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Why molecular dynamics for

fermions?
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40(Ca-*0Ca-reaction at Er,p = 35A MeV

Multifragmentation reactions:

e large fluctuations in the final results

e cannot be accounted for with TDHF, because nucleons
are to fast (e > ep ~ 30 MeV)

e no common mean field established

e molecular dynamics better suited
Means:

e “trajectory” calculations for fermions, non-linear dynam-
ics through localization

e quantum mechanically necessary: Heisenberg uncer-

tainty principle, Pauli exclusion principle
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‘ Creation of a model I

Trial state:
e definition of a trial state which has the necessary degrees

of freedom

e working with quantum states automatically guarantees

the Heisenberg uncertainty principle

e using antisymmetrized states automatically guarantees

the Pauli principle

Ground states:

e Ritz variational principle defines ground states

e aim: reasonable (nuclear) ground state properties like

binding energy and rms radius
e usually phenomenological interaction

Dynamics:

e time-dependent variational principle defines dynamics

e aim: dynamics should cover fusion, deeply inelastic re-

actions, evaporation, fragmentation, vaporisation
e cquations of motion non-linear, large fluctuations

Open problems:

e restricted dynamics causes barriers in Hilbert space
e due to localization no tunneling or branching

e thermodynamics 7
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‘ Applications I

Nuclear physics
e Classical Molecular Dynamics (CMD)

— e.g. Bondorf, Halbert (NBI); Wilets (Seattle), Ran-
drup (Berkeley)

— Pauli and possibly Heisenberg potential
e Quantum Molecular Dynamics (QMD)
— Aichelin (Nantes); Stocker (Frankfurt am Main);
Maruyama (Japan)
— product state of gaussian wave packets and Pauli po-
tential
e Antisymmetrized Molecular Dynamics (AMD)
— Horiuchi, Ono, Ohnishi (Japan)
— Slater determinant of gaussian wave packets
e Fermionic Molecular Dynamics (FMD)
— Feldmeier, Neff, Roth (GSI), Schnack (Osnabriick)
— Slater determinant of gaussian wave packets, time-
dependent width
Atomic physics
e Classical Molecular Dynamics

— many groups worldwide

e Quantum Molecular Dynamics
— Ebeling (Berlin); Klakow, Reinhard, Toepffer (Erlan-

gen)
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Time-Dependent Variational

Principle

TDVP?:

5/ 4t (QM)|is — H 1Q() =0

~Y

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

the Schrodinger equation.

Euler—Lagrange equations in their most general form:

D Aw@) b =5 (QU)H Q)
o [

B Q)] iL Q) 0XQE)|iL |Q(t))
A Q1) = Dindes B 9inda,

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

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

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

1. Generalized Poisson Brackets
B be a time-independent operator, H = (Q(t) | H [Q(t))

d d . 0
= B = a<@<t>|§|@(t)>=§;qy@3

2. Conservation Laws
e for time-independent operators B

_, 0B

=0
rv aqy

d OH
% B(t)=0 if {H,B} MEV 3

obviously for H since A and A~1 skew symmetric

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

states and commute with I;T

Gt = {H,0) = (Q) i [ H.G] |Q()

Relates the choice 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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‘ Example 1 I

TDVP:
6/ dtﬁ(@(t),Q(t))ch/ dt<Q(t)|i%—Ig|Q(t)>=o

Schrodinger equation:

Q) = |p1,p2,-e T, M2, )
1 |
T 2= 2 I
L = _Z pnTn — H(p1,p2, -, 71,72, ")

+ total time derivative
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TDVP:

5/ dt L(Q(t), O(t)) = 5/ At (QM) i~ H1Q(t)) =0

t1 tq

Most classical quantum molecular dynamics®:

|Q> — |?17ﬁ1>®|7?27ﬁ2>®' ®|7_:N71_5N>
(@ 1Fep) = () exp{—( " yip, o3
Tao 2a0

OH
0Tk

d d
B = o and o T= o
e product state describes distinguishable particles

e impact of Pauli principle on dynamics sometimes mocked
by additional terms in H(71,P,...,7n,Dn) — Pauli po-
tential

e statistics remains that of distinguishable particles

2E.J. Heller, J. Chem. Phys. 62 (1975) 1544
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TDVP:

5/ dt L(Q(t), O(t)) = 5/ At Q)i — H1Q(t)) =0
t

1 t1

Molecular dynamics with more quantum effect:

|Q> — |F1,]_)’1,CL1>®°'°® |?N71—5Nva'N>
arar \ " (2 —71)*
<§|?laﬁlaal> = 21 *l exp § — _|_z']‘5l.§}
a; + aj 2ay

d Dy d 0
—_—7r — —, J— —
dt my’ dt !

