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Problem: how to use Bohm-inspired ideas”

e \We've heard plenty about attempts to use Bohm trajectories for doing
quantum dynamical calculations.

e Mostly model, 1D (or few D) problems that can be approached more
efficiently using “standard” methods

e PROBLEM: Quantum potential becomes singular.

e WANTED: a problem that is difficult to solve using “traditional” methods and
one in which “Bohm-inspired” methods offer a solution in an efficient way.

e WANTED: flexibility to use the approach for a wide range of problems.

e Karl Freed (U. Chicago) “Too much rigor makes for rigor mortis.”




#1: Let’s forget about real-time dynamics

e [For stationary states. Do not have to worry about the “node problem”
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no “node problem” for all %
stationary states!! no singularities




SBohm/Monte Carlo idea.

¢ Basic Idea (Jeremy Maddox’s PhD Thesis).

e Sample the quantum density using Monte Carlo.

e Use “maximal entropy” method to get n(x)

e Use n(x) to obtain quantum potential.

e Move sample points along conjugate gradient of E[n] = Q[n]+ V[n] so that
JE=0

e At true ground state: sample points are stationary!

e Thermal effects can be included by performing calculations in a statistical
ensemble (Mermin).




M

Mixture model (1) = > _p(r, {cm})

m

p(r,{cm}) = prob. that a randomly chosen member of
ensemble will have configuration r and is a variant of the
mth approximate designated by {cm} (Joint probability)

p(r{cm}) = pcm}) p(r | {em}) = n(Np{cm} | )

p(r | {cm}) = prob. that a randomly chosen variant of {cm} has config. r

p({cm}| r) = prob. that r is a variant of {cm)

Bayes’ Equation:
p(en i) = — P Prlicm )
o Zmp({cm})p(’l“n\{cm})

Note: Can choose approximates
p(rl{cm}) in a variety of ways.

Easiest = gaussian with sparse
covariance. (e.g. factored between
different d.o.f.

More exact: choose covariance perhaps
correlating multiple atoms, d.o.f, etc.




—stimating density using n-Gaussian approximates
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FIG. 2: This figure illustrates the EM algorithm for the data pictured in Fig. 1 using 16 separable
Gaussian clusters. The contours reflect the approximated probability density during the course of
the EM fitting routine. The black dots correspond to the average position of the Gaussian cluster,

and the solid black ellipses represents the Gaussian half-width contours.

Jeremy Maddox and Eric R. Bittner,J. Chem. Phys. 119, 6465 (2003).



http://link.aip.org/link/?JCP/119/6465/1
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Relaxation on a model Potential Surface (Mel)
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Jeremy Maddox and Eric R. Bittner,J. Chem. Phys. 119, 6465 (2003).
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#2:. Ask: When are QM effects important”

e DeBoer Ratio: ratio of de Broglie wavelength to range of potential

L_ATY h
N o N O~/ TNE

T" =¢/h effective T in terms of well-depth

Classical limit A =0
“Strongly QM” A > 0.3 (Lig. He)
Liquid Ne:  Ane > 0.1

Physical Question: Are there appreciable quantum
contributions to structure/thermodynamics of clusters?




System: Quantum rare-gas clusters

Sample point assigned to atom #1

configurational
density

Energy density functional: En(rq,...,rx)]




T = OK theory

H=-)" zmiv,? + ) V(ij).

i=1 i
—nergy IS a functional of the
configurational density n(ry,...,ry)

Eln(rq,....,ry)| = T|n| + V|n]




Density factorization (mean field approx)

Configurational Density n(12345)

g.m. prob. for finding system in a given
atomic configuration

Approx: full config. density as a sum over
“statistical approximates”

I'1,..

Hartree-factorization:

n(ry,ro, - -




Variational equation

interactions

Vin] = Z//ni(Ti)nj(Tj)V(ij)dTid”’j

Kinetic energy functional = integral over qguantum potential

T[n] — / n(T)Q[n(T)]dT Weissacker functional
T'[n] 2hm Z/\/TT@VZQWCZT@ = ZTW[W}

variation of total energy: “orbital free” version of DFT

constraint
N

2

1=1

r ( Kinetic energy Interactions

T [ (r)] + Z//ni(ri)nj(rj)V(ij)dridrj — U (/ n(r;)dr; — 1)) \

JFi )

\

can include exchange/correlation for boson or fermion systems using approx. XC functionals



—uler Lagrange EOM

5TW[TLZ(I'Z)] | . . | -
on;(r;) | ;/V(Z])n] (r;)dr; — pu=0.

Effective (statistical) potential for atom /

V= Q) + Vel + 2 Vylremy). o,

.]:1 o ©

Sample each atomic density using points, move each sample
point along gradient of total quantum energy

ViE=—-) /(ViV(ij))”j("“j)d"“j — ViQ[ni(r;)]

J70




Figure 4. Thirteen and 19-atom clusters with the quantum sample

Figure 1. The isodensity contour plots of the clusters at a value of points in yellow overlaid on the classical equilibrium positions in black.

