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‘ Intention of FMD '

Ground states:

e reasonable nuclear ground state properties like binding

energy and rms radius
e phenomenological interaction
e antisymmetrization, shell effects

Dynamics:

e heavy ion collisions below particle production threshold

e fusion, deeply inelastic reactions, evaporation, fragmen-

tation, vaporisation
e large fluctuations

Means:

e Slater determinant of Gaussian wave packets, one per

nucleon, as trial state
e Ritz variational principle for ground states
e time-dependent variational principle for reactions

e “trajectory” calculations for fermions
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‘ Advancement of FMD '

Short range correlations

e realistic nucleon-nucleon interaction, short range repul-

sion
e suppression of wave function at short relative distances
e high momentum components, hard scattering
e description by a unitary correlation operator

Long and medium range correlations

e improvement of the surface
e important for weakly bound systems, like halo nuclei

e superposition of single-particle wave packets or Slater de-

terminants

Thermodynamics

e thermodynamic properties of small quantum systems
e nuclear liquid gas phase transition, caloric curve

e coupling of the system to a thermometer
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‘ Contents '

Time-dependent variational principle

equations of motion
constants of motion

good generators

Fermionic Molecular Dynamics

trial state (Slater determinant)
ground state (interactions, examples)

dynamics (instructive examples, role of width, event en-

semble, reactions)
short range correlations

thermodynamics (thermostatics, time averaging, caloric

curve)
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Time-Dependent Variational

Principle

TDVP?:

0 = 5/ at Q)| i — 1 1Q()

t1

A variation of (Q(t)| in the complete Hilbert space yields

the Schrodinger equation.

Euler—Lagrange equations in their most general form:

> Aw(@) = —5- (@) H Q)

QWL QW) QMW |iE Q1))
ANV(Q(t)) B 65.}#8%/ B Bq',,BqM

o trial state |Q(t)) = |{qu(t)})

e variation in the set of Slater determinants leads to TDHF

e variation with localized single-particle states leads to var-

ious kinds of quantum molecular dynamics models

2P. Kramer, M. Saraceno, Lecture Notes in Physics 140,
Springer, Berlin (1981)
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‘ Conservation Laws '

1. Generalized Poisson Brackets
B be a time-independent operator.

d d . 0
— B() = a<@(t>|§|@(t>>:§;qy@6

2. Conservation Laws

e for time-independent operators B

_, 0B

=0
rv 8(],/

_B(t)_O if {#,B} = Z@qu

obviously for H since A and A~! skew symmetric

e for generators G which do not map out of the set of trial

states and commute with H

%g(t):{fﬂ,g}:(Q(t)H[Ij,Q] | Q(%) )

Relates the choise of the trial state to possible conserva-
tion laws, e.g. total momentum conservation is possible

if a translated trial state is again a valid trial state.
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Fermionic Molecular Dynamics
(FMD)

Many-body state (Slater determinant):

Q) = — 1))
QM 1Q))

30) = 5 D s 14 (0)® @ |an(ay(®)

Y

N

Single-particle state (Gaussian wave packet):

j’—_’ 2
(Zla) = exp{—( o }®|x<t),¢<t>>®|mt>

b(t) = 7(t) + ia(t)p(t)

7(t) : mean position

p(t) : mean momentum

a(t) : complex width, a = ar + i ay
x(t),¢(t) : spin angles

my; : Isospin—3—component

Special expectation values:

(8) =7 , (k)=F
2 2
+ 1
(A$)2 — §aR ar ’ (Ak)2 _ %_
aR aR
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‘ Expectation values I

Inverse overlap matrix
Wave packets |qg ) are not orthogonal, therefore expectation

values involve an inverse overlap matrix O.

