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Matrix transpose

Square matrix A
Transpose of A→ AT

ij = Aji

Example transpose.f90
Transpose conjugated of a matrix: example tconjug.f90
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Matrix diagonalization

Square matrix A (NxN)

Matrix diagonalization: A = U D U−1

D =diag[a1, a2...aN], ai eigenvalues of A
U: composed of eigenvectors of A
Link to math libraries mkl (only ifort!) for compilation
Example diag.f90
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Euler propagation

Numerical method to solve

dy
dt

= f (y , t)

y(t0) = y0

using

yi+1 = yi + h× f (ti , yi)

ti = t0 + i × h

yi ∼ y(ti)

i = 0, ...,n

Global truncation error proportional to h

Example euler.f90
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Euler propagation: sin(t)
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Euler propagation
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Franck-Condon factors

Born-Oppenheimer approximation

Ψeν(qe,qN) = ψe(qe; qN)χe
ν (qN)

µe,ν;e′,ν′ =

∫
dqNχ

e,∗
ν (qN)Mee′χe′

ν′ (qN)

Mee′ =

∫
dqeψ

∗
e(qe; qN)µ̂ψe′(qe; qN)

Electronic contribution to transition dipole moment not varying
with qN

µe,ν;e′,ν′ = Mee′(q̄N)

∫
dqNχ

e,∗
ν (qN)χe′

ν′ (qN)

Se,e′

ν,ν′ =

∫
dqNχ

e,∗
ν (qN)χe′

ν′ (qN)

FCe,e′

ν,ν′ = |Se,e′

ν,ν′ |2
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Franck-Condon factors

Harmonic oscillator

Harmonic eigenfunctions

χe
0 (qN) =

(meωe

π

)1/4
exp[−(meωe)q2

N/2]

χe
1 (qN) =

√
2
(meωe

π

)1/4
(meωeqN) exp[−(meωe)q2

N/2]

χe
2 (qN) =

1√
2

(meωe

π

)1/4 [
2(meωeqN)2 − 1

]
exp[−(meωe)q2

N/2]

Example fc.f90
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Variational Monte Carlo (VMC)

Expectation value of the (electronic) Hamiltonian Ĥ using
random numbers

Monte Carlo integration
Variational principle for the ground state

E[ΨT ] ≡ 〈Ĥ〉 =

∫
dxΨ∗T (x)Ĥ(x)ΨT (x)∫

dx|ΨT (x)|2
≥ E0

=

∫
dx Ĥ(x)ΨT (x)

ΨT (x) |ΨT (x)|2∫
dx|ΨT (x)|2

' 1
N

N∑
i=1

Ĥ(xi)ΨT (xi)

ΨT (xi)

Trial wave function ΨT and Ĥ evaluated along N random
points in the configuration space (i.e., electronic
coordinates)
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random numbers

Monte Carlo integration
Variational principle for the ground state

E[ΨT ] ≡ 〈Ĥ〉 =
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Energy minimization

1 Choice of a specific functional form for ΨT

2 ΨT = ΨT ({α}) ({α} → variational parameters)

3 Minimization of E[ΨT ] with respect to the set {α} of parameters

4 Use of VMC to perform the necessary integration and minimize
E[ΨT ] for ΨT

5 ΨT1
is “better” than ΨT2

if E[ΨT1
] < E[ΨT2

]

Ground-state energy of the hydrogen atom

R10(r) = (Z)3/2 2 exp [−Zr ]

ΨT = exp [−αr ]

Directory VMCH/ in your home
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