements
of the interaction v in Eq. (96) are independent of spin o; (and
isospin 7;) and in spatial representation given by

3 3
(rir20102 71 12|V|0102 Ty T2 T 1Y) = 86,0, 80,05 07 7, Onyzy 67 (K1 — I1)87 (X2 — T2 )u(r) — I2) 99

or in momentum representation by

(P1P20102T1 T2 |V|01 02 TY T2 PIPY) = 8010, 8020y 117, Orary (27)7 87 (P1 + P2 — Pr — P2)V(P2 — P2),

(100)

which expresses the conservation of momentum in the two-body interaction.
With these approximations one can evaluate Eq. (96) and obtains with €(p) = p?/(2m) (nonrelativistically),

d’py d’ps d’p,

P(pi,pi;t) = 2s+ D2t + 1)/

x 2715( [P} + 13—

x {n(ps; On(ps; i(pr; Hia(p2; 1) — n(pr; Hn(p2; HA(P3; HHi(Pss 1)}

@2n) 2r)? 27)}

pﬁ]) (27’8 (p1 + P2 — P3 — P4) v(p2 — P4)v.a(ps — P2)

(101)

Equation (101) describes scattering processes p; + p2 — p3 + p4 (‘loss’ term) and p3 + ps — p; + p2 (‘gain’ term) with the
conservation of energy and momentum. Furthermore, the momentum states p3, ps4 (for the ‘loss’ terms) or py, p» (for the ‘gain’
terms) cannot be completely occupied due to the factors 7(p;; ¢), which contain the Pauli blocking for fermions.

Using the Born approximation for the elastic differential cross section

dO‘el

d2

—FV
l6m2n* A

2

m -

v (102)

for two-body scattering of particles (of mass m) the collision integral—after integration over the §-functions—becomes (cf. [10]

p. 62)

d’p,
Iz(pl,pl;r>=<2s+1)(2r+1)/ Oy

with the relative velocity

rel =

|p1 — p2|
m 9

/dQ Urel —— (p1 + P2, P2 — Ps)

x{n(p3; t)n(ps; Ha(pr; Hi(p2;t) — n(pl;t)n(pz; Hi(p3; 1)i(ps; 1)}

(103)

(104)

which is of the familiar Uehling-Uhlenbeck form [6]. Note that in Eq. (103) the four-momenta are constrained by energy and

momentum conservation.

B. The three-body case

In leading order one now considers the following set of equations for p(#), c2(¢), and c3():

.0
i p—1h). ol

z— o — [Z hi), Cz:| = [V=(12), pao] + Triz=3)[v(13) + v(23), 3]

= Trp=2)[v(12), c2];

(105)

(106)
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)
0 O . o a . 4 o
Va n Va
O
A / . /
E " o B E o 8
/ /
v v vy Y
FIG. 3. Illustration of a term in the three-body correlation C‘s by .aBy (t) where the initial and final lines are constrained by energy
conservation.
and

9 3
vl h |:; h(i), C3:| = [S3(V7(13) + V7(23))S3, p(33':1)c2 (12, 1'2';1)]

— Tra=4)[S1v(14)S1 Az Pog, p(11751)p(22'51)c2(34, 3'451))]. (107)

Here, the left-hand side (1.h.s.) describes the propagation of all particles (initial and final) in the time-dependent mean field,
whereas the r.h.s. presents the individual inhomogeneous terms of lower order, which represent the source terms. In analogy to
the previous section one obtains for c3(7) in the natural basis in the limit (107)

t
Copyarpy ) = —i/ dt’ exp(—iley +€p + €, — € — € — €,/ 1(t —1'))
fo

X > A ((angiia + afigng ) Blvla'n).a Cpypy — (nangip + faiigng ) eBlv|Bn) 4 Cryary
n

— (nangity + fgiigny, ) (@Blvly'n)a Coypa) = (Cpyny (anlvla’ B') a(nang fia + figfigng)

— Cayny (Bnlvla ') a(nangiig + fiwiigng) — Cpany (Ynlvla' ') a(ngngi, + iigiign,))

+ ((npnyig + figii,ng ) (By 01BN A Canary — (npnyfig + figiiyng ) By [vle'n) 4 Cangryr

— (ngny ity + figit,n, B0y M) A Canarp) — Cayary (BNIVIB'Y") alngny, fig + fig ity ng)

— Cpyary (anlv|B'y") a(npny, fig + figityng) — Copary (yn|vIB'yY") ) (npny ity + figitym,))

+ (nany ity + fighyny )y ||y n) 4 Coparpr — (nantyfig + fiaiiyng )y alvIB'n) a Copary

— (g fig + gy ng )y alvle'n) 4 Cppyrp) — (Capyp (Ynlvly @) a(many ity + figitymy,)

— Cyppplan|vly'e’) alngny fig + fie ity ng) — Caynp (BnlV|Y @) 4) (o, fig + i iy mg))}, (108)

where the explicit dependence of all terms on ¢’ has been suppressed. It is of advantage to rewrite Eq. (A1) in more compact
form using, e.g.,

(@BIVI'n) 4 = (nanpiia: + Aaiigng ) (o Blvla'n) 4,
BV Iy ) a = (Bnlvly'a) a(nany fip + ity ng), (109)
which explicitly depend on time ¢’ via the occupation numbers involved. This leads to
t
Cgﬂ%a,ﬂ,},,(t) = —i/t dt’ exp(—ileq +€g +€, — € —€p —€,/1(t —1'))
0
X > {1 = Py — Py )@BIV &0} 4 Crypryr — (1= Pup — Pay)Cpyay (enlV o' ') 4
n
+ (1 - Pa’ﬁ’ - Pﬁ’y’)(ﬂy|‘7|ﬂ,n>A Cana’y’ - (1 - Paﬂ - Pﬂy)caya’n (ﬂ77|‘7%|.3/7/,)¢4
+ (1= Py = Pory )ya|VIy'n)a Coparp — (1 = Pay — Py )Capnp (ynIV |y ') 4} (110)

in more compact form with V (¢') and C(¢'). Note that Zn does not involve an intermediate propagator. An illustration of a single
term in Cygy oy 1S presented in Fig. 3.
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Now one uses the result (90) for the two-body correlations, i.e.,