(071),, = (ak )

Kinetic energy

A

(QITIQ) =) (altla) Ou

k.1

Two-body interaction

A
1
(Q] ‘,\/: Q)= ) Z (g a1l v |gman) (OmkOni — OmiOnk)

k,l,m,n

— Total effort scales with A%.
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‘ Nuclear Ground States '

e ground state |(Q ) lowest one in energy
0
* 55, (QIH|Q)=0 Vgu
o — g, =0 Vg, stationary
e for experts: take care of centre of mass motion

Simple phenomenological potential

O -
— _5 -
3
= -10
= -5t Volkov V2
>
-20
_25 1
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‘ Dynamics I

Equations of motion

> A @) d = 5 (@)1 1Q()

_ QM ig QW) QW |ig QM)

'AIM/ (Q(t)) aqu aqy 3(jy aqﬂ
Trial state
Q) = ————— Q1)
Q) |Q(t))3
30) = 5 > senm) L)) @ © lan(ay(®)

f__' 2
(Flq(t)) = exp{—( bt))

2a(t)

} ® | x(t), ¢(t))® [my)

o A,, skewsymmetric

e antisymmetrization affects dynamics via A,, (metric)
and (Q(t) | H |Q(t)) (exchange terms)
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‘ FMD: Special Solutions I

Free motion:

k2(1) d - d ;

Rl = = = Zp=0, Za=—

N() 2m dtl dtal m
iﬁzo if*:@
dt oAttt m

Common harmonic oscillator potential:

E20) d - .
h(l) = + - mw?Z?() = — b =—imw3ab
~ 2m dt
N — _|_ N
7 aj 1mw”aj —
452 L 5 = —mwts
dt m T dt

e both solutions coincide with the exact solution of the

Schrodinger equation,

e both solutions remain the same irrespective of whether

we describe bosons, fermions or distinguishable particles,

e without time-dependent complex width a(t) spurious

scattering occurs!
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‘ Multifragmentation - 1 I
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Multifragmentation - 11

Op_27A1 at FEr,, = 324 MeV and b = 0.5 fm:
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‘ Role of Dynamical Width Parameter'

Important Degree of Freedom for Evaporation and
Fragmentation

e A packet with fixed width carries always =~ 10 MeV zero—

point energy.

e A packet with time—dependent width “pays binding with
zero—point energy”, i.e., it spreads in coordinate space
(little overlap) and shrinks in momentum space (less

zero—point energy).

12c-12¢ (Dynamical & Fixed Width)
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‘ Event Ensemble '

e FMD ground states have to be treated like intrinsically

deformed Hartree—Fock states.

e The event ensemble consists of all orientations of the two
initial ground states: | (@ ;ﬁl, ﬁg) :

The same holds for the impact parameter.

e Within the ensemble large fluctuations arise.
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Unitary Correlation Operator

Method

Problem: short range repulsion (e.g. “He)

100F
0 |
102
0o
10 |
o 10°°
107 &

(fr?3)

k) A

Xpp (fm)

Solution: UCOM

e general method to introduce correlations

e idea: suppression of wave function for small relative dis-

tances (like Jastrow), but

e unitary and state independent

wy=C |®), Clc=1

~Y ~Y

(V|B|¥)=(2|C'BC|®)= (2| Bcor | @)

o d
S le) = HIw0)
o d
i S clew) = HCIeW)
i S 1) = CHHC|2()) = Heor |8(0)
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‘ UCOM '

Mode of action

0.04

0.03

0.02

0PAx;p) (FM™®)

0.01

0.00

Xy (fm)

Distant-dependent radial shift
(T1 22| C [P)

FMD + UCOM

e C |Q(t)) as new trial state

e use of realistic potentials, like BONN, with strong short
range repulsion and tensor contributions

Vp o< (31 -7)(G2 - 7) — 31 - 32
e fix correlation operator e.g. at small systems

e cluster expansion for operators, two-body approxima-
tion; three-body terms small for nuclear systems, but

not for atom-atom potentials®

2Robert Roth, Diplomarbeit, TU Darmstadt (1998)
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Short and Medium Range

