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Exact Factorization

Time-Dependent Schroedinger Equation
. %,

H(r,R)V(r,R,t) = iha\I!(r,R, t)
Molecular Hamiltonian
Ny, 9
. B — 5 . . . .
H(r,R) = Kz::l 2MKVK + Te(r) 4+ Vee () + Vi (R) + Vep (7, R)

Exact Factorization of the total wavefunction
Ansatz | U(r, R,t) = (R, t)®g(r,

/ Electronic Wavefunction

Nuclear Wavefunction
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Exact Factorization

Equations of motion

Two coupled equations, one for the electrons and one for the nuclei

A A 9
[HBO(r, R) + U., [®R,Z] — (R, t)] Dr(r.t) = i OR(r, 1)
. _

Y [—ihVi + A (R, )] _ 0
Kz:l oM Fe(Rt)| E(R.t) = iho E(R. 1)
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Exact Factorization

Equations of motion

Two Jcoupled/equations, one for the electrons and one for the nuclei

. . e,
[HBo(T, R) 4+ U, [PRr,Z] — (R, t)] Opr(r,t) = zhaé[)R(’r,t)
& [—ihV g + Ak (R, 1)]2 ' B,
> o Fe(R )| E(R.t) = ih- (R, 1)
K=1 s
T 1 |[-ikVk - AR(R D> [ —ihVEE(R, 1) -
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Exact Factorization

Equations of motion

Two Jcoupled/equations, one for the electrons and one for the nuclei
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Exact Factorization

Equations of motion

Two coupled equations, one for the electrons and one for the nuclei

A A ~ 9
[HBo(’r, R) + U, [®R,Z] — (R, t)] Dr(r,t) = il Or(r, 1)

i —ihVx + Ag (R, 1)]?

. )
i -(R1)| E(R,t) = iho (R, 1

\

Time-dependent vector potential Time-dependent potential energy surface

LK=1

Ak (R,t) = (Pg(t)| — ihVk Pg(t)),

(R.1) = (@R(1)| Hpo + Uen — ih > [2R(1)),

Francesco Talotta




Exact Factorization

Equations of motion

Two coupled equations, one for the electrons and one for the nuclei

A A ~ 9
[HBo(’r, R) + U, [®R,Z] — (R, t)] Dr(r,t) = il Or(r, 1)

- Nn , -
3 Ve ARBAE g ol o g gE(R,t)

K=1 2Mxe /i
Time-dependent vector potential ~ Time-dependent potential energy surface
BO Framework
Ak (R,t) = (PRr(t)| —thV K PRr(t)), —-- — NACs

(R.1) — (D ()\HBo+Uen—zha Dp(t)), <€——PES
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TRAJECTORY-BASED EQUATIONS

Exact solution: impossible for big systems

Oxirane

) ) o,
[HBO (r,R) + U, [®g, =] — ¢(R, t)] Dp(r.t) = i Dr(r.1

Find a classical solution for the Nuclear equation
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TRAJECTORY-BASED EQUATIONS

Find a classical solution for the Nuclear equation

- N, . 9 -
| K=1 2M | = ot —
| =(R,t)
v . modulus
=(R,t) = |E(R, t)|e(2/h)S(R,t)
T— phase

Francesco Talotta



TRAJECTORY-BASED EQUATIONS

Find a classical solution for the Nuclear equation

I [—iEV e + Ar (R, 1)) |
Kz_ll + A (R, t)] ’

)
(R, t) = ih o E(R, ¢
i +e(R1)| E(R.Y) = ih E(R, 1)

L 1 TERY)
4

(R,t) = |E(R,1)|ei/MSR)

[1]

d
°p | %A
dar = (®) RU)(t) ath (R,1)

R (t)

_ Pg(t)
aRK( ) | ROW = T | RO (1)
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TRAJECTORY-BASED EQUATIONS

Find a classical solution for the Nuclear equation

e .
N [-ihV g + Ak (R, 1))? _ L0 /\
Kz_l oM +e(R.1)| E(R,1) = ih.Z(R, 1) ’ /
- - =(R,t)
b

[1]

(R,t) = |E(R,1)|ei/MSR)

) Y
—A
dt Pr(t) 'R(I)(t) at " (R, 1)

o _ﬁi/ftl (t)
4 g

Trajectory
— Ry (1) | ~ Pk(?) |
At K RY@) — My RY (1)
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TRAJECTORY-BASED EQUATIONS

Equations of motion

: : 9
[HBO(r, R) + 0., [®g, =] — ¢(R. t)] Dr(r,t) = i Dr(r,t)
a _4a d ~ Pxk(?)

dt K () RD@) thK(R ‘) RO ERK(t) RO — A [BY®

[—ihV g — Ak (R, t)]? " (—vaE(R, t)

Nn,
) 1
Uenl®r.Z] = Y
en PR, E] £~ M 9 =(R,t)

+ A, (R, t)) (—ihV — AK(R,t))]

Ak (R,t) = (Pg(t)| — ihVK Pg(t)),

(R.1) = (@R(1)| Hpo + Uen — ih > [2R(1)),
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Inclusion of the Spin-Orbit Coupling

