How shall we treat the nuclear wavefunctions?

V(r,R,t) = &,(r;R)x,(R,t)



Nuclear equations of motion

Nuclear wavefunction represented on a grid
Xi(Re, ooy Ry t) = 300 S0 G (0TI 3G (Re)

o T X

v
Multiconfiguration Time-Dependent Hartree (MCTDH)

G. A. Worth, H.-D. Meyer, H. Koppel, L. S. Cederbaum, |. Burghardt, Int. Rev. Phys. Chem., 27, 569 (2008).
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Nonadiabatic quantum molecular dynamics

Nuclear wavefunction represented by trajectory basis functions (TBFs)

NTBFs

xR t) = > Gtk (RiRL(t), Pi(2), ek(6), 74(1)

t

v
variational MultiConfigurational Gaussian (vMCG) — Multiconfigurational Ehrenfest (MCE) — Ab

Initio Multiple Cloning (AIMC) — Full Multiple Spawning (FMS)
vMCG (Worth, Lasorne, Burghardt): Faraday Discuss., 127, 307 (2004); Int. Rev. Phys. Chem., 34, 269 (2015). MCE (Shalashilin): J. Chem. Phys.,

130, 244101 (2009). FMS (Martinez): J. Phys. Chem., 100, 7884 (1996). Other strategies: (Levine, 2016; Izmaylov, 2017).
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Full- and Ab Initio Multiple Spawning



Nuclear dynamics Full- and Ab Initio Multiple Spawning

Gaussian-based quantum dynamics
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Full Multiple Spawning or ... Ab Initio Multiple Spawning (AIMS)
Formally exact method Approximate nuclear dynamics, but

preserves important quantum effects.

For more information: M. Ben-Nun and T. J. Martinez, Adv. Chem. Phys., 121, 439 (2002). B. F. E. Curchod and T. J. Martinez, Chem. Rev., 118, 3305
(2018).
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Nuclear dynamics Full- and Ab Initio Multiple Spawning

Gaussian-based quantum dynamics
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Full Multiple Spawning or ... Ab Initio Multiple Spawning (AIMS)
Formally exact method Approximate nuclear dynamics, but

preserves important quantum effects.

For more information: M. Ben-Nun and T. J. Martinez, Adv. Chem. Phys., 121, 439 (2002). B. F. E. Curchod and T. J. Martinez, Chem. Rev., 118, 3305
(2018).
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Nuclear dynamics Full- and Ab Initio Multiple Spawning

Gaussian-based quantum dynamics
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Nuclear dynamics Full- and Ab Initio Multiple Spawning

Gaussian-based quantum dynamics
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Full Multiple Spawning or ... Ab Initio Multiple Spawning (AIMS)
Formally exact method Approximate nuclear dynamics, but
preserves important quantum effects.

For more information: M. Ben-Nun and T. J. Martinez, Adv. Chem. Phys., 121, 439 (2002). B. F. E. Curchod and T. J. Martinez, Chem. Rev., 118, 3305
(2018).
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Nuclear dynamics Full- and Ab Initio Multiple Spawning

Gaussian-based quantum dynamics
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Full Multiple Spawning or ... Ab Initio Multiple Spawning (AIMS)
Formally exact method Approximate nuclear dynamics, but

preserves important quantum effects.
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Nonadiabatic molecular dynamics - FMS

Full Multiple Spawning in a nutshell

i%lll(r, R, t) = HnoV(r,R, t)
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Nonadiabatic molecular dynamics - FMS

Full Multiple Spawning in a nutshell

i%lll(r, R, t) = HnoV(r,R, t)

U
Born-Huang: W(r,R,t) =37 ®,(r; R)xJ(R, t)

U

Eqgs. of motion for the nuclei, x/(R, t). (exact)
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Nonadiabatic molecular dynamics - FMS

Full Multiple Spawning in a nutshell

iglll(r, R, t) = HnoV(r,R, t)
ot
U
Born-Huang: W(r,R,t) =37 ®,(r; R)xJ(R, t)
U

Egs. of motion for the nuclei, x/(R, t). (exact)

Y
FMS Ansatz: x(R, t) = S04 ¢/ (t)x] (R;ﬁj{(t),ﬁj{(t),ﬁj(t),a>
Y

Egs. of motion for the complex amplitudes Cj’(t).

. —I —I . .
Gaussians center R;(t) and momentum P;(t) are evolved classically, while the
phase WJ’-(t) is evolved semiclassically.
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Nonadiabatic molecular dynamics - FMS

Full Multiple Spawning in a nutshell

ig\ll(r, R, t) = HnoV(r,R, t)
ot
U
Born-Huang: W(r,R,t) = > 7 ®,(r; R)xJ(R, t)
U

Egs. of motion for the nuclei, x/(R, t). (exact)

Y
FMS Ansatz: x;(R,t) = Z;V:’(lt) C/ (t)x; (R;ﬁjl-(t),ﬁj{(t),ﬁjl-(t),a>
U

Cl(t) — —I(Sﬁl) [H// — I'S//} c' —+ Z H[JCJ
J#£I

Nonadiabatic (Molecular) Dynamics

a
dt




Full/Ab Initio Multiple Spawning

Required electronic structure ingredients in FMS (exact)

H/Ii/ = <Xf<| 7A_nuc|Xi’>R5U + (XL|E/GI|Xﬁ/>R(5U

xk\ZM Sy |¢J> |ka>R— xHZQM

8/_‘\)2 > |Xk’>

>

a) Electronic Properties

(adiabatic representation):

AHls{isl ° EJe/ (R)
) o F, = —VREJeI(R)|R=R(t)

Electronic Energy

.
....

e S8, &
\"AHkm ™) dJ/(R) — <¢J(R)|VR|¢I(R)>

| | e o Dy(R) = (&,(R)|V2|®/(R)),
50"".‘ Analytical model systems.
’ ’ Adv. Chem. Phys., 121, 439 (2002); Chem. Rev., 118, 3305
> (2018).
{R}
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Full/Ab Initio Multiple Spawning

I
Expansion of the electronic property around the centroid position R( )
el ) —un | OE;
Er(R) = B/ (Rir )+§ :(R R p.km) oR, Ir,=RU")
p,km
3N of
1 Z —un O°E; —n
2 R R R, — R,
T2 ,( "m)c‘?RpaRp, Ry=R\),..R, =R, (Rp o' km) T
PP ) m
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Full/Ab Initio Multiple Spawning

Approximation for the integrals:
saddle-point approximation of order 0!

e el i/l
E7(R) ~ Ef' (R
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Full/Ab Initio Multiple Spawning

Required electronic structure ingredients in AIMS (approximated)

3N

el (1) (1) 0
Hike = Okl Tl s+ 7 (R ) kil s =3 (au(Ru) (g7 5 Pk
A : .
a) Electronic Properties

(adiabatic representation):

. R
NHSO& R=R TBF Ofr R
ATkl
v @ el
N 0 E J (R)

Electronic Energy

.
....

U e /
A/{m © F; = —VREF(R)|R=Rys (1)
X’

o dji(R) = (®,(R)|VR|®/(R))

S, f SA-CASSCF, MS-CASPT2,
semiempirical methods.
{R} Adv. Chem. Phys., 121, 439 (2002); Chem. Rev., 118, 3305

(2018).
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AIMS in a nutshel
AIMS — Independent first generation approximation

FMS: all initial conditions are coupled from t = 0.

) eