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Recalling:

Alternative representation of the molecular wavefunction: ¥(r, R, t) = ®(r, t; R) (R, t)
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Recalling:

Alternative representation of the molecular wavefunction: ¥(r, R, t) = ®(r, t; R) (R, t)

In the exact factorization, both nuclear and electronic wave functions are time-dependent, so we get a set
of coupled equations of motion:

N .
0 N [-iVR, + A, (R, 1)]?
—x(R,t) = -
FRLURDY

M, +€e(R, 1) + vint (R, 1)

X(R, 1)

i%cb(r, t;R) = [Hao(r,R) + V(r,R, ) + Uen[®, Y] (R, 1) — €(R, t) — Vit (R, )| @(r, £; R),
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Recalling:

Alternative representation of the molecular wavefunction: ¥(r, R, t) = ®(r, t; R) (R, t)
In the exact factorization, both nuclear and electronic wave functions are time-dependent, so we get a set
of coupled equations of motion:

+€e(R, 1) + vint (R, 1)

X(R, 1)

i [~iVk, + A, (R, 1)]?
” 2M,,

9
i—y(R, t) =
i 8t)(( )
9 . . .
iECD(r, t;R) = [Heo(r,R) + V(r,R, t) + Uen[®, ¥] (R t) — €(R, t) — Vit (R, 1) @(r, t; R),

Two new potentials:

TDVP: A, (R, t) = (®(t;R)| - iVR,®(£; R)),

TDPES: e(R, t) = (®(£; R)| [H3o (R) + Uen[®, x] (R, 1) — id,] |B(£; R)),
Vint (R, 1) = (®(£; R)| V(R, 1) |@(t; R)),
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Recalling:

Alternative representation of the molecular wavefunction: ¥(r, R, t) = ®(r, t; R) (R, t)
In the exact factorization, both nuclear and electronic wave functions are time-dependent, so we get a set
of coupled equations of motion:

.0
IE)((R, t) = M. +e(R,t) + vint (R, 1) | Y(R, 1)

i [~iVk, + A, (R, 1)]?
2

i%cb(r, t;R) = [Hao(r,R) + V(r,R, ) + Uen[®, Y] (R, 1) — €(R, t) — Vit (R, )| @(r, £; R),

Two new potentials:
TDVP: A, (R, t) = (®(t;R)| — iVR,®(t;R)),
TDPES: €(R, t) = (@(t; R)| [Hao (R) + Uen[®, Y] (R, 1) — id;] |®(t; R)),
vint (R, 1) = (@(£; R)| V(R, 1) |®(t; R)),
Electron-nuclear coupling operator:
1

Uen [CI)’ X] (R’ t) = Z M_ (%[_ivRv _AV(Rs t)]z +

—iVRV)((R, t)

“(R.D) +A, (R )] (-iVkR, —AL(R, 1))
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Trajectories within the EF — qualitative derivation

Single time-dependent scalar and vector potential drive the dynamics — framework for trajectories
without hops, spawns, averaging etc.
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Trajectories within the EF — qualitative derivation

Single time-dependent scalar and vector potential drive the dynamics — framework for trajectories
without hops, spawns, averaging etc.

BO-picture

Hamiltonian operator:

~ (—iVl,)2
fi=> "= +epo(R
oM, eso(R)
Classical Hamiltonian:

P3(R. 1)
HCI = Z VZTV + €BO(R)

v

For quantum trajectories:

PL(R.t)
HI = Z VZT + €80 (R) + Quot

v v
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Trajectories within the EF — qualitative derivation

Single time-dependent scalar and vector potential drive the dynamics — framework for trajectories

without hops, spawns, averaging etc.
BO-picture
Hamiltonian operator:

A (=iv,)?
H= E + R
—2M, éso(R)

Classical Hamiltonian:

P3(R. 1)
HCI = Z VZTV + €BO(R)

v

For quantum trajectories:

PL(R.t)
HI = Z VZT + €80 (R) + Quot

v v

EF-picture
Nuclear Hamiltonian operator:

+e(R,t)

[-iV, +A(R, 1)]?
2 m

Classical Hamiltonian:

=y PROCAROE g

\4

For quantum trajectories:

+e(R, 1) + Qo

[P,(R, 1) +A, (R, 1)]?
Hy = oM,

\4
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Trajectories within EF — proper derivation

We use again the polar form of the nuclear wavefunction®

X(R. 1) = exp[iS(R, )] x(R, t)

2F. Agostini et al., Eur. Phys. J. B (2018), 91, 139; F. Talotta et al., J. Phys. Chem. A (2020), 124, 34, 6764
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Trajectories within EF — proper derivation

We use again the polar form of the nuclear wavefunction®

X(R. 1) = exp[iS(R, )] x(R, t)

Insert it in the TDSE, applying the differential operators, and separating its real and imaginary parts, we
derive an evolution equation for the phase:

[V,S(R, ) +A, (R, 1)]? V2| x(R, t)]|
ASR0 == ) M, RO o)

2F. Agostini et al., Eur. Phys. J. B (2018), 91, 139; F. Talotta et al., J. Phys. Chem. A (2020), 124, 34, 6764
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Trajectories within EF — proper derivation

We use again the polar form of the nuclear wavefunction®

X(R. 1) = exp[iS(R, )] x(R, t)

Insert it in the TDSE, applying the differential operators, and separating its real and imaginary parts, we
derive an evolution equation for the phase:

[V,S(R, ) +A, (R, 1)]? V2| x(R, t)]|
ASR0 == ) M, RO o)

Now, if we take R, t, S, VS = P, 9;S = S; as independent variables, this can be identified with a
Hamilton-Jacobi equation with the Hamiltonian:

Ss=H= Y P (R, t)ZLAV(R’ O L cR.6) 4 v (R, ) + Qpor

2F. Agostini et al., Eur. Phys. J. B (2018), 91, 139; F. Talotta et al., J. Phys. Chem. A (2020), 124, 34, 6764
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Trajectories within EF — proper derivation Il

we obtain Hamilton-like evolution equations for the evolution of positions and momenta:

P,(t) +A,(R(1), 1)

Rv(t)z M

and P,(t) = -Vg, H}(P(t),R(t),1)
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Trajectories within EF — proper derivation Il

we obtain Hamilton-like evolution equations for the evolution of positions and momenta:

P,(t) +A,(R(1), 1)
M,

That simplify in the chosen gauge, S = 0, to:

Ay (R(1), 1)
M,

Rv(t) =

and P,(t) = -Vg, H}(P(t),R(t),1)

R,(t) = and P,(t)=0
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Trajectories within EF — proper derivation Il

we obtain Hamilton-like evolution equations for the evolution of positions and momenta:

P,(t) +A,(R(1), 1)

R.(1) = v and P, (1) = Vg, Ha(P(D),R(t), 1)
That simplify in the chosen gauge, S = 0, to:
. A, (R(1),t .
R,(t) = M and P,(t)=0
M,

Classical trajectories obtained for the limit where the quantum potential is set to zero:

Hn(P,R, t) = Z LPv(R, t)ZLAV(R’ Jl +e(R, ) + vint (R, 1) + Quot (R, 1)

=H (P(1). R(1), 1) + Qpor (R, 1)
So the evolution equations for the classical trajectories are

P,(t)+A,

Ru(t) ===, and  Py(t) = -Ve,H, (P(t),R(1), 1)
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How to i

Classical trajectories: Positions and momenta Wigner sampling

Quantum trajectories: Cannot separate positions and momenta. Use Wigner sampled positions,
corresponding momenta from A.
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Dynamics of Quantum Trajectories

Quantum trajectory distribution (Non-Condon) Quantum trajectory distribution (Condon)
T T T T T T T T
06 — t=02fs - _ 06 F t=02fs -+ _
0.4 - ¥a 8 0.4 - 4
0.2 —— 02
E = E =
8 o g o = =
> >
-0.2 — B -0.2 - — B
04 \ 0.4 \
0.6 - B 0.6 |- B
I I I | | 1 | 1 1 1 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
X (bohr) X (bohr)
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Momentum distribution

Momentum obtained from A (R, t), drives the dynamics and encodes all the behavior observed in the
dynamics.

Quantum trajectories

t=0fs t=10.2fs t=315fs
2 \

3 X

i - ™ i

>

o \ b

-4 Non-Condon

T

-4 Condon

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Py (a.u.) Py (a.u.) Py (a.u.)
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Dynamics of Classical Trajectories

Y (bohr)

0.6

0.4

0.2

-0.2

0.4

-0.6

Classical trajectory distribution (Non-Condon)

T T T
t=0.2fs

Lea Ibele

Y (bohr)

Classical trajectory distribution (Condon)

T T
06 -

04

0.2

X (bohr)
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Momentum distribution

Momentum obtained from A, (R, t), initialized from Wigner distribution.

Classical trajectories
t=0fs t=10.2fs t=31.51fs

Non-Condon

Py (a.u.)
o

Condon

40  -20 0 20 40 60 80 -20 0 20 40 60 80 -20 0 20 40 60 80 100
Py (a.u.) Py (a.u.) Py (a.u.)
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Trajectories in EF

non-Condon Condon
T T T T T T T T T

o
&)
I

= \Wavepacket
= Quantum trajectories
Classical trajectories

= \Wavepacket
—— Quantum trajectories
—— Classical trajectories

Transmission
o o o
n w >

I I I

o
T

Time (fs) Time (fs)
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Trajectories in EF

non-Condon Condon
T I T I

0.5+

| == Wavepacket = \Wavepacket
04l — Quantum trajectories = Quantum trajectories
: Classical trajectories

—— Classical trajectories

Transmission
o =}
n w

I I

o
T

Time (fs) Time (fs)

Dynamics of trajectories on single surface incorporates all nonadiabatic effects. But need to know full
TDPES and TDVP, derived within 2D Gauge of S = 0. How can we move to EF based trajectories for

molecules?
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Trajectories in EF

non-Condon Condon
T I T I

o
&)
I

= \Wavepacket
= Quantum trajectories
Classical trajectories

= \Wavepacket
| = Quantum trajectories
—— Classical trajectories

Transmission
o o o
n w >

I I

o
T

Time (fs) Time (fs)

Dynamics of trajectories on single surface incorporates all nonadiabatic effects. But need to know full
TDPES and TDVP, derived within 2D Gauge of S = 0. How can we move to EF based trajectories for
molecules?