Coparp (t') = —i/ dt” exp{—iles + €5 — € — g1t — ")} (aB|V5(t")|'B) (111)

to

and inserts in Eq. (110). Since this is straight forward (but lengthy) an explicit representation is discarded.
The next step is to insert Cogy o/p,(t") Eq. (110) in

(@BIVRlBY@) == DY {{ay i) gy gpy &) + (BY VIAR) Cy 0y (2D}
y=y" iu
= 2 D Gy a0 Gulvley') + GGl s, (1) (vl By, (112)
y=y' iu
which is the additional inhomogeneous term in Eq. (}06) (Trz=3)[(v(13) 4+ v(23)), c3]).

One obtains the extended two-body correlation Cppqp () With the additional inhomogeneous term (112) by a further time
integration as

Coparp(t) = —i / dt’ exp{—ileq + €5 — € — g1t — 1)} (@BIVp(t') + VA ()l B), (113)

fo

which now includes the effects from 3-body correlations via Eq. (112).
For the diagonal element of the collision term one proceeds as in Sec. III A and obtains

fua @) = =i Y Y {{@BlvI8v)Couup (1) — Cupsr (1) (8VIvIB))
B Sv

=L,0-Y Y / dt'{exp{—iles + €, — €, — €51(t — 1)} (@Blv]8v) (SvIVE (1) B)
B sv Yo

—exp | — ileq + €5 — € — €,1(t — )} @BV (1)]6v) (Sv[v|ep) ], (114)

which includes the two-body contribution Io%a (t) from Sec. IIT A and the additional three-body contributions by Vg’ (t). The other
two time integrals—appearing in the matrix elements of the two-body correlations and three-body correlations—are treated in the
same fashion and approximately give additional factors —im§(s.p. energies). Although one might question this approximation,
which is invalid for short time intervals, this approximation leads to energy conservation in each individual interaction matrix
element.

One then gets for the first two contributions in the three-body collision part

Iza(t) ~ -7 ZZ 0(eq +€p — €5 —€,)(af|v|dv) Z ZZ{S(E* +e t+e,—€—€g—€,)
B v Y=y An n

X 8(€y + €4 — €p — €,) Sy [vlAm) QvIV()lan) 4 (nulVsBy)

+8(es + €+ € —€q — €5 — €,)8(ey + €, — €5 — €,) (Vy[vIAw) (SAIV |am).a (nu|ValBy')}, (115)
=17 Y Y Sleatep—e—e)@Bluv) Y Y Y (S(ert e —€a —€y)
B v y=y' iu 7

X 8(€y + €, — € — &)y vlap) IV (©)lan)a (nulValBy')
+8(es + € — € — €,)8(ey + €, — €g — €,) vy [VIAp) (BAIV ()lam) a (nulVisIBY")). (116)
The three § functions in energy ensure that all four matrix elements of the interaction are taken on-shell. Defining
(aB|vjuv) :=6(eq + €5 — €4 — €))(aflv|uv),
(@BIV ()| uv) 4 = 8(ea + €5 — €, — €,)(@BIV ()| 4v) 4,
(@BIVB()|uv) 4 i= 8(eq + €5 — €, — €,)(@BIVa(1)| 1), (117
one can rewrite Eq. (116) in more compact form as
B @) ~=m> Y " " (@pBlolsv) YD > (ylvlaw) AvlV©lanya mulVslBy)+ vy vlaw) (SAV ()lan)a (nulVs|By)).
B v y Ao
(118)
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B v v o V.

( Y 2

FIG. 4. Illustration of the interaction terms in Eq. (118) for the
‘loss terms’, i.e., including only the occupation factors —ngn, i1, i, in
the matrix element (n/|Vz|By’). The open circles denote occupation
numbers while the full circles stand for blocking factors. The closed
lines corresponds to a summation over particle 2 (or index 8) and
particle 3 (or index y).

Here, > g = Tr, denotes the summation over particle 2
while ZV = Tr3 denotes the summation over an additional
particle 3. Figure 4 shows an illustration of the interaction
terms in Eq. (118) for the ‘loss terms’, i.e., including only
the occupation factors —ngn,iiyii, in the matrix element
(ni|Vg|By’). The open circles denote occupation numbers
while the full circles stand for blocking factors. The full list
of interaction terms is given in the Appendix.

IV. EQUILIBRATION IN A BOX WITH PERIODIC
BOUNDARY CONDITIONS

In this section a numerical analysis of the relative impact
of three-body contributions is addressed in model systems
that are related to shifted Fermi spheres in a finite or infinite
box with periodic boundary conditions. Such model systems
reflect the initial overlap phase of heavy-ion collisions at low
or intermediate energies where elastic collisions and Pauli
blocking dominate the relaxation processes.

In case of periodic boundary conditions for a homogeneous
system in a finite volume of size V = a® the single-particle
eigenstates in coordinate space (for nucleons) are

<r|nxnynzv ng, M)

2
= (rla) = —exp (ij[nxx+ nyy+ nzz])x(ns)r(nf),

(119)

where x(ng;) denote the two orthogonal eigenstates for
the spin and 7(n.) for isospin, respectively. By construc-
tion these states are orthonormal in all quantum numbers.
The momentum components of particles are given by (i =
+1,£2,43,..))