Hpo(r,R) — Hpp(r, R) HSOS'P R o) Hamiltonian

- _ )
EHBO(T, Rl U.,[0r, =] — ¢(R. t)] Dr(r,t) = ihs r(r,t)
i d d PK(t
at KO gy = grAx ) R0 g |[row) = 37 RO
Nn . 2 . —
ﬁen[q)R:E] _ Z A/}K [_ZhVK —QAK(R, t)] + (_ZHZ(K};(;)E{, t) + A,,(R,t)) ) (—ith o AK(R,t))]
K=1 ’

Ak (R, t) = (Pr(t)| —thV K Pr(t)).,

) D
e(R,t) = (PR(t)|HpotUen—iho |PR(t))r
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Inclusion of the Spin-Orbit Coupling

Hpo(r,R) — Hpp(r, R) ﬁSO!”’aRaU! Hamiltonian

. . A _ e,
[HB()(T, R) -+ HSO(’T‘, R, 0') -+ Uen[(l)R, :] — E(R, t)] (I)R(’I‘, t) — Zﬁ&@R(T, t)

d

d d
d—tPK(t)

RO dt 8 )R(I)(t) dt ()

_ Pg(2)
R(I)(t) — MK

RD (t)

Nn

[A]en[q)R:E] — Z

K=1

1
Mg

[—ihV i — Ak (R, t)]? N —ihVKZE(R, t)
2 =Z(R,1)

+ AV(Rat)) - (=ithV g — AK(RJ))]

Ak (R, t) = (Pr(t)| —thV K Pr(t)).,

D
(R, 1) = (PR(1) Hpo+Uen—iho| O R(t))r
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Inclusion of the Spin-Orbit Coupling

Hpo(r,R) — Hpp(r, R) ﬁSO!”’aRaU! Hamiltonian

. . A _ e,
[HB()(T, R) -+ HSO(’T‘, R, 0') -+ Uen[(l)R, :] — E(R, t)] (I)R(’I‘, t) — Zﬁ&@R(T, t)

d

d d
d—tPK(t)

RO dt 8 )R(I)(t) dt ()

_ Pg(2)
R(I)(t) — MK

RD (t)

Nn

[A]en[q)R:E] — Z

K=1

1
Mg

[—ihV i — Ak (R, t)]? N —ihVKZE(R, t)
2 =Z(R,1)

+ AV(Rat)) - (=ithV g — AK(RJ))]

Ak (R, t) = (Pr(t)| —thV K Pr(t)).,

) . D
(R, t) = (PR(t)|Hpo+ Hso +Uen—ihg |PR(t))r
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Inclusion of the Spin-Orbit Coupling

dp(r,t) — Pp(r,o,t) Electronic Wavefunction

Electronic wavefunction expanded in some spin basis...

bR(r,o.t) = > Cy(R.1)pp (r,0)
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Inclusion of the Spin-Orbit Coupling

dp(r,t) — Pp(r,o,t) Electronic Wavefunction

Electronic wavefunction expanded in some spin basis...

N CH(R, 1) (r, o)
J

Pp(r,o,t)=

A ~ A a\q
[HBO(T, R) + Hso(r, R, o) + U.,[®g, =] — (R, t)} D(r.o.t)= ihs Dr(r.o.0)
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Inclusion of the Spin-Orbit Coupling

dp(r,t) — Pp(r,o,t) Electronic Wavefunction

Electronic wavefunction expanded in some spin basis...

J
dp(r.o.t) =3 CHR. )y (r,0)
J \
~
[ﬁBo(r, R) + Hso(r, R, o) + U.,[®g, =] — (R, t)} O (.o t)= ih%@R('r,m t)

d
Get the equation of motion @O 7(R,t)
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Inclusion of the Spin-Orbit Coupling
dp(r,o,t) ZCJ (R, t).,aR .

Two ways to tackle the problem.

Spin-Diabatic Spin-Adiabatic
eEigenstates of Hp(r, R) eEigenstates of the full Hpo+Hso
eEigenstates of S2 and S*z eSpin properties depend on K
*Electronic adiabatic states S, S, S, T, e Electronic states have a mixed spin

character

eElectronic structure programs provide

e Approximations for the Exact Factorization
energies, NACs, SOCs in this representation PP

equations were written in this basis

eNeed to test the approximations of the
Exact Factorization equations

Francesco Talotta




Inclusion of the Spin-Orbit Coupling
Granucci-Persico-Spighi Model: 1 Singlet, 1 Triplet
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Inclusion of the Spin-Orbit Coupling

Granucci- Per3|co-Sp|gh| Model 1 Slnglet 1 Triplet
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Inclusion of the Spin-Orbit Coupling
Granucci-Persico-Spighi Model: 1 Singlet, 1 Triplet

Spin-Diabatic Spin-Adiabatic
1 | 'CT-MQC-S0y . | CT-MQC-S0{ — |
CT-MQC-SO+ CT-MQC-S0y ——
08 | EXACTg = = = | | EXACT = = =
EXACTT = = = EXACT, = = =
06 L e ’
04 | I 1
0.2 L I
0

0 50 100 150 200 250 0 50 100 150 200
time (fs) time (fs)
Good agreement with the exact DIA QM calculation
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Conclusions

eFirst working implementation of the spin-orbit coupling
in quantum classical algorithm derived from the exact
factorization for both spin-diabatic and spin-adiabatic

ePerspectives:
e Extend the spin-orbit model to N dimensions

e Interface the algorithm with MOLCAS
e Comparison with Exact Factorization and Surface-Hopping dynamics
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