©® Get TDVP and TDPES on-the-fly

® Calculate TDVP and TDPES from adiabatic quanities

©® Use generally applicable gauge (for any number of degrees of freedom).
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Classical trajectory methods from EF for molecules

As before, the nuclear wavefunction is written in the polar form, and we get evolution equations from the
nuclear time-dependent Schrodinger equation (we already neglect Qyot):

+e(R, 1)

V,S(R, t) +A (R, D)]?

—8tS(R,t)=Z v ( > )2';\'/1 V( > )]
v

V.,S(R,t) +A,(R, 1)
M,

Ax(R P ==V, [ X (R, t)|2]

S.K. Min et al., Phys. Rev. Lett. 2015, 115, 7, 073001
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Classical trajectory methods from EF for molecules

As before, the nuclear wavefunction is written in the polar form, and we get evolution equations from the
nuclear time-dependent Schrodinger equation (we already neglect Qyot):

—9S(R, 1) = Z V,S(R,t) + A, (R, t)]z

+e(R, 1)
. oM,
9[|X(R, i’)|2 - _ Z VV ) [VVS(R, t2\4+AV(R, t) |X(R, t)|2]

We can again solve with characteristics, to get to

k(0= by =,

e(R(1), 1) + Z Ry (1) - Ay (R(D), )| +A,(R(D), 1)

S.K. Min et al., Phys. Rev. Lett. 2015, 115, 7, 073001
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Classical trajectory methods from EF for molecules

As before, the nuclear wavefunction is written in the polar form, and we get evolution equations from the
nuclear time-dependent Schrodinger equation (we already neglect Qyot):

—9S(R, 1) = Z V,S(R,t) + A, (R, t)]z

+e(R, 1)
. oM,
9[|X(R, i’)|2 - _ Z VV ) [VVS(R, t2\4+AV(R, t) |X(R, t)|2]

We can again solve with characteristics, to get to

P, (1)

Rv(t) = M

P,(t)=-V, +A,(R(1), 1)

e(R(8), 1)+ Y Ru(t) - Av(R(D, 1)

We use a generally applicable gauge:

e(R(), 1) + Z R,(t)-A,(R(H),t) =0

S.K. Min et al., Phys. Rev. Lett. 2015, 115, 7, 073001
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Classical trajectory methods from EF for molecules

Evolution of the nuclear density can be described by the continuity equation, coupled to the evolution of
the phase.

But replace by trajectories, reconstruct a classical like nuclear density from the trajectories (see later),
assuming that for short enough times, ensemble of classical trajectories will sample nuclear configuration
space with high probability density.

How about electronic evolution?

i%cb(r, t;R) = [Hpo(r,R) + Uen[®, x](R. t) — (R, ) (R, 1)| ®(r, ; R)

Important property to look at: Usn[®, x] electron-nuclear coupling operator!

S.K. Min et al., Phys. Rev. Lett. 2015, 115, 7, 073001
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Classical trajectory methods from EF for molecules

The electron-nuclear coupling operator

Oenl® XI(R.E) = Mi (%[—NRV —AVR D]+ (

\4

—iVRV)((R, i’)

(RO AR 1) (iVR, —Au(R, 1))

is then approximated and simplified:

Oen = Z( 0+ DD 9, - A, R(0,0)

bF. Eich and F. Agostini, J. Chem. Phys. 2016, 145, 054110
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Classical trajectory methods from EF for molecules

The electron-nuclear coupling operator

Oenl® XI(R.E) = Mi (%[—NRV —AVR D]+ (

\4

—iVRV)((R, t)

(RO AR 1) (iVR, —Au(R, 1))

is then approximated and simplified:
O = Z( 0+ DD 9, - A, R(0,0)

We neglect the first term, that was shown to be smaller® and with the characteristic definitions the rest

simplifies and we introduce the quantum momentum as P, (R(t), t) = VX RODE
p q v T 2 R(D.D?

Quantum momentum: purely imaginary correction, introduces quantum decoherence effects, needs
nuclear density — coupled trajectories
We'll talk later in detail how we get to this quantity!

bF. Eich and F. Agostini, J. Chem. Phys. 2016, 145, 054110
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Evolution of coefficients in CT-MQC

We reconstrunct the nuclear density from N trajectories, labelled with a. Let’s express nuclear
wavefunction in terms of eigenfunctions of Fgor

®(r, t;RY(t)) = zjl C)(R*(1), t)¢,(gja)(t)(”)

Lea Ibele Trajectory approaches within the exact factorization



Evolution of coefficients in CT-MQC

We reconstrunct the nuclear density from N trajectories, labelled with a. Let’s express nuclear
wavefunction in terms of eigenfunctions of Fgor

o(r, t; R*(t)) = Z Cy(R%(1), t)¢(f) (r)
J

R*(1)

now, the PNC becomes: 3, |C;(R*(t), )| = IVR*(t), t
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Evolution of coefficients in CT-MQC

We reconstrunct the nuclear density from N trajectories, labelled with a. Let’s express nuclear

wavefunction in terms of eigenfunctions of Hgo:

O(r, t; R%(1)) = ; CH(R™(1). Dpgl ) ()

now, the PNC becomes: 3, |C;(R*(t), )| = IVR*(t), t
When we insert this expression, in the evolution equation for the nuclear wavefunction

i%@(r, t;R) = [Mgo(r,R) + Uen[®, Y] (R £) — e(R, t)(R, )| @(r, £; R)

we can derive evolution equations for the expansion coefficients

Cj’ = CfTSH(f) + 'qum(t)
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Evolution of coefficients in CT-MQC

We reconstrunct the nuclear density from N trajectories, labelled with a. Let’s express nuclear
wavefunction in terms of eigenfunctions of Fgor

O(r, t; R%(1)) = ; CH(R™(1). Dpgl ) ()

now, the PNC becomes: 3, |C;(R*(t), )| = IVR*(t), t
When we insert this expression, in the evolution equation for the nuclear wavefunction

d o A
i= (1 t;R) = [Hgo(r,R) + Uen[®, X1(R. ) = (R, ) (R, )| @(r, £: R)
we can derive evolution equations for the expansion coefficients

C _Cj‘TSH(t)+ qu(t)

with the two contributions

. Ni pa
Coron (D) = —iEFCE(1) - ZZRV(t) d%  C(D) (D) = Z v (0 - (F%, = A%()CJ (D)
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Let’s have a closer look at these two contributions:
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Let’s have a closer look at these two contributions:
Nn
Coron (D) = —iEXCE(1) - Z Z Ry (1) - d2 , CE(t)
K v

Same contribution as in surface hopping: E" is the Jth eigenvalue of Hgo, R’ (1) the velocity of nucleus v,

dffJK = (¢Ja(t)|VV¢§‘,(t)> the nonadiabatic coupling vector between state J and K.
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Let’s have a closer look at these two contributions:
Nn
Coron (D) = —iEXCE(1) - Z Z Ry (1) - d2 , CE(t)
K v

Same contribution as in surface hopping: E" is the Jth eigenvalue of Hgo, R’ (1) the velocity of nucleus v,
dffJK = (¢Ja(t)|VV¢§‘,(t)> the nonadiabatic coupling vector between state J and K.
The additional term:
Nn

v (D)
v M,
depends on the quantum momentum P (t) and the time-dependent vector potential A%(t) along the
trajectory and the Jth adiabatic force, accumulated over time, along the trajectory a:

() = L (F%, - AL(D)CE ()
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Let’s have a closer look at these two contributions:
Nn
Coron (D) = —iEXCE(1) - Z Z Ry (1) - d2 , CE(t)
K v

Same contribution as in surface hopping: E" is the Jth eigenvalue of Hgo, R’ (1) the velocity of nucleus v,
dffJK = (¢Ja(t)|VV¢§‘,(t)> the nonadiabatic coupling vector between state J and K.
The additional term:
Nn
v (D)
v M,
depends on the quantum momentum P (t) and the time-dependent vector potential A%(t) along the
trajectory and the Jth adiabatic force, accumulated over time, along the trajectory a:

t
£, =/ (-V,Ef)dr
0

The TDVP is approximated because the NACV is spatially localized, whereas the force is accumulated
over time.

() = L (F%, - AL(D)CE ()
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Let’s have a closer look at these two contributions:
Coron (D) = —iEXCE(1) - Z Z Ry (1) - d2 , CE(t)

Same contribution as in surface hopping: E" is the Jth eigenvalue of Hgo, R’ (1) the velocity of nucleus v,

dffJK = (¢Ja(t)|VV¢§‘,(t)> the nonadiabatic coupling vector between state J and K.

The additional term:

& PE(D)
M,

depends on the quantum momentum P (t) and the time-dependent vector potential A%(t) along the

trajectory and the Jth adiabatic force, accumulated over time, along the trajectory a:

t
£, =/ (-V,Ef)dr
0

The TDVP is approximated because the NACV is spatially localized, whereas the force is accumulated
over time.

Clm(D) = (5, = AS(D)CF (1)

14

AL(t) = Z I[CH(CE(D]d +Z ICROPFE, ~ > ICR(DFe,
J
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Nuclear evolution in CT-MQC

The nuclear trajectory RS (t) is propagtated according to the CT-MQC force given by

F5(t) = F?/(,MF(t) +F'5,NAc(f) +F%__ (1)

v,qm
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Nuclear evolution in CT-MQC

The nuclear trajectory RS (t) is propagtated according to the CT-MQC force given by
F%(t): F(t)"'FVNAc(t)"'qum( )
with a mean-field contribution, a contribution from the nonadiabatic coupling vectors (those make up a

standard Ehrenfest term) and an additional contribution, dependent on quantum momentum and
accumulated force

Fo e (D) = D ICH (A=Y, E)
J

Finac(t) = an(oc%t)(E“ EZ)dS

Fiqm(D) = zZ (1)

th) l(f;':,,—Ai‘(r))
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Quantum decoherence and coupling between trajectories

Quantum decoherence: trajectory-based algorithms rely on ad-hoc corrections.

CT-MQC is derived from the exact nuclear and electronic equations, captures quantum decohrence
through the quantum momentum term.

Lea Ibele
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Quantum decoherence and coupling between trajectories

Quantum decoherence: trajectory-based algorithms rely on ad-hoc corrections.

CT-MQC is derived from the exact nuclear and electronic equations, captures quantum decohrence
through the quantum momentum term.

In the population evaluation, this term is

diCf (112 22.(1) |

Jdt :Z

ICr (o)

(Z |CR(D1PFS

Lea Ibele
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Quantum decoherence and coupling between trajectories

Quantum decoherence: trajectory-based algorithms rely on ad-hoc corrections.

CT-MQC is derived from the exact nuclear and electronic equations, captures quantum decohrence
through the quantum momentum term.

In the population evaluation, this term is

diCF (O & 2P,(1)
dt _Z M,

The crucial quantity is the quantum momentum,

ICr (o)

£, - (Z |CE(t)PFY

K

=Vux(R*(8), )|

2| x(R*(1), |2
Requires information of the full nuclear density. Therefore, to be able to approximate this for trajectories,
we need to have a set of coupled trajectories, that allow us to reconstruct the nuclear density.

Py (R (1), 1) =
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Quantum decoherence and coupling between trajectories

Quantum decoherence: trajectory-based algorithms rely on ad-hoc corrections.

CT-MQC is derived from the exact nuclear and electronic equations, captures quantum decohrence
through the quantum momentum term.

In the population evaluation, this term is

dICr ()2

22,0 |
Jdt :Z

The crucial quantity is the quantum momentum,

ICr (o)

(Z |CR(D1PFS

=Vux(R*(8), )|

2| x(R*(1), |2
Requires information of the full nuclear density. Therefore, to be able to approximate this for trajectories,
we need to have a set of coupled trajectories, that allow us to reconstruct the nuclear density. Generally,
the position of the nuclear wavefunction at the position of the trajectory can be approximated as

traj
X(RE(b), 1) = —Z\/ o exp[iSp(t)]

Py (R (1), 1) =
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Approximations to the quantum momentum

Only taking the diagonal parts of | y(R*(t), t)|*

Nlraj a'B

PE(D) = TE(ORE() - RE() = — RE(1) - ZRﬁ(f)—Z g
v Y
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oximations to the quantum momentum

Only taking the diagonal parts of | y(R*(t), t)|*

Nlraj a'B

PE(D) = TE(ORE() - RE() = — RE(1) - ZRMZMW o
B

v

However, when looking at the change of population over time, it can change even when the nonadiabatic
couplings are zero. In the average over all trajectories is needs to yield zero population transfer from state
J to K if the corresponding nonadiabatic couplings are zero. To ensure this, we impose a condition on the
quantum momentum, that the change of population is zero if the nonadiabatic couplings are zero, for
each nuclear degree of freedom, v

Ntraj

3P O~ FEICIICE? = 0v),v
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Short summary of CT-MQC

CT-MQC is an algorithm to propagate classical
trajectories based on the TDPES and TDVP, but
constructs them on-the-fly from adiabatic quantities. fixedion R toe fixed ion
Trajectories propagated with an Ehrenfest-like force
(that contains mean-field and NAC) and a
coupled-trajectory term:

energy

F3(t) = Fj e () + FYac () + FJ (1)

Also evolution of electronic coefficients includes an
Ehrenfest-like term and a term depending on the
quantum momentum:

CH (D) = Clrg (D) + Cf () / ‘\

»
>

The quantum momentum induces decoherence and nuclear coordinates
requires information of the nuclear density —
approximated through coupled trajectories.
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START

t=0: imtiahz:r:&ajeelglcci:\oens‘c(ppt;i:‘\loar:;:;\d momenta) G_CTM QC :
https://gitlab.com/agostini.work/g-ctmqc.git

distribute information to the
processors (for parallel versions)

compute BO properties (energies, forces,
coupling vectors) at the position of each trajectory

Compute the fime-integrated adiabatic forces
f ()
)

¥
collect information (positions)

| from all trajectories
| v

calculate the quantum momentum

calculate the time derivative of the
electronic coefficients

calculate nuclear forces

update electronic coefficients,
positions and momenta
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Workflow CT-MQC

t = 0:initialize trajectories (positions and momenta)
and electronic populations

distribute information to the
processors (for parallel versions)

I

¥

compute BO properties (energies, forces,
coupling vectors) at the position of each trajectory

I4.

Compute the fime-integrated adiabatic forces
f ()
)

2

collect information (positions)
from all trajectories

[ 2

calculate the quantum momentum

calculate the time derivative of the
electronic coefficients

2

calculate nuclear forces

[ 2

update electronic coefficients,
positions and momenta

G-CTMQC:
https://gitlab.com/agostini.work/g-ctmqc.git

Interface with QuantumModelLib

https://github.com/lauvergn/QuantumModelLib.git
for a large number of model Hamiltonians.

proaches within the exact factol



Workflow CT-MQC

t = 0:initialize trajectories (positions and momenta)
and electronic populations

distribute information to the
processors (for parallel versions)

I

¥

compute BO properties (energies, forces,
coupling vectors) at the position of each trajectory

I4.