2nh

pi(n;)) = —ny (120)
a

and the single-particle energies by

2h2 2

MNa (n +n +n)=:

@(nf + nﬁ + ng)
(121)
when assuming no contributions from spin and isospin projec-
tions. Here, My stands for the nucleon mass. Within this basis
the conservation of energy and momentum in two-body tran-
sitions can be strictly fulfilled and easily controlled via integer
numbers n; for momentum or n? for energy. Furthermore, the
matrix elements of a local §3(r; — r)-type interaction, i.e.,

E(n,n nya nz)

u(r; — 1) = Vp 8°(r; — 1) (122)

with interaction strength V; are, assuming the interactions
again to be diagonal in spin and isospin,

3.4

<n3 l’l3 i’l SNy 2 2)

n n4|v|n I”ly,l’ll I’lz i’l ,n

/ dx/ dy/ dz
—a/2 —a/2 —a/2

X exp (—l—(n + n nz - ni)x)
a
27 2_ 3 _ 4
X exp <—17(ny +ny —ny —n))y

2w
<onp (<2 ol 42 = nf = )e)

a
= E(S(n + 1 —n3—n4) S(nyl—i—n%—n%—ni)
e ) )

Y
x 8(n} +n —nl —nl), (123)

which implies momentum conservation in the transitions 1 4

2 < 3+4.

A. The two-body case

In case of a diagonal density matrix pyq (f) = 84q1e (?) the
change in the occupation numbers n, () is given by the two-
body collision term 12, (t),

d
() =1 (r)———ZZ (BlvIAy)Cryap ()

- Caﬁky(t)()‘-ylwt)lﬂ)]-

When inserting the on-shell solution for C,(¢) Eq. (97) one
ends up with

%ZZ d(eq +€g— € —€))
B Ay

x {aplv|dy)(ry|viap)a

X [ (t)ny, ()i ()i (t) — ne ()ng ()i, (t)ity, (1)].
(125)

(124)

I3 (1) =

These expressions can be worked out further in case of pe-
riodic boundary conditions by using Egs. (121) and (123)
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giving (in the on-shell case)
27 3 Vi
2 _ o2 Ve 1 2_ 3 4
I2,(t) = =14t Eﬁ ;y 8(ny +n; —n, —n)

X B(ni +n§ —n; —n‘yl) (S(rzz1 —}—n? —ng —ng)

x 8(my, + mg — m;, — m3) [na(Ony, (g (1)Ag(t)
— ng (1)np (1) ()i ()] (126)
using the notation
m = (m)" + (m)” + (nl)’ (127)

which (except for a factor @) gives the discrete single-particle
energies.

Since the loss-term in Eq. (126) is proportional to n, one
can determine the on-shell collision width for the state « by

27h 3 V2
Fot = %Za—%%:;(?(n;—l-nf—ni—ni)

ny) 8(ng +nz —nZ =)

(128)

X 6(11)1 +n%—n§ —

X S(mi + mé —m} — m)z/) ngn; i, .
In the continuum limit a — oo the collision width of a

particle with momentum p,, reads for isotropic scattering with
a constant and isotropic cross section

My 3
=N 129
GEZ 4ﬂh44 0 ( )
(~32.4 mb for Vy = £300 MeV fm?),
hc
T'(p,) = d| d’ dQ o —
(Po) i) / PB / Urel (P — Pg)
Ue
X ﬁ n(pp)(1 — n(p3))(1 — n(p4)), (130)

where the final states p; and p4 are fixed by energy and mo-
mentum conservation except for an angle Q = (cos(¢), ¢) in
the individual center of mass which has to be integrated over.
The relative velocity—in the nonrelativistic limit—is given by

|pa _pﬁ|

My (131)

Vrel (Pe — pﬁ) =
while the factor d =4 in Eq. (130) stems from summation over
spin and isospin. The factor 3/4 accounts for the fact that the
antisymmetrized matrix element of the interaction vanishes in
case of a § force for nucleons with identical spin and isospin.
Thus, in practice one has an effective degeneracy factor d =3
for the scattering of non-identical particles.

The numerical calculations are carried out in boxes of side-
length a = 15-18 fm (depending on energy) employing the
lowest 1016 basis states. This basis was found to be sufficient
since by increasing the number of basis states by a factor of 2
the results obtained for the quadrupole moment in momentum
space

Q)= (20}, = Pl — Phy)nalD)

a

(132)

1 4
— -
o
Il
whd
N
N
¢}
—
3= 0.1 i
~< ——32 MeV/u
(e} 47 MeV/u
75 MeV/u
—105 MeV/u
—— 130 MeV/u
0.01 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25 30

time (fm/c)

FIG. 5. Numerical results for the time evolution of the
quadrupole moment (132)—normalized by Q,(t = 0)—for colli-
sions at 32, 47,75, 105, and 130 MeV /nucleon (MeV /u).

do not change within the linewidth. It is noted in passing
that the conservation of energy, momentum and total particle
number is fulfilled within the numerical accuracy (*107°).
The actual numerical results for Q,(¢) are displayed
in Fig. 5 for a couple of bombarding energies from
32 MeV /nucleon to 130 MeV /nucleon showing a pronounced
exponential decay which can be well approximated by

0(1) = Os(t = 0)exp(—1/1) (133)

in all cases. The extracted results for the relaxation time t are
displayed in Fig. 6 for different bombarding energies by the

30 T T T T T T T T T T
relaxation time
25 -
» 2-body:
—_20F -~ ®-- box .
o I T, --%-- BUU ]
€ 5 L. )
t T,
e [ ‘::::‘ ]
10 | " i
5| LI
0 " ' & " 1 " 1 " 1 " 1 "
20 40 60 80 100 120 140
E,., (MeV/u)

FIG. 6. The relaxation times 7 extracted from the approximation
(133) are shown by blue boxes for different bombarding energies.
The corresponding results from BUU calculations are displayed by
red stars.
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FIG. 7. The initial occupation number as a function of p, and p,
in case of a bombarding energy of 130 MeV /nucleon in the contin-
uum limit. The shaded area here indicates an occupation number of
1 while the outside region in momentum is unoccupied. The Fermi
momentum is taken as pr = 268 MeV/c which gives a nucleon
density of ~0.335 fm .

blue boxes and found to drop rapidly with energy due to a
weakening of the Pauli blocking in collisions.

