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Introduction
[ Je]

Time-Dependent Hartree-Fock
Sensible for degenerate low-energy reacting systems.

Time-dependent Slater determinant
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Time-Dependent Hartree-Fock in Practice
Theory predicts a low-/¢ fusion
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Introduction
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Time-Dependent Hartree-Fock in Practice

Theory predicts a low-/¢ fusion
window developing at higher
energies in reactions.
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Introduction
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High Energies: Boltzmann Equation
Oep Of symbols data:

@’ 8€p 8f

o opop Nagamiya PRO24(81)97
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Z

Au+Au at 400 MeV/nucleon
P.D. Nucl Phys A673 (2000) 375

f(r,p,t) = 5 ;6(r—ri(t)) 6(p—p;(t))

Test particles: r; =
system gasifies
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Density Matrix
Ties TDHF and Boltzmann equations. . .
Density matrix:  p(ry ri t) = (&[T (r ) (ry t)|®)
Yields all 1-ptcle observables
E.g. particle density represents diagonal of this matrix, as
n(rt) = p(rrt) = (d}YT(rt)w(rt)|d)  (expectation of density op)

For a Hartree-Fock state, the density matrix is a superposition
of products of occupied orbitals ¢,:

p(ryry t) Zoa rit)¢L(ri 1) n(rt)=>"léa(rt)P
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Density Matrix
Ties TDHF and Boltzmann equations. . .
Density matrix:  p(ry ri t) = (&[T (r ) (ry t)|®)
Yields all 1-ptcle observables
E.g. particle density represents diagonal of this matrix, as
n(rt) = p(rrt) = (d}YT(rt)w(rt)|d)  (expectation of density op)

For a Hartree-Fock state, the density matrix is a superposition
of products of occupied orbitals ¢,:

p(riryt) ZO& rit) (i t) Z!qﬁart

Wigner functlon is a quantal version of phase-space distribution
& Fourier-transform of the density matrix in relative arguments:

(pro= [dir—re ®D iy r=(r+r)2
' o
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Density Matrix
Ties TDHF and Boltzmann equations. . .
Density matrix:  p(ry ri t) = (&[T (r ) (ry t)|®)
Yields all 1-ptcle observables
E.g. particle density represents diagonal of this matrix, as
n(rt) = p(rrt) = (d}YT(rt)w(rt)|d)  (expectation of density op)

For a Hartree-Fock state, the density matrix is a superposition
of products of occupied orbitals ¢,:

p(riryt) ZO& rit) (i t) Z](/)a (rt)]

Wigner functlon is a quantal version of phase-space distribution
& Fourier-transform of the density matrix in relative arguments:

prt /d ¢ — 1) e P p(ryr t) r=(ri+ry)/2 ©
doubled spatial argument in p < momentum at a given position |3
6D 2.x.3D
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Density Matrix & 1-Ptcle Green’s Function
Density matrix:  p(ry r t) = (®[pT(r} t) p(ry t)|d)
Green’s Function:  — iG<(r{ t; r} £}) = ([T (r} 1) p(rq )| D)
For a Hartree-Fock state, sum over occupied orbitals:
—iGS(rityri ) = Z%(ﬁ t) oa(ri )

87

Green’s function contains all the info of density matrix & more.
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Density Matrix & 1-Ptcle Green’s Function
Density matrix:  p(ry r t) = (®[pT(r} t) p(ry t)|d)
Green’s Function:  — iG<(r{ t; r} £}) = ([T (r} 1) p(rq )| D)
For a Hartree-Fock state, sum over occupied orbitals:
—IGS(r i r ) =) dalri ty) ga(ri 1)

87

Green’s function contains all the info of density matrix & more.
E.g. density in momentum and energy at given position & time

—iGS(pert) :/d(n —ri)d(ty — t)) elletti=t)=p(ri=ry)]
x (=)G=(ry ty 'y 1))

for static HF :Zfa(l)f) d(e — €a) @
¢ NoCL

= Spectral function probed in electron scattering.
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KB Egs
[e]e] Je]