Compute the fime-integrated adiabatic forces
f ()
)

2

collect information (positions)
from all trajectories

[ 2

calculate the quantum momentum

calculate the time derivative of the
electronic coefficients

2

calculate nuclear forces

[ 2

update electronic coefficients,
positions and momenta

G-CTMQC:
https://gitlab.com/agostini.work/g-ctmqc.git

Interface with QuantumModelLib
https://github.com/lauvergn/QuantumModelLib.git
for a large number of model Hamiltonians.

£, = [ (=Y, ENdr
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kflow CT-MQC

e Soctoni popions G-CTMQC:
https://gitlab.com/agostini.work/g-ctmqc.git

distribute information to the
processors (for parallel versions)
¥
compute BO properties (energies, forces,
coupling vectors) at the position of each trajectory

Interface with QuantumModelLib
https://github.com/lauvergn/QuantumModelLib.git
for a large number of model Hamiltonians.

Compute the fime-integrated adiabatic forces
f ()
)

¥
collect information (positions)
from all trajectories
v

calculate the quantum momentum

£, = [ (=Y, ENdr

calculate the time derivative of the
electronic coefficients

calculate nuclear forces

L 2
update electronic coefficients,
positions and momenta

Py () = I (ORT(1) = RY(1)

ey
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Workflow CT-MQC

t = 0:initialize trajectories (positions and momenta)
and electronic populations

distribute information to the
processors (for parallel versions)

¥

compute BO properties (energies, forces,
coupling vectors) at the position of each trajectory

Compute the fime-integrated adiabatic forces
f ()
)

2

collect information (positions)
from all trajectories

[ 2

calculate the quantum momentum

calculate the time derivative of the
electronic coefficients

2

calculate nuclear forces

[ 2

update electronic coefficients,
positions and momenta

|
I<.
|
|
|
|
|
|

G-CTMQC:
https://gitlab.com/agostini.work/g-ctmqc.git

Interface with QuantumModelLib
https://github.com/lauvergn/QuantumModelLib.git
for a large number of model Hamiltonians.

£, = [ (=Y, ENdr
Pr(t) =T7 (DR (1) — R7 (1)

'Cj’(t) = CfTSH(t) + 'qum(t)
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Workflow CT-MQC

t = 0:initialize trajectories (positions and momenta) — .
and electronic populations G CTM QC .

— I https://gitlab.com/agostini.work/g-ctmqc.git
processors (ior‘pavalle\ versions)
Interface with QuantumModelLib
0 , f 3
coupimg veetre) o e poshion o cach majetory I“ https://github i Q JQuantumModelLib.git
s://github.com/lauvergn/QuantumModelLib.gi
Gompute the time-integrated adiabatic forces p ) 8 X K )
Lo for a large number of model Hamiltonians.

from all trajectories

[ 2

£, = [ (=Y, ENdr

calculate the quantum momentum

electronic coefficients

2

calculate nuclear forces

L 2
update electronic coefficients,
positions and momenta

'Cj’(t) = CfTSH(t) + 'qum(t)

| collect information (positions)

|
|
. |
calculate the time derivative of the | Pg( ( t) — I‘gt ( t) Rflf ( t) _ R?/C ( t)
|
|

< i F (1) = Fmp(8) + FOqac () + L or ()
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Example CT-MQC for molecules: oxirane

CT-MQC was interfaced with CPMD, 100 trajectories, TD-PBE, plane wave basis set. ¢

1

electronic population
°
&

$,/S, decoherence indicator

Ehrenfest

c
S
k]
3
2
&
S osf
€
S
3
°
©
0

10
time (fs)

15

0.5

$,/8, decoherence indicator

[~ Enrenfest
CT-MQC

2
c,0
o

4S.K. Min et al., J. Phys. Chem. Lett.

time (fs)

N

time (fs)

2017, 8, 13, 3048-3055; B.F.E. Curchod et al., Eur. Phys. ). B 2018 91, 168
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Example CT-MQC for molecules: oxirane

CT-MQC was interfaced with CPMD, 100 trajectories, TD-PBE, plane wave basis set. ¢

4
CT-MQC ——
H
corr-FSSH

1 -
\32
4
NS
2\
31/ \
So =
0 | ]

electronic population
o
o
T

c
£ Ehrenfest
3 So
g i
48 o5l S a
€
<]
5
o2
®
0

] WV, \,M
=

I I I I
0 5 10 15 20
time (fs)

$,/S, decoherence indicator

[~ Enrenfest
C

2
¢,0
o

0.5

$,/8, decoherence indicator

time (fs)

4S.K. Min et al., J. Phys. Chem. Lett.