How does this compare to the continuum limit within
standard BUU transport calculations? To this end the BUU
transport code from Ref. [11] is used in a finite box (of similar
size) with an isotropic cross section o, = 32.4 mb, which
corresponds to the interaction strength Vy = 300 MeV fm?

J

according to Eq. (129). The initial distribution in occupation
number is illustrated in Fig. 7 as a function of p, and p,
in case of a bombarding energy of 130 MeV /nucleon. The
shaded area here indicates an occupation number of 1 while
the outside region in momentum is unoccupied. The initial
conditions for the BUU calculations are chosen by Monte
Carlo (for 1000 parallel ensembles) according to Fig. 7 in
momentum space and distributed homogeneously in a box
of volume (17 fm)>. The actual densities in the calculations
are 0.280 fm™?, 0.298 fm~?, 0.318 fm~>, 0.335 fm >, and
0.34 fm =3 for 32, 47, 75, 105, and 130 MeV /u, respectively.
The densities for the discrete basis amount to 0.274 fm™3,
0.294 fm,0.32 fm 2, 0.33 fm >, and 0.335 fm > for 32, 47,
75, 105, and 130 MeV /u, respectively, while the side-length
of the boxes varies from 15-18 fm.

The results of the BUU calculations for the relaxation time
T are shown in Fig. 6 by the red stars, which are found to agree
within a few percent with the discrete finite box calculations
(blue boxes). One cannot expect identical results since the
continuum limit implies slightly different initial conditions
and slightly different initial densities as quantified above.
Nevertheless, the good agreement shows that the on-shell
correlation dynamics and standard 2-body collision transport
simulations well compare with each other.

B. The three-body case

Let us now turn to the three-body collision integral. The
three § functions in energy ensure that all four matrix elements
of the interaction are taken on-shell. Defining

(aBlDlpv) == 8(ea + € — €4 — €)(@Blvlpv)  (134)

one can rewrite the first terms in I, (¢) as

B, @y~—m>Y "% " (svvlap) DY > (ayldlhwlnngis + faiigns (ABIIS0) 4 (nl0lvy) 4 [nuny ighly, — nyny ity ]
B v 14

Apnoom

+ (ﬁVWMM)[M”Aﬁa + flaﬁxna](aMmM)A (77M|0|V)/>A [nvnyflnﬁp. - nnnuﬁvﬁy]

- [nanﬂﬁA + ﬁaﬁﬁnk]«yﬁ'ﬁ'}“n).ﬁl (7)}/|1A)|VM)A [nvnuflnﬁy - nnnyflvﬁu]()hu"ﬁ'ay)

- [nanﬁﬁé + ﬁaﬁﬂn6]<aﬂ|f)|gn>¢4 <'7V|i>|)‘-ﬂ)A [nknuﬁnﬁy - nnnyﬁkﬁu]o\:u'mvy) }oe

Here, ) p= Tr, denotes the summation over particle 2
while Zy = Tr; denotes the summation over an additional
particle 3.

The calculations for the time evolution of the occupation
numbers (A9) including the three-body collisions—Iisted in
the Appendix—are carried in the same basis (of 1016 or 1568
states) as for the two-body case, where the possible final
states (Au) are precalculated for all initial states (@f8) and
stored in a file. Due to the large number of interactions (see
Appendix) and internal loops the required CPU time increases
by a factor ~2 x 10° compared to the two-body case. Again
the conservation of energy, momentum and particle number
is fulfilled within the numerical accuracy. A typical result for
the relaxation of the quadrupole moment is shown in Fig. 8
for 32 MeV /nucleon (lower blue line), where the results are

(135)

(

compared to the two-body case (upper red line). This result
remains practically unchanged when enhancing the number
of basis states from 1016 to 1568 (black dotted line), which
also increases the CPU time by approximately another order
of magnitude.

Extracting again a relaxation time t by an exponential
fit one obtains the results displayed in Fig. 9 for different
bombarding energies which shows that by including the three-
body interactions the relaxation time 7 decreases by about
a factor 1.5 at 32 MeV/nucleon. This decrease becomes
larger (up to a factor of about ~3) with increasing bom-
barding energy since the systems becomes more dense—due
to the enhanced number of occupied states—and transverse
momentum states are more easily accessed by three-body
scattering than in case of Pauli-blocked two-body scatterings.
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FIG. 8. Comparison of the results for the quadrupole moment
0, (t)—normalized by Q,(t = 0)—for the two-body case (upper red
line) with the result including the additional three-body interactions
(lower blue line) for 32 MeV /nucleon (MeV /u). The result for the
two-body + three-body case within an enhanced basis of states is
shown by the black dotted line and almost identical to the blue line.

These results indicate that standard transport calculations—
only including two-body scattering—might underestimate the
relaxation in low energy heavy-ion collisions.