Quantum 1-Particle Dynamics

General 1-Ptcle Green’s Funct: i G(1,1') = (&[T {¢(1)¢T(1’)} |®)
T - ordering operator: allows either order of 1 & T
Dyson Equation: G=Gy+GyX G where
(11 = (@|T {j(1)]' (1)} [0y and (1 5+ ) ut) 1)
’ " 0t1 2m
Gy source

Kadanoff-Baym eqs - Dyson for a specific operator-order, such

as —iG<(1,1) = (T(1)) (1)),

. 0 V% < / 1" s+ " <S4/ 4/
't om G>(1,1):/d1 rT(1,17)Ge(17, 1)
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Kadanoff-Baym Equations
-a V% < N Vi " <S4/ 4/
</+m> G (1,1)_/d1 TH(1,1") G5(1"1")

+/d1”z§(1,1”) G (1”,1)

Variety of physics in different situations, for a variety of &
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Kadanoff-Baym Equations
L0 Vi B attRL "
iot o | G2(1,1) /d1 TH(1,1") G5(1"1")

+/d1”z§(1,1”) G (1",1)
Variety of physics in different situations, for a variety of &

E.g. when ¥y >> ¥=, as in a highly degenerate system, the
mean-field (TDHF) approximation applies with

—iG~(1,1)) Z@/
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Kadanoff-Baym Equations
L0 Vi B attRL "
iot o | G2(1,1) /d1 TH(1,1") G5(1"1")

+/d1”z§(1,1”) G (1",1)
Variety of physics in different situations, for a variety of &

E.g. when ¥y >> ¥=, as in a highly degenerate system, the
mean-field (TDHF) approximation applies with

—iG=<(1,1) Z¢,

If in Green s functions, quasiparticle
approximation with evolution governed by Boltzmann equation
applies ,

—iG<(1,1) ~ / dp f(p, 1) 'PX1—X1)~iwplti=t)
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Kadanoff-Baym Equations
L0 Vi B attRL "
iot o | G2(1,1) /d1 TH(1,1") G5(1"1")

+/d1”z§(1,1”) G (1",1)
Variety of physics in different situations, for a variety of &

E.g. when ¥y >> ¥=, as in a highly degenerate system, the
mean-field (TDHF) approximation applies with

—-iG<(1,1') Z¢,

If in Green s functions, quasiparticle
approximation with evolution governed by Boltzmann equation
applies ,

—iG<(1,1) = / dp f(p, 1) e'PXx1—X)~lwplti~ty:)

Direct solution of KB??: 4+4=8D calculation! TDHF - 4D
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KB Egs
°

Equilibration in Uniform Matter

Boltzmann

t=1fm/c

t =3 fmn/c

Quantum Transport for Reactions

400 MeV/nucleon model of
early reaction dynamics
test of Boltzmann eq

G, X diagonal in p
8D — 5D |-1D = 4D (like TDHF)

Rate comparison
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Towards Application
[ eJele]

Towards Reaction Simulations: Collisions in 1D
Issues to consider for nonuniform matter:

@ matrix rather than wavefunction dynamics
@ preparation of initial state

@ abundance of mtx elements (50)8 =4 x 103!
START W/MF: Ann Phys 326(11)1274
N v e N
<Iat1+2rn_sz(_le (171))> (_I)G (171)_0
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Towards Application
[ eJele]

Towards Reaction Simulations: Collisions in 1D
Issues to consider for nonuniform matter:

@ matrix rather than wavefunction dynamics
@ preparation of initial state

@ abundance of mtx elements (50)8 =4 x 103!
START W/MF: Ann Phys 326(11)1274
N v e N
(’%4‘ >m — Tt (—IG (171))> (-HG=(1,1")=0

G<(X1 b Xqs t1/) FQT G<(p1 ty py/ t1/)
G<(ti+At, ) = e AK+D) G<(4, /)

_ <e—iAIZ/2 o IAtK g—IAtT/2 | ((At)3>> G<(t, tr)

So far, just altering mtx-element phase; full unitarity
Only t = t' matters for MF, so G « p!
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Initial State Through Adiabatic Evolution
Optimally, the same code for reaction dynamics and initial-state
preparation. Adiabatic switching, from harmonic oscillator to
self-consistent mean-field solution:

H(t) = Huo f(t) + Hmi(t) (1 —1(1))
Adiabatic switching - energy

1t 0711 T T T T ]
f— ’ o0 10F ) r 14
0, t—+o0 m  [— t=5fm/cY 2947 17
L g
= m/C “edGae

E.g. :'107—-—- =30 fimfc A S B
= 20k 1=40fm/c I\ 300 200 -100 0 |
1 | StaticHF |, '\.\ |
f(t): 1 +expﬂ -30_ | | | | ;‘ | 1 | 1 ]
T -1000 -800 -600 -400 -200 0

t [fm/c]

%

Before: Pfitzner, Cassing & Peter, NPA577(94)753
Tohyama, ProgThPh92(94)905
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Towards Application
[e]e] o]

Adiabatic Switching of Interaction

System Size Density
Adiabatic switching - system size o Adiabatic switching: local density
I I I ! I I I I I . 7o AN =40 fm/c I
3.2+ — 1=5fm/c 4~ /'I “ 7,=-600 fm/c 1
c -—- 1=10fm/c " 0151 . i
- 1=20fm/c l =
-=-= 1=30fm/c ! (A A ) 3 ]
%31_ t:4Qfm/( I’D"“"I';" T NaN ; 0.1+ | C\‘ _
" ' % 0,05} [ g .
3‘___ — _‘___.«_'7/') o / =500 fm/c |

1 | ! | ! | ! | ! / t:«?ﬁfcm/c \ 1
1000 800 600 400 200 0 ol {: LA \4\ .
t [fm/c] X [fm]

from HO to self-consistent solution
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Towards Application

[e]e]e] )

Dependence on Transition Function
Adiabatic switchings

0———F——TF——T——T——
10F S fo=1nel
=~ 0 8 \\ - L!near, f(t)=—t ]
g I R Piecewise quadratic |
=10+ . _
<< 3 N i
o -20F N —
I N ]
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Collisions at Ecm/A=0.1MeV
Boost: p(x, X', t=0) — eP p(x,x',t =0)e P¥
Without Coulomb force, fusion takes place at the low energy.
Density n(x, t) and real part of density matrix p(x, x’, t)

EO

21

S

@)
(=]

density n(x) = p(x, x) (diagonal), p(x, X") = >_ , Na pa(X) ¥itx’)

Quantum Transport for Reactions Danielewicz



denx1d2d_fus.mov
Media File (video/quicktime)


Collisions at E;y,/A = 4 MeV

Break-up
Density n(x, t) and real part of density matrix p(x, x’, t)

K ®
on

density n(x) = p(x, x) (diagonal), p(x, X') = 3, Na pa(X) i (x)  BEEE
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denx1d2d_fis.mov
Media File (video/quicktime)


Collisions at E;y,/A = 25MeV

Multifragmentation
Density n(x, t) and real part of density matrix p(x, x’, t)

Density is identical with the diagonal: n(x, t) = p(x, x, t). @é

Quantum Transport for Reactions Danielewicz



denx1d2d_mult.mov
Media File (video/quicktime)


Towards Application
[e]e]e] Jeele]

Re & Im of p at Ecn/A = 0.1 MeV

t=0 fm/c t=300 fm/c t=800 fm/c

0.25
0.15 Re

0.05 ] symmetric
-0.05
-0.15
-0.25

0.04

0.02 Im

3. . .
0.00 [fm™] antisymmetric
-0.02

-0.04

-20
20 10 0 10 20 -10 O 10 -20 -10 O 10 20
x [fm] X [fm] X [fm]
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Towards Application
[e]e]e]e] Tele]

Re & Im of p at Ecm/A = 25MeV

t=30 fm/c t=80 fm/c 03
Re
symmetric
0.2
0.1 Im

-3 . .
0.0 fm™1  antisymmetric
-0.1

-20 -0.2
20 10 0 10 20 -10 O 10 -20 -10 O 10 20

x [fm] x [fm] x [fm]
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Towards Application
0000000

Cuts of p(x1, X2, t), across the Diagonal

0.2
0.1
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Origin of Far-Off Terms in p(x, x’, t)

p(X. X' 1) = NapalX, ) @l (X' 1)

o

Early Late

p(xx’) p(x,x)

000 T

A

X' [O(x")] X

60

[OC<)

n
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Tinkering w/Evolution
00000000

Suppressing the Off-Diagonal Elements
Following far off-diagonal elements of the density matrix
p(x, x', t) or of generalized density matrix p(x, t, x’, t’)
impossible in 3D. How important are those elements? They

account for a phase relation between separating fragments.
"

=80 fm/c

X [fm]

-20 -
20 -15 -10 -5 0 5 10 15 20 L

X" [fm]

. L , ES
Evolution using imaginary superoperator suppressing large ‘X — X" @‘
,O(X, X/, t+ At) ~ efi(e(x)JriW(x,x’))Atp(X7 X/, t) e+i(e(x)fiW(x,x’))At
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Tinkering w/Evolution
[e] lelelele]ele)

Evolution with Erased Elements at E;,/A = 0.1 MeV

t=75fm/c t=500 fm/c t=800 fm/c
0.5_ T T N | T : T 1 [T T T T T T 1 [T |‘ T T T /| ] 05
soaf | O N L o4
E ! ER N R I I‘-\ b, E
=03 1E IET R
c - 1F ek . c
éO.Zj 1r :’I ‘\‘ 1r 40.2 é
2z 1 i |2
o %1 1F 1 191 3
0 1 F 1 b 10
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-10 -5 0 5 10 5 0 5 -10 5 0 5 10
X [fm] X [fm] X [fm]
. ©
Lines: all elements there, only |x — x’| < 20fm, 10fm @‘
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Evolution with Erased Elements at Ec,/A = 0.1 MeV

t=0 fm/c, X=7.5fm =300 fm/c, X=0 fm t=500 fm/c, X=0 fm

—_— rr 1 17 17 71 ] LT TT1TT l‘ T T T ] LT T T T T [a—
o o 4 F I 41 F o B «

- . 1k i 1r i .
E 04 ji 1k y 1k Jo4 §
— r it 1 U 1 F S ] —
Q C i 1L G 1L VIt . ~
Q;_ 03,_ ....... A\‘ ll . ’.' - = I“ l/ A” —m = \‘ \/ = _,O3 QH
> C | : 1¢C i 1r ] >
+ L 4 F Iy 4 F n - +
X 02 1F " 1r 0\ 402 X
~. C 1¢C i 1¢C Al ] ~
$0.1p 4 B-- A 1 F , d4o0.1 %
< 1 I 1t : 1 =
2 of 1L 1L 1o &
Q L 1 C [}
M | IR A N TN TS N (Y AN NN (T N Ty M S N N (N N TN NN T NS m

20-10 0 10 20 -20-10 0 10 20 -20-10 O 10 20

X [fm] X, [fm] X, [fm]
Different cuts across the diagonal of the density matrix g’?&
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Evolution with Erased Elements at Ec,/A = 0.1 MeV

Energy and System Size for Different Suppressions
E_\/A=0.1 MeV

20

(=}

2<IxI> [fm] ~ E/A [MeV]
—_— = N N B [\
9] (@) N (=} D (=] (=}

| Kinetic

" Total

Potential
L |

X
|-
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Tinkering w/Evolution
[e]e]ele] lelele)

Evolution with Erased Elements at E;,/A = 25MeV

Real Part of Density Matrix p(x, X', t)
for Different Suppressions at t = 80fm/c

Xo=15 fm Xo=10 fm Xo=5 fm
20 g g 0 0.3
0.2
10
— 0.1
j'-g 0 0 [fm3
x -0.1
-10
-0.2
-20 -0.3
20 -10 0 10 20 -10 O 10 -20 -10 O 10 20
x [fm] x [fm] x [fm] -

[\
NSCL
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Tinkering w/Evolution
00000800