d i

dt mj

Particles moving in a harmonic oscillator:

i?l - b ip‘ = —myw? 7y
dt m; dt

d i

—a; = — —imy w? al2

dt mj

The width parameter a;(t) is a first non-classical degree of

freedom.
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‘ Example 4 — FMD I

TDVP:
6/ dtﬁ(@(t),c?(t))zéf dt(Q(t)li%—Ile(tH:O

Fermionic Molecular Dynamics (FMD)?:

Q) o i > sen(m) 14w (1) ® - ® |gn(ay()
(Z|la(t)) = (2|70, ax1,¢1)
3 —7)2
— exp{—( 2all) ‘|"Lﬁl§}®|Xl(t)a¢l(t)>®|mt(l)>

e a priori Heisenberg and Pauli principle

e coincides with solution of the Schrodinger equation for

free motion and harmonic oscillator

2H. Feldmeier, Nucl. Phys. A515 (1990) 147
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Results — Multifragmentation

O _27A1 at Er,p = 324 MeV and b = 0.5 fm:
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‘ Error I

Error due to restriction of the wave function:

The error |A(t,6t)) = exp(—iHdt) |Q(t)) — |Q(t +6t)) is
orthogonal to all tangent states 8(?1 | Q). Thus the TDVP-
evolved state has the minimum distance { A(¢,dt) | A(¢, 6t))

to the exact solution.
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‘ Open questions I

Branching:

Pictorial scetch of a four particle cluster and a passing wave

packet.

localization implies that a wave packet moves always as

a whole and does not split

in quantum mechanics the wave packet may split with

parts getting attached to the four particle cluster
idea: quantum branching

jumps |Q;(t)) = |Q;(t)) with a probability amplitude
related to the residual hamiltonian; not realized up to

now, only reasonable probability distributions utilized

problems: conservation laws, small probabilities
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Thermodynamics using restricted

wave functions

Canonical ensemble

1 H
ko= EGXP{‘?}
i i
Z = tr (exp{—?}) = /d,LL(Q)<Q| exp{—?} 1Q)

thermostatics: calculation of Z(T)

if model states |Q) complete, Z(T) correct, e.g. for
gaussian wave packets

/Z cannot be evaluated for realistic H, one would like to

replace ensemble averages by time averages

. 1 "
(B) = lim ts —11) /t1 dt (Q(t) | B [Q(1))

to

Problem: allthough trial states span the Hilbert space,
approximate dynamics needs not to be ergodic!
And if limit exists, is it the right one?
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Example

Atomic physics — solid hydrogen®
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6F — Hohl et al. ]

E WPMD : E|
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Q0 3

: A T=3000K rg=1.78
3t X — Hohl et al.

It WPMD :

1 - 128 molekules
—— 32 molekules _

Proton pair distribution function g(r)

e eclectrons described by EQMD with Pauli potential
e protons classical
e temperature via equipartition theorem for protons 1/

e but in quantum mechanics equipartition theorem does
not hold

2D. Klakow, C. Toepffer, P.-G. Reinhard, Phys. Lett.
A192 (1994) 55
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‘ Coupling to a Thermometer I

Procedure:

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

HN =TN+ VNN + V(w),

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

Hryn =T7th + YV,

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

time-averaging:
Erp=(Htn ), E"=(HN—Eo),

zeroth law: both subsystems approach the same T

-1
Epy + 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:
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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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Classical Mechanics
Nosé—Hoover—Thermostat

Introduction®®¢of a pseudo friction coefficient ¢:

bi
m;
oV .
_a?z _‘sz
1 p2 3N
IR

(]

e this special thermostat uses the equipartition theorem

1 2my;

1 2m;

-2
<Z D —3éVkBT)>O =  cooling

=2
<Z a; —3éVkBT)<O =  heating

e one would like to construct a thermostat for a quantum

system

2W.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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‘ Thermostat I

Total system:

|1Q(t)) = |system(t)) ® |thermometer(t))

Complex time steps:

dr =dt —idB , dB o (Ty, —=T)/Tyn , |Q()) — |Q(t+dT))

e T' desired temperature
e T}, temperature measured by the thermometer

e dB >0 = cooling; dB <0 = heating
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Fermions in a harmonic oscillator:

e actual temperatures — pointed lines
e time averaged temperatures — solid lines

e thermometer — red lines, fermions — blue lines

HUB 01.06.1999 20 J. Schnack



‘ 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 Heisenberg uncertainty and Pauli exclusion principle sug-
gest that the system is described by a state instead of
classical phase space variables and that the state is anti-

symmetric instead of using a Pauli potential

e various models with different sophistication used: CMD,
QMD, AMD, FMD

e thermostatic properties depend on resolution of unity

e thermodynamic properties can be extracted from time

evolution via thermometer and time averaging
e a thermostat can be defined using a coupled thermometer

and complex time steps

Problems to solve

e tunneling, branching

e realistic interactions
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