Some comments to these results are in order: First of
all the effects of three-body collisions might be overesti-
mated in the model study due to the assumption of isotropic
collisions and energy independent cross sections. In reality
the individual two-body collisions get more forward peaked
with increasing energy, which leads to a stronger blocking
for initial times. Moreover, the size of the elastic cross sec-

30 T T T T T T T T T T
relaxation times
25 .
L m --l-- 2-body
— 20 -- @ - 2-body + 3-body
O B
~—
€ 5] .. |
- o
10 | m. §
®.. R .
S 0. |
@ -----.. Y
0 " ' & " 1 " 1

" 1 " 1 "
20 40 60 80 100 120 140

E,, (MeV/u)

FIG. 9. Comparison of the results for the relaxation time t for the
two-body case (blue boxes) with the result including the additional
three-body interactions (red dots) for different bombarding energies.

tion decreases with collision energy. Furthermore, the leading
order approximation for the three-body interactions might be
questioned. Higher order terms (~Tr(vc,c;))—Ileading to an
additional ‘interaction box’ (cf. the illustration in Fig. 4 for
the collision term)—might change the present results and
also reduce the net interaction cross section. Unfortunately,
concrete studies will increase the CPU time by further or-
ders of magnitude if one tries to quantify the influence of
these higher order terms. Accordingly, this question remains
open until increasing CPU/GPU power or new algorithms are
available.

V. BUU CALCULATIONS FOR HIGH ENERGY PARTICLE
EMISSION IN FUSION REACTIONS

The results presented in the previous section are primarily
academic and the question arises if a higher stopping power
by elastic three-body collisions might leave traces in experi-
mental observables. At first sight one might look at the proton
rapidity distributions, which should become narrower with
increasing cross section, but this will require a systematic
study for various target masses as well as a scan in bom-
barding energy. An alternative is the emission of energetic
nucleons which preferentially occurs before kinetic equilib-
rium is achieved.

To this end a standard BUU code (described in more detail
in [11]) is used with a mean field of Skyrme type and a finite
range Yukawa interaction for nucleons. Coulomb forces are
included as well as the excitation and decay of A resonances.
The elastic scattering cross section o,; for binary nucleon-
nucleon collisions is provided by the Cugnon parametrization
[38] and Pauli blocking for the final states by calculating
the ‘local’ occupation in phase-space by an average over all
ensembles. The simulations are performed within the paral-
lel ensemble method by propagating simultaneously ~2000
ensembles. No coalescence of nucleons for the formation of
light clusters is included.

In this BUU model the quadrupole moment in momentum
space of the emitted nucleons is calculated for different cross
sections, i.e., multiplying the actual elastic cross section o,; by
a factor 5/3 or 2 in fusion reactions of central collisions. Here,
the bombarding energy should not be too high because the
compound system in reality will break into pieces. A suitable
system is found to be central collisions of, e.g., 32Rh + 3.Rh
at 40 MeV /nucleon, which leads to a fusion process with the
emission of particles. This is demonstrated in Fig. 10 where
the nucleon density distribution p(x,y = 0, z;¢) is shown (in
units of fm~?) at times of 5, 40, 80, 120 fm/c employing
the default elastic cross section o,; from [38] while x, z are
given in fm. The first contour plot at ¢t = 10 fm/c displays
the two nuclei just before contact while in the second plot for
t = 40 fm/c a maximum overlap of the impinging nuclei is
achieved. They form a fusing system as seen from the density
distributions at 80 fm/c and 120 fm/c while throughout the re-
action nucleons are emitted. The emitted nucleons can clearly
be separated from the fusing remnant by a cut in coordinate
space for r > 10 fm.

Only very energetic nucleons are emitted early and provide
information about the dynamics (or stopping power) at early
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FIG. 10. The nucleon density distribution p(x,y =0, z;¢) for
central collisions of 5.Rh +37Rh at 40 MeV /nucleon for times of
10, 40, 80, and 120 fm/c. The density contours—specified on the
r.h.s.—are given in units of fm~>

times. To this end high statistics BUU calculations have been
performed and the quadrupole moment in momentum space
has been calculated for nucleons outside of the compound

0020 —— L .
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time (fm/c)

140

FIG. 11. Comparison of the results for the quadrupole moment
in momentum space of energetic nucleons (>60MeV) in central
collisions of 52Rh + 51Rh at 40 MeV /nucleon (MeV /u) for different
elastic nucleon-nucleon cross sections of 1.0 o,;, 1.6 o,; and 2.0 o,
where o,; denotes the elastic Cugnon cross section from [38].

nucleus (>10fm) for different cutoff kinetic energies E, for
the nucleons in steps of 10 MeV. It is found that only very
energetic nucleons above 60 MeV of kinetic energy provide a
quadrupole moment that is approximately constant in time af-
ter 80 fm/c and can be used as an observable for the stopping
of energetic nucleons.

The numerical results for the quadrupole moment in
momentum space of the emitted nucleons (>60MeV) are
presented in Fig. 11 as a function of time for different in-
teraction strength, i.e., multiplication factors of the elastic
cross section o,; in the BUU code. Inelastic reaction channels
are found to play no role at the energy of 40 MeV /nucleon.
The actual numbers in Fig. 11 show that the quadrupole
moment of the energetic nucleons is approximately stable in
time and positive for the default interaction strength (upper
line), which implies a preferential forward emission of these
nucleons. With increasing cross section the quadrupole mo-
ment turns negative, which implies a preferential emission in
sideward direction. The expected factor at 40 MeV /nucleon is
about 5/3 according to Fig. 9 and indicates that the emission
of these energetic nucleons should be slightly enhanced in
sideward direction contrary to the expectation in the default
two-body interaction scenario. Although such experimental
studies might suffer from low statistics these investigations
could shed further light on the stopping power of elastic
nucleon-nucleon collisions and the role of three-body colli-
sion processes.