Evolution with Erased Elements at E;,,/A = 25 MeV

t=30 fm/c t=50 fm/c t=80 fm/c
0.7: T T T T T T T ] T T T T T T ] T T T T T T T 706
06F 1 E 1E E
o F P 1 F o1 ER Ehatn
ROAE-— ol E i RN R
=g: 1P 1 E 7403 £
= O3 A R 1F 1. =
B 02 1 ¥ 1f 1%z
o F 1 ¢ 1 J o
0 01f----- 4 F 1F 101 o
Of 1 | 1 | 1 | 1 f : 1 | 1 | 1 | 1 : : 1 | 1 | 1 | 1 :0
20 -10 0 10 20-20 -10 0 10 -20 -10 0 10 20
X [fm] X [fm] X [fm]
:
Lines: all elements there, only |x — x’| < 20fm, 10fm, E’)‘
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Tinkering w/Evolution
00000080

Evolution with Erased Elements at E;,,/A = 25 MeV

t=30 fm/c, X=1.84 fm t=50fm/c, X=4.64 fm t=80 fm/c, X=9.87 fm
"‘:"_| 0-7:| LA DL LB B I: L L L L L L (’?'_|
€ o6F i F 1t 1 E
= f i 1 F ik Jo4 =
~N O°F e E R R 1E ]
~_ 0 E 1 3 [ Al 1¢E L ] ~_
x O4p Ty T e e e =103
X 03f-..o i 4 F i 1E 1 =
9 Tk Vil 1 F 1E Jo2
><L 0.2F - = [ ¢ 1¢C i =
> o r 3 L || 1 Lc p 7] 1
< O1F~-/) = p-oitt g Boona, Nnre~dor X
. F 1 F 1t ] =4
B 0- B N 1LC T "
()] - 3 [ N . A\ A / \ A\~ -0 ()]
cc 01E 3 N 1 F ] [a
”‘>P SN RN A R R IR L L T B B ol BTSN T BATE B B "g‘

-10 -5 0 5 10 -20-10 0 10 20 -20-10 O 10 20

X, [fm] X, [fm] X, [fm]
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Different cuts across the diagonal of the density matrix
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Evolution with Erased Elements at Em/A = 25 MeV

Energy and System Size for Different Suppressions
E o /A=25 MeV

40— T —— 1 T 1
20 | Kinetic Th— E—
S
S op Total -
< 20 ]

Potential T -
10 ) N et A TR R
25 T T T T T T
L X,=25 fm //‘
EZO_ ———— x,=20fm Vs
“.:.15_ x,=15fm e B
AR Ll x;=10fm 7
Viok N x=stm 8
~ L \ pd
. [l . | . |
0 20 60 80 NoCL
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Tinkering w/Evolution
[ le]e}

Wigner-Function Evolution

Wigner function: f(p, x) = /dy e (X + %,x - %)
@ quantum analog of phase-space occupation
@ in semiclassical limit satisfies Vlasov eq

@ alternate definition f(p, x) = p(p, X) = >, Na a(P) ¥5(X)
Ecm/A = 25MeV (multifragmentation)
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Tinkering w/Evolution
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Cutting Elements «» Averaging Momenta

Wigner function  f(p, x) = /dy e ) (X + %,x - g)

Wigner f. from p with far-off elements cut-off by e v?/20%;

2 2
= /dqe‘(p‘q)z”z/z/dye"qyp <x+ %,x— g)

N / dge (P92 f(q,x)

f(p,x) = / dy e g=v*/25* (X+ X,x - X)
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Tinkering w/Evolution
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Cutting Elements «» Averaging Momenta

Wigner function  f(p, x) = /dy e ) (X + %,x - g)

Wigner f. from p with far-off elements cut-off by e v?/20%;

2 2
= /dqe‘(p‘q)z”z/z/dye"qyp <x+ %,x— g)

N / dge (P92 f(q,x)

f(p,x) = / dy e g=v*/25* (X+ X,x - X)
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Tinkering w/Evolution
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Wigner-Function Comparison (Ecn/A = 25 MeV)

Top: Wigner f from p with elements cut off (late stage)
Xg=15 fm Xg=10 fm x0=5 fm

3
2
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x
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3 -

20 10 0 10 20 -10 O 10 -20 10 0 10 20
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0=9.55 fm
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Bottom: Wigner function from Gaussian averaging
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Tinkering w/Evolution
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Forward and Backward in Time!
Red:

Black: actual initial state

— T T T T T 7T 1 T T T T 1T
Eqy/A=4 MeV Eqy/A=25MeV

Density, n(x) [fm]

Density, n(x) [fm]
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Tinkering w/Evolution
[ Je]

Forward and Backward in Time!
Red:

Black: actual initial state

“.5_| L _| 1 T L _| L (V|5_|
£ o, | Eq/A=AMev | | Eg/AS25MeV | e
X X
S o1 01 =
P 2
‘B ‘D
g O T N TR NN T N T N T I T O g
-20 -10 0 10 20 -20 -10 0 10 20

X [fm] X [fm] X [fm]

Far off-diagonal elements are important for coming back to the EOS
initial state! Without the elements, remote past reminds remote LNS‘
future.
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Tinkering w/Evolution
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Forward and Backward |n Tlme'

E /A O1MeV

-
(3]

—_ — Forwards
System Size ET -~ Backwards -
n B - Full evolution|
?10
Vo R J
N ANNRS

£

Dotted: complete evolution,

H _ H ! | ! | ! | ! | !
time-reversible 0 200 400 600 800 1000

[&)]

—_—
Solid: forward when only 15k Egy/A=4 MeV

E ]
|x — x| < 10fm retained A 10 i
Dashed: backward when Sl ]
only [x — x| < 10fm — : :
retained

0 20 40 60 80
t [fm/c] .
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Correlations
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Switching-On Correlations
= Slab placed in external harmonic-oscillator potential.
At time t = 0 collisions/correlations switched on.
Shown: density in p, scattering-in rate in p, density in x
occupations, slab size, energy breakdown
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Conclusions
@ Low-energy approach to central nuclear reactions: TDHF

@ High energy: kinetic Both Deficient
@ Kadanoff-Baym equations attractive as generalizing either
of the existing approaches.
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Conclusions
@ Low-energy approach to central nuclear reactions: TDHF

High energy: kinetic Both Deficient
@ Kadanoff-Baym equations attractive as generalizing either
of the existing approaches.

@ Even for the coherent mean-field evolution, forward in time,
only a limited range (< h/pg) of the Green’s function matrix
elements matters.

@ Discarding far-off spatial elements corresponds to an
averaging over a short scale in momenta.
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@ Even for the coherent mean-field evolution, forward in time,
only a limited range (< h/pg) of the Green’s function matrix
elements matters.

@ Discarding far-off spatial elements corresponds to an

averaging over a short scale in momenta.

System expansion = Growing redundancy of info
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@ Low-energy approach to central nuclear reactions: TDHF

High energy: kinetic Both Deficient
@ Kadanoff-Baym equations attractive as generalizing either
of the existing approaches.

@ Even for the coherent mean-field evolution, forward in time,
only a limited range (< h/pg) of the Green’s function matrix
elements matters.

@ Discarding far-off spatial elements corresponds to an

averaging over a short scale in momenta.

System expansion = Growing redundancy of info

The far-off elements important for temporal reversibility.
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@ Low-energy approach to central nuclear reactions: TDHF

High energy: kinetic Both Deficient
@ Kadanoff-Baym equations attractive as generalizing either
of the existing approaches.

@ Even for the coherent mean-field evolution, forward in time,
only a limited range (< h/pg) of the Green’s function matrix
elements matters.

@ Discarding far-off spatial elements corresponds to an
averaging over a short scale in momenta.

@ System expansion = Growing redundancy of info

The far-off elements important for temporal reversibility.
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Conclusions
@ Low-energy approach to central nuclear reactions: TDHF

High energy: kinetic Both Deficient
@ Kadanoff-Baym equations attractive as generalizing either
of the existing approaches.

@ Even for the coherent mean-field evolution, forward in time,
only a limited range (< h/pg) of the Green’s function matrix
elements matters.

@ Discarding far-off spatial elements corresponds to an
averaging over a short scale in momenta.

@ System expansion = Growing redundancy of info

@ The far-off elements important for temporal reversibility.

Currently: correlations in 1D. Next: mean-field in 2/3D
Collaborators: Arnau Rios (Surrey), Brent Barker (NSCL-MSU)
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