20 25

Energy (eV)

T T T 2 I ¥ ] 2

2017, 8, 13, 3048-3055; B.F.E. Curchod et al., Eur. Phys. ). B 2018 91, 168
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Extensions of CT-MQC: Triplets

Including spin-orbit couplings in

Two-state one-singlet/one-triplet model (Ry=8.0 bohr) t= 0 fs

G-CT-MQC. ¢ 0s m
2 x (R, ®(x, t; R) = N
(?—el + Flgo + ’:/soc)X(R, H®(x, t; R) o | |

S} e
£5qlT! m— |

spin-diabatic basis (eigenstates of IA-IBO) vs. 5 oosf carsd gy ad?

spin-adiabatic basis (eigenstates of o
Hgo + Hsoc) ooz \

Here is a new link for visio mode, we hope [ 1 1 ;
this one will work better : et e
https://eu.bbcollab.com/guest/d22947d97121¢ I

Sorry for the inconvenience,

Energy (Ha
°
5
g

AF. Talotta et al., Phys. Rev. Lett. 2020, 124,
o 10 20 30 40
033007; F. Talotta et al., J. Chem. Theory Comput. R tbohr)
2020, 16, 8, 4833-4848
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Extensions of CT-MQC: Time-periodic fields

Including time-periodic fields (V () = —iE, cos(Qt)) with Floquet formalism, F-CT-MQC:

i3 x(R, )®(r, t; R) = (?d + Flgo + V(t)) ¥(R, O(r, t; R)

Floquet theorem for the TDSE

A complete set of solutions of a time-periodic TDSE The eigenmodes are expanded in harmonics of the

with period T takes the form e/©nt¢, () external drive with w, = nQ
where the eigenvalues of the Floquet Hamiltonian n=tco
HF|(t) = Hgo + V(t) — idy are called Floquet Pm(t) = Z ei“’”t¢,(,7")
quasi-energies n=—oco

Her(0¢m(t) = Empm(t) an eigenvalue problem can be solved for the Fourier

components ¢,(n”) and the problem becomes

and Floquet eigenmodes are periodic in time: essentially stationary. States 'dressed’ with the
Gm(t) = Pm(t+T). harmonics

“M. Schird et al., ). Chem. Phys. 2021, 154, 114101
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Extensions of CT-MQC: Time-periodic fields

strong-field case

0.1 . 3
\ ’/ g? L T T I I T ]
\ / ground state s

/ excited state

total density —— |

n \ / /
\ :
/ 2 ]
! =
— / E
i \\// / > é‘
% 0.05 | 2 g
7] / -] =
6 / %
~ / 1 B
s \ / =
/ \ / o
/‘f \\\ / =

. e .\ rd
0 - 0
1 3 5 7 9 0 ] | | | |
R (bohr) 0 500 1000 1500 2000 2500

time (R/Ep)

M. Schir6 et al., J. Chem. Phys. 2021, 154, 114101
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Extensions of CT-MQC: Time-periodic fields

strong-field case

trajectories vs density

3000 3
3 2000 2
&= =
w
£
[+
E
1000 | - 1
§ 2
?g ol
5 - STRONG FIELD
g , = 0
5 6
0 500 1000 1500 2000 2500
time (R/Ep,)

M. Schir6 et al., J. Chem. Phys. 2021, 154, 114101
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Initial conditions and approximations of CT-MQC

To alleviate the cost: Independent Bundle
Approximation (IBA). IBA-E ordered according
to total energy; IBE-T according to kinetic
energy; IBA-r randomly organized.?

Lea Ibele

Trajectory approaches within the exact factorization



Initial conditions and approximations of CT-MQC

To alleviate the cost: Independent Bundle
Approximation (IBA). IBA-E ordered according
to total energy; IBE-T according to kinetic
energy; IBA-r randomly organized.?

N

o\
?‘ Jo t 481
NQ [
9 t>50 fs

\/

%
7— c 2530 fs
o

E /0 t=48fs

Model T
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Initial conditions and approximations of CT-MQC
Exact vs CT-MQC
To alleviate the cost: Independent Bundle
Approximation (IBA). IBA-E ordered according
to total energy; IBE-T according to kinetic
energy; IBA-r randomly organized.?

/\ t>50fs
t=0 \\ /\/

_ -
%\‘ Jo t 481
NQ [
9

t>50fs

/ So

%
7— c 2530 fs

Model T

4C. Pieroni and F. Agostini, J. Chem. Theory Comput.
2021, 17, 10, 5969-5991

S, population
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Initial conditions and approximations of CT-MQC

Exact vs CT-MQC

To alleviate the cost: Independent Bundle
Approximation (IBA). IBA-E ordered according
to total energy; IBE-T according to kinetic
energy; IBA-r randomly organized.“

/\ t>50fs
t=0 \\ /\
-
(}(\‘ Jo t 48 fs
A (9
o t>50fs
/ So

t 25-30 fs

Model T

4C. Pieroni and F. Agostini, J. Chem. Theory Comput.
2021, 17, 10, 5969-5991

S, population
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Exact vs CT-MQC
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——t——+ 0 — —
03 I =
3 Model Il - 8 Model Il
L $ 02| -
=
[=]
» o
S 01 |
>
= & \
S ] ] ] [— ]
T T T T T Og C T T T —
o Model Il :
Model Il
02 -
041 [ ]
—J | | 1 | — 0 L | |
0 30 60 90 120 150 0 30 60 90 120 150 1&
time (fs) time (fs)
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CT-TSH