Correlations

Superposition of single-particle states or
Slater determinants®

One gaussian per single-particle state

4 , 1 , 6He ,
2| 10"}
£ of = 102
> s
[ Q
-2 10°¢
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2}
£ of
> [
2+ 10°;
I i — total
, ] 4? —_neutron
-4r ] 10™¢ — proton
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e realistic density distribution and correlations, improve-

ment of the surface, gain in binding energy

e with configuration mixing of many Slater determinants
long range correlations

®Thomas Neff, Diplomarbeit, TU Darmstadt (1998)
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‘ Thermodynamics I

Canonical ensemble

{1
R = expq-—

- elorl )

e / cannot be evaluated for realistic Ii

2
’ﬂ|r—l$

e Idea: replace ensemble average by time average

e Problem: allthough trial states span the Hilbert space,
approximate dynamics needs not to be ergodic!

Time averaging of an operator B:

. 1 "
(B) = lim m/tl dt (Q(t) | B [Q(1))

to —00
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Classical Mechanics

Hoover—Nosé—Thermostat

Introduction®®¢of a pseudo friction coefficient ¢:

d Di

dt m;

d , Vv .

alt T Toap, SP

d 1 2 3N
a . _ i S el T
s M, Z2mi g B

(]

e this special thermostat uses the equipartition theorem

= 2

° <Z D —3éVkBT) >0 = cooling

1 2m;

1 2my;

52
<Z D —3éVkBT) <0 = heating

e does not work in quantum mechanics, equipartition the-

orem does not exist

*W.G. Hoover, Phys. Rev. A31 (1985) 1685

bS. Nosé, Prog. of Theor. Phys. Suppl. 103(1991) 1
°D. Kusnezov, A. Bulgac, W. Bauer, Ann. of Phys. 204

(1990) 155
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‘ Coupling to a Thermometer I

Procedure:

e excited nucleus: self-bound liquid drop in a large container
(harmonic oscillator)

HNn=TN + VNN + V(w),

e thermometer: single wave packet in a second oscillator
with w7y, ideal gas thermometer

Hry =Ton + Vo,

e coupling of all nucleons to the thermometer wave packet:
VN_Th: H=HN+Hrh+VN_Th
| Q(t) ) = | nucleus) ® |thermometer),

e time-averaging:

Erhp = (Hrp )\

(H)

Y

) E*:<I;IN_E0> )
(H) ‘

e zeroth law: both subsystems approach the same T

—1
Emy, + 3w
T = wrp |In Th g Th
ETh — 3WTh
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‘ Caloric Curve I
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e simulation: equilibrium due to evolution in container over

long time, ideal gas thermometer

e experiment: event—ensemble shows equilibrium proper-

ties, chemical thermometer
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T (MeV)

Caloric Curve

Critical Temperature

Critical temperature of 190:

h(}\)effZHMeV

ﬁ(}\)eff=13MeV

fu=b6MeV

fu=18MeV

E/A (MeV)

-5

0 5 10
E/A (MeV)

15

20 25
E/A (MeV)

e w serves as external parameter like volume or pressure

e critical point: latent heat vanishes

e system finite and charged: T, = T.(N, Z)
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‘ Summary I

e TDVP allows approximate quantum time evolution

e system (H) and observables of interest determine how
sophisticated trial state |Q(t)) must be

e FMD: |Q(t)) is Slater determinant of Gaussian wave
packets; trial state may be improved with UCOM and

configuration mixing

e FMD describes nuclear ground states and dynamics, e.g.
fusion, evaporation, deeply inelastic reactions, fragmen-

tation

e thermodynamic properties can be extracted from time

evolution via thermometer and time averaging

e FMD describes an equilibrium caloric curve of finite nu-

clear systems and a nuclear liquid gas phase transition

Problems to solve

e tunneling, branching

e tensor correlations
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