0.006. In the upper left is the Ar, cluster, in the upper right is the Ney,
lower left has the Ars, and then bottom right is Nes. The axes are listed
1n atomic units.

Quantum Hydrodynamic Approach for Molecular Clusters J. Phys. Chem. A, Vol. 110, No. 16, 2006 5339
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Figure 3. Convergence of the 13- and 19-atom clusters of neon. The energy is in kJ/mol and the steps are given in millions.




unantum > Vclassical

e for 13 atom cluster: mean radius of quantum cluster
about 3% > than classical

e 20% increase in volume.
e “spread of atoms due to uncertainty principle.

¢ internal quantum “pressure” of interior-most atom causes
entire cluster to slightly swell for smaller closed
(complete) shell clusters

()
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Finite temperature theory 62 =0

grand ensemble  Z(T,V, p) = Tr(e” 71N

= —% log(Tr[e P =#N])

Mermin: finite temperature DFT

) . 1 R
Qlor] =Tripr(K +V — uN + 3 log pr)]

for any trial density: ~ Q[pr]| > Q[p]




—ntropy functional

Micro-canonical entropy: S = kg log Q.
S = —kgTr|plog p]

—Ntropic




Ground state energy vs. size.
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FIG. 2: Various energetic contributions for quantum and clas-
sical Neon clusters versus cluster size, N. Key: (cl)= classical
global potential minimum energy, (cl4+qc) =zero-point energy
corrections from Ref. [6], (E)=total energy, (Q)= quantum
kinetic energy (from quantum potential).




Fully QM vs. Q/C Corrected Energies.

TABLE I: Ground state vibrational energies for Ne,, clusters
for our results compared to the results tabulated by Calvo et

al. Ref. [6]

Cluster| order Energy (From Ref. [6] )|| order This work. ;c;

17C | (1) _11.0853 kd/mol || (2)  -16.6336
17B | (2) -11.0814 -16.3188
17A | (3) -11.0633 -16.6699
27B | (1) -21.5483 -27.6994

(2)

(1)

(2)

27TA -21.5099 -28.2823
28B -22.5892 -28.7459
28A -22.5496 -29.3524

2




Multiple “minima” separated by high barriers

approach an effectively sample a high-dimensional potential energy land-scape

A




Free energy vs. T for various small clusters
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FIG. 3: The free energy of the different clusters vs. temper-
ature. FError bars indicate numerical/statistical precision of
each computed free energy value. Note the T' = 0 values are
offset to a common origin for comparison. The energies at
T = 0K for the three clusters are as follows: Fp® = —11.21
kJ/mol, Fy" = —15.216 kJ/mol, and F§" = —39.03kJ /mol.




Neis

FIG. 4: Plots of the quantum, total potential, and entropic
contributions to the total free energy vs. temperature for

Ne 13.
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T 3
Debye model: U =9NkgT -
D
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FIG. 6: ({(Q)/(U)) vs. T. (Key: —: 13 atoms, ---:17 atoms,
— -—: 37 atoms) .
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FIG. 5: Internal energy comparison of the current results (- -
* - -) with the Debye model (—)




Negative heat capacity?

*
11,24 e%s
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e Numerical/Systematic Error?:

Cp<0 reported by D. Wales on the Ne13
cluster...not by Mandelshtam (filter diagonalization
methods)

e Physical Grounds: Cp<0O has been reported
for Nai47 clusters and possibly neutron stars,
certain types of blackholes, etc..

Schmidt, et al Phys.Rev Lett. 86, 1191 (2001).

Can show Cp<0 analytically for centrosymmetric

potentials
Review: D. Lynden-Bell Physica A 263, 293

(1999)

FIG. 5: Internal energy comparison of the current results (- -

% - -) with the Debye model (—)




virial ratio: <Q>/<U>

FIG. 6: ((Q)/(U)) vs. T. (Key: —: 13 atoms, ---:17 atoms,
— -—: 37 atoms) .




Conclusions

* “Bohm-inspired” approach for including quantum effects into a many-body system.

e To date this is the ONLY application of the Bohm/Hydrodynamic approach in a
non-trivial system.

e Molecular dynamics “flavor” allows one to easily choose certain degrees of freedom
to be described with varying degrees of “guantum” character. Much like path-
integral MC or path-integral centroid dynamics.

¢ Finite temperature results: structural predictions and thermodynamics for rare-gas
clusters are at least consistent with more standard approaches.

e Do not see “pre-melting” or “surface melting” (consistent w/Mandelshtam (PIMC)--
different from classical simulation)

* Not restricted to magic number or closed shell clusters.
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Univ. of Houston

e 2nd largest Univ. System in Tx

e 35,000 students on main campus

e More Pro-Football players than any
other US University!

e High Tc Superconductivity
discovered.
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Infamous Former Students

Ken Lay Bridget Boisselier Tom Delay
(PhD Economics) (PhD, Chemistry) (BS-Biochemistry)

Head of Clonaid, the "scientific wing" Former Congressman and GOP

Former Enron CEO of the Raélians. Majority Leader
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