In CT-MQC trajectories propagated with an Ehrenfest-like force (that contains mean-field and NAC) and

a coupled-trajectory term:
F5 () = FJ \p(t) + Fy nac (8) + FJ o1 (1)

Also evolution of electronic coefficients includes an Ehrenfest-like term and a term depending on the

quantum momentum:
Ci (1) = Clrsn (D) + Clyn (D)

dC. Pieroni and F. Agostini, ). Chem. Theory Comput. 2021, 17, 10, 5969-5991
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CT-TSH

In CT-MQC trajectories propagated with an Ehrenfest-like force (that contains mean-field and NAC) and
a coupled-trajectory term:

F5 () = FJ \p(t) + Fy nac (8) + FJ o1 (1)

Also evolution of electronic coefficients includes an Ehrenfest-like term and a term depending on the
quantum momentum:

C (1) = Clgu (8) + Cf (D)

CT-TSH propagates following the adiabatic forces, but still includes the quantum momentum in the
evolution of the coefficients — increases stability, reduces cost (no more explicit NAC) ¢

dC. Pieroni and F. Agostini, ). Chem. Theory Comput. 2021, 17, 10, 5969-5991
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CT-TSH

In CT-MQC trajectories propagated with an Ehrenfest-like force (that contains mean-field and NAC) and
a coupled-trajectory term:

F5 () = FJ \p(t) + Fy nac (8) + FJ o1 (1)

Also evolution of electronic coefficients includes an Ehrenfest-like term and a term depending on the
quantum momentum:

C (1) = Clgu (8) + Cf (D)

CT-TSH propagates following the adiabatic forces, but still includes the quantum momentum in the
evolution of the coefficients — increases stability, reduces cost (no more explicit NAC) ¢

method trajectory  nuclear foreces electronic evolution  hopping  decoherence
CT-MQC coupled TDPES and TDVP  Cysy(t) + Cqm(1) none QM
FS-CT-TSH coupled BOPES Crsh(t) + Cqm(1) FS aM
LZ-CT-TSH coupled BOPES Crsh(t) + Cqm (1) LZ QM

FS-TSH ITA BOPES Crsu(t) FS none
FS-TSH-EDC ITA BOPES Crsu(t) FS EDC

dC. Pieroni and F. Agostini, ). Chem. Theory Comput. 2021, 17, 10, 5969-5991
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CT-TSH

Exact vs FS-TSH(-EDC)

Exact vs FS/LZ-CT-TSH

Exact vs FS-TSH(-EDC)

Exact vs FS/LZ-CT-TSH

03 |- ‘ ‘ exa}:t — 1 ‘ ‘ exa‘ct — ]
FS-TSH —— FS-CT-TSH ——
FS-TSH-EDC LZ-CT-TSH
02 |- 1 B
\ exact m——
- FS-CT-TSH cl. ——
06 |- 4 FS-CT-TSHq. —— 01 |- B
M ¥ LZCrTeHcl —— | \
} ! : | : | [ZCTTSHG. { 0 | . -
1 03 | 1 1 T T I 1 1 i I ]
— [0
% 06 | 8 02 |- -T \ -
aQ o \
8 04 ;} \
5 ¢ o1 | - \
® 02 | & \ ‘ f\
0 = | | L L L - | ! L Il | = 0 | L
1 1 T T 1 1 1 T i T i i T T T 1 1 1 1
04 |- N4 4 93r T 7
02 - —
] |
01 \ -
1 1 1 | s 0 ! | ’\ . 1
0 30 60 90 120 150 180 30 60 90 120 150 18 60 30 60 90 120 150 180 30 60 90 120 150 18
time (fs) time (fs) time (fs) time (fs)

dC. Pieroni and F. Agostini, ). Chem. Theory Comput. 2021, 17, 10, 5969-5991




Overview

» CT-MQC and CT-TSH allow to run trajectories in an algorithm derived from the exact factorization.
» Decoherence included derived from QM

> Extensions for triplets and time-periodic fields

» Much more room for developments in the future!
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Overview

vV vy

>

CT-MQC and CT-TSH allow to run trajectories in an algorithm derived from the exact factorization.
Decoherence included derived from QM
Extensions for triplets and time-periodic fields

Much more room for developments in the future!

Hands-On:

>

vV v vy

G-CTMQC: https://gitlab.com/agostini.work/g-ctmgc.git:

VERY easy to compile and run (only needs gfortran, lapack and blas to run on your laptops).

At the moment interface with QuantumModelLib
(https://github.com/lauvergn/QuantumModelLib.git) for a large number of model
Hamiltonians.

Today: 1D (Nal) and 2D (conical intersection) model systems

compare CT-MQC, CT-TSH, Ehrenfest, TSH, TSH-EDC with exact calculations.

Highlight differences between methods, decohrence etc.

Lots of possibilities to play with the code and get understandings of trajectory based dynamics!
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