Some comments to these results are in order: One might
argue that actual transport simulations for heavy-ion colli-
sions, that are based on the two-body level using an effective
in-medium cross section for 2 <> 2 scattering, describe actual
data on rapidity distributions or collective flow quite well and
that there is no need for additional 3 <> 3 interactions. In
principle, these effective in-medium cross sections might be
derived from G-matrix calculations [cf. Eq. (72)], but actually
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are ‘fitted’ to experimental data for ‘stopping’ or ‘collective
flow’ within the two-body approach alone. Even in case of
microscopic G-matrix calculations the situation is not unique
since these calculations start from a bare two-body interaction,
which is iterated for the 7 matrix that finally describes the
scattering phase-shifts. However, different two-body interac-
tions may give the same on-shell 7 matrix but differ in the
off-shell matrix elements of the interaction that appear in the
G-matrix equation (72). Thus there is no unique answer from
theory for the ‘right’ in-medium two-body cross section so
far. On the other hand, systematic experimental studies e.g. on
pre-equilibrium particle emission as a function of the system
size (or mass of projectile and target)—in comparison to two-
body transport calculations—might indicate the necessity to
incorporate 3 < 3 interactions.

VI. SUMMARY

In this study the formulation of 3 <> 3 interactions has
been based on the equations of motion method for identical
fermions which has also been denoted as quantum correlation
dynamics. All explicit interactions terms for the two-body and
three-body correlations have been derived and/or presented in
full detail and discussed in a single-particle basis |¢). In this
framework the on-shell two-body collision integral has been
reviewed and the on-shell three-body collision integral been
derived in the on-shell limit on the basis of the same two-body
interaction in leading order. Here, no explicit three-body inter-
action has been accounted for. The resulting equations obey
particle number as well as energy-momentum conservation
and avoid a double-counting of interactions and maintain full
antisymmetry with respect to particle exchange.

For a quantification of the relative impact of three-body
interactions a model study for a homogeneous system in space
in a finite box with periodic boundary conditions has been per-
formed. The systems investigated are spin-isospin symmetric
nuclear matter configurations with initial occupation distribu-
tions that are given by shifted Fermi spheres (without overlap,
cf. Fig. 7) as encountered in the initial phase of nucleus-
nucleus collisions after contact. The results for the relaxation
times—employing an effective two-body interaction—have
been compared to Boltzmann-Uehling-Uhlenbeck (BUU)
transport calculations in the continuum limit for the same
bombarding energies and agree on the level of a few percent.
It has been found that the additional three-body interactions
reduce the relaxation times up to a factor of ~3—depending
on bombarding energy—which indicates that the equilibration
in low-energy nucleus-nucleus collisions by elastic nucleon-
nucleon scattering might have been underestimated so far.

In principle, one expects that the influence of three-body
reactions should become more important with increasing
bombarding energy in actual heavy-ion collisions due to com-
pression effects, but in this case the inelastic channels between
hadrons of different quantum numbers (resonances, mesons,
etc.) become dominant as noted in the Introduction. This par-
ticular situation is not in the range of the model calculations
addressed here because they only describe elastic interactions
of identical fermions including exact Pauli blocking. Thus the
model cases considered had to be restricted to lower energies

where the exact implementation of Pauli blocking is impor-
tant. As shown in Fig. 6 the blocking effect decreases for
higher bombarding energies and the proper implementation
of Pauli blocking becomes less important such that classical
estimates might be used. The classical collision criterion in-
volves the critical impact parameter b = /o /7, which in the
present model case gives b ~ 1 fm. This has to be compared
to the average distance between nucleons at density o given
by d = p’1/3, i.e., amounts to d ~ 1.45 fm at twice nuclear
matter density. Note that the model studies performed here
refer to shifted Fermi spheres (cf. Fig. 7) and give a nucleon
density which at most gives twice nuclear matter density, i.e.,
in case the shifted Fermi spheres just touch each other in
momentum space or are fully separated. On the other hand
screening effects by, e.g., by mesons reduce the probability
for three-body fermion scattering such that the geometrical
estimates at higher density have to be taken with care. A
fully quantum mechanically solution to this problem is not
available so far.

Furthermore, it has been shown within BUU transport
calculations that the enhanced stopping by 3 <> 3 collisions—
modeled by a corresponding increase in the elastic two-body
cross section—shows up in the angular distribution of ener-
getic nucleons (>60MeV of kinetic energy) in, e.g., central
22Rh collisions at 40 MeV /nucleon that lead to the formation
of a compound nucleus, i.e., in a partial fusion reaction. The
angular distribution of the energetic nucleons changes from a
slightly forward peaked angular distribution to a slightly side-
wards peaked angular distribution which could be controlled
experimentally. However, a single experiment will not provide
a final answer on the role of elastic three-body reactions be-
cause the ‘correct’ in-medium two-body cross section cannot
be determined sufficiently accurate by G-matrix calcula-
tions. Accordingly, systematic experimental studies e.g. on
pre-equilibrium particle emission will be necessary—in com-
parison to two-body transport calculations—for different sizes
of projectile and target to unravel the role of elastic three-body
nucleon interactions.

In principle such three-body interactions can be imple-
mented in transport codes employing the in-cell method
[39], which is based on matrix elements and a probabilis-
tic interpretation of the collision integral, and added to the
two-body matrix element squared as in case of the calcu-
lations in the discrete basis performed in Sec. IV. Such
concepts have been employed, e.g., in Refs. [18,40] for 2 <+ 3
channels.

One should note, furthermore, that the energy-independent
isotropic cross section employed in the model calculations
might overestimate the effect of 3 <> 3 reactions and future
studies are required with more realistic interactions. Addi-
tionally, the role of higher order interaction terms has to be
clarified.
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APPENDIX

In order to transparently derive all terms in the three-body part of the collision integral the result for c3(¢) in the natural basis
in the limit (107) is recalled:

'
Cgﬂy,a/ﬂryr(l) = —i/ dt’ exp(—ileq +€g +€, — € —€p —€,/1(t —1'))

)

X Y {((anpiiar + falignaYaBlvla'n) a Coypy — (nangiip + Rafigng ) e BlvIB'n) 4 Cryary
n

— (ngngity + figiign, e ploly'n) a Cpypar) — (Cpyyyr lanlvle B) a(ngng g + fiafigng)

= Cayny' (Bnlvle' B") a(nwnpiip + fiaiigng) — Cpany (ynlvle B) a(nang i, + i iign,))

+ ((ngnyiig + figi,ng )(BYIvIB' M)A Canay — (npnyiig + figi,ng ){By|v|a'n) 4 Canpyr

— (ngny i, + figiyny, ) By 0|y 1) 4 Canap) = (Cayary (BNIVIB'Y) a(ngn, fig + figit, ng)

= Cpyary (an|v|B'y") alngny i + figit,ng) — Copary (YnlvIB'Y') ) ngny i, + figity,my,))

+ (nany iy + fgityny )y a|vly'n) a Copap — (nanyfig + fgityng )y vl Bn) 4 Cypary

— (gny fig + figfiy i )y alvla'n) a4 Copyrp) — (Capnp (¥ nlvly'@) Alngny i, + figit, ny,)

— Cypap anlvly'e’) a(gny g + figfiyng) — Cayng (Bnlv]y'@’) A)(nany fig + ity ng))}, (AD)
where the explicit dependence of all terms on ¢’ has been suppressed. In the on-shell limit this gives

3 ~_ 2
Caﬁ%a/ﬂ/y/(l‘) ~ - 8(604 + ] + €, — €y — € — ey’)

X Y ((nanpar + Rafigng Yo Blvle'n) 4 (ny [01B'y") alngny, finht, — Agitymyn, )
n

— (ngngiig + figiigng YaBlv|B'n)a (ny |0la'y") a(nany figi, — figit,nyn, )
+ (ngngity: + giign, Yaplvly' n)a (ny|0la' By a(nangityity, — figiigngn,)
— (By10Iny") a(ny nyiighy, — ity iigngn,) (anlvla’' ') a(ngngiig + figiigng)
+ (ay[0lny") alny, nyiiaity, — ity iigngny,) (Bnlvla’ ') a(ngngiip + figiigng)
— (aBloIny") a(nynyiighg — it figngng) (ynlvle’ B') a(ngngity, + figiign, )
+ (ngny fig + figiyng )(By [vIB'm) A (an|dla'y’) a(ngmy, fiyfiy — fig i, yhy)
— (ngny iy + figityng )(By [vla'n) 4 (an|0|B'y") a(ngny fiyitg — fig ity myng)
— (ngny i, + figit,ny, )(By [vly'n)a (an|dle’ B') a(nanp ityiig — fiafigmyig)
— {ay|0la'n) a(ngnyity i, — figiigny ng) (Bn|v|B'y") a(ngny, iig + figii, mg)
+ (By|0la'n) A(nanyiigiy, — fgitynyny,) (an|v|'y") a(ngny iy + igii,ne)
+ (aBIDla'n) a(ngnyiipiy — figiign,ng) (ynlv|B'y") a)(ngny, i, 4 ity m, )
+ nany ity + figity ny ) (yalvly'n) a (nBlo|a’' B a(nyng iiyiig — i ftp nyng)
— (nany g + figit,ng )y alv|'n)a nBIole’y") a(nen, figitg — figit, nyng)
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— (g Tl + Tigiiyno )(yalvla'n) 4 (nBlOly'B') a(ny ngityiip — fiyfignyng)
— (aBlv|nB") a(ngnyiipiig — igiignagng) (ynlvly'a’) (g ny iy, + fgityn,)
+ <Vﬂ|f)|77,3/).»4(nﬁ’nnﬁﬁﬁy - ﬁﬂ’ﬁnnynﬂ) <a77|v|y/a/)A(na’ny’ﬁa + ﬁa’ﬁy’na)
+ <ayw|7lﬁ/).¢4(nﬂ’nnﬁyﬁa - ﬁﬁ’ﬁnnyna) (/377|U|y/a/>.,4)(na’ny’ﬁﬂ + ﬁa’ﬁy’nﬂ)}
using
(ay[VInr)a = 8(eq + €, — €; — €) (Y |vInA) 4,

which is dimensionless.
Equation (A2) can be rewritten as

Clpypy @ =12 Y {{aBlBla'n) 4 (ny 918"y )a N(@Bo' By ny)
n

— (aBlOIBn)a (nylDle’y") a N(@BB'a'y' ny) + (aBloly'n)a (ny|dle’B')a N(@By'a' Bny)
+(By191B'n)a (anltle'y ) a N(By B'a'y nat) — (By |0la'n) 4 (anl0|B'y") a N(Bya'B'y o)
— (Byloly'm) a {enldle’'BY A N(Byy'e' B'na) + (yeltly'n)a (nBlole’B') 4 N(eyy'a'B'np)
— (yalv1B'm.a (mBldla’y')a N(ay B'a'y'nB) — (valdle'n)a nBlvly'B)a Naye B’y np)}
with a function N including the time-dependent occupation numbers and blocking factors

N(aya'B'y'nB) = [ngnyiiy + figiyng [ngn, iiyig — iigii, nyngl.

(A2)

(A3)

(A4)

Thus the matrix elements of C* are entirely described by antisymmetrized on-shell matrix elements of the interaction v and

associated occupation numbers. Due to the antisymmetry of the matrix elements one can rewrite Eq. (A3) as

Copy sy @ == {aBlBla'n)a (ny[518'y')a N(aBa' By ny)
n

aflolB'n)a (nylvla’yya N@BB'a'y'ny) + (aBloly'n)a (ny|vle’'B ) a N(By'a'B'ny)
ByI0IB'ma (nalvla'y’)a N(ByB'a'y'na) + (By|vle'n) 4 (na|v|B'y') a N(Byo' By na)
By1oly'm)a (nalvla’BYa N(Byy'a' B'na) — (ay|0ly'n)a (nBlola’BYa N(ayy'a'B'np)

— )
— )
+ )
( )

+ (ay 018 n)a (nBIVIe'y" ) 4 N(ay B'a’y'nB) — (ay|vla'n) 4 (nBITIB'Y')a N(aya'B'y'np)}.

Furthermore, inserting the result (AS) in

(@BIV2I B == DY ey vIam) gy gpy () + (BYVIAR) Cy s ()}

y=y' A
= Y G @) vl Y'Y + Cpy i () a0 ')
y=y' A
gives
@BV By ==Y DY ey lvlaw){((ABIDle'n) 4 (nulBIB'Y') A NOB' By ns)

y=y' Ap 1
— (A‘ﬂlf)lﬂ’rnfl <7)ll~|f)|a/y/)A N()‘IBIB/O/V/UH«) + (A,B|1~)|V,n)A (nﬂ'ma/ﬁ,)A N()\.ﬂ)//(x/ﬂ,n’u)
—(BrlvIB'm) a4 mAlvla'yya N(Bup'e'y'nh) + (Bulbla'n) 4 (mAlDIB'y") 4 N(Bua'B'y'ni)
+ (AalBIB ) 4 BITIy) 4 NGBy 1) — Gl ) 4 (nBITIB'Y ) 4 NGupsc By n))
— YN (Bylvliu) okl ) 4 (1alBIB'y') A N (o By i)

y=y' Ap 1

— (aA|0|B' )4 (nulla'y ) a4 N(arp'a'y nu) + (@r|oly'n) 4 (nuldla’B) 4 N(ary'a B'nu)
!

— (Apl0|B' ) a (malvla'yya NuB'a'y' na) + (ulvla'n) 4 (nalv|py") 4 N(apa' By ner)
+ (Auloly'n)a (na|Dlo’ B) 4 N(hpy'o’ B'nar) — (ap|0ly'n)a (nildla’B) 4 N(apy'a' B'nh)
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+ (ap|0|B'n)a (MA|Dle’y") 4 N(app'a'y'nr) — (ap|vle'n) 4 (nAl0|B'y") 4 N(apa'B'y ni)}

+7 ) ZZ {{aBlBl2n) 4 (ny 1018’ 1) A N(B 1y hna)
y=y' An
— (aBloIB'm)a (ny1D|Ap) a4 N(rpy B'nap) + (aBlolun)a (ny 1DIAB") 4 NOB'y unaB)
—(By10IB' M A (nalDlAuw) a NCouaBnBy) + (By|0IAn).a (na|d|p' )4 N(B'narnBy)
(By10lun) a (nal0|AB") a4 NOAB'aunBy) — (ay|olun) a (nBID|IAB") 4 N(LB' Buunay)
(ay[018'm)a (nBIDIAn) A N(AuBB nay) — (ay |0lan).a (nBIDIB 1) 4 N(B uBrnay)} (Aulvla'y’)
7Y YD HaBlvlan)a gy Blhp)a NOpya'nap)
y=y' in 1

— (aBloIAn) a4 (ny|Dla’ w)a N(o' wyranaB) + (aB|o|un).a (ny|vla’r) 4 N(a Ay unaB)

— (Byl0|An)a (na|vle’w)a N(e' narnBy) + (Bylvla'n)a (na|v|rw).a N(iuaa'nBy)

+ (By|0lun) 4 (na|vla’A) 4 N(o'raunBy) — (ay|vlun)a (nBlola’r) 4 N(a'ABunay)
+¢

ay|0|An)a (nBlola’ ) a N(o' uBrnay) — (ay|0la'n)a (nBloIru) 4 N(AuBa' noy)} (AulvlB'y').
(A7)

+
_l’_
+

It is recalled that Eq. (A7) is the additional inhomogeneous term in the equation for ¢, in Eq. (106), i.e.,
Tra=3)[v(13) + v(23), c3],

which has to be integrated in time. In the on-shell approximation this gives a factor —im (e, + €g — €, — €,,), which leads to an
additional factor of —im and a replacement

(aBlviip) S(eq + €p — €y — €,) = (@BID|Ap).

For the three-body part of the collision integral I2,, one, furthermore, has to evaluate the commutator with the interaction v and
sum over the states 3, i.e.,

2,0 =-7Y Y {{aplvlsv)(svIVi@)lap) —
B Sv

(@BIVE (1)I8v) (8v|v]aB) ], (A8)

where in V2(¢) all terms in V2 with v have to be replaced by ¥ as argued above (on-shell limit). This provides all interaction

terms in a transparent way for numerical computations. All terms involve an interaction v, the product of 3 on-shell interactions ¥

and the function of the occupation numbers N (A4). All matrix elements of the interaction are constrained by energy-momentum

conservation, which reduces the sum over the intermediate states drastically and provides total energy-momentum conservation.
The equation for the time evolution of occupation numbers finally is given by

9 NP 3y —: |
atna(t) = Lo (1) + 15 (1) =2 Lya(7) (A9)

with 2, (¢) given by (125) and I2,(¢) given by Eq. (A8).
Furthermore, summing /,, (¢) additionally over o one obtains

> %na(t) =Y L) =0,

which implies particle number conservation and provides a further control for numerical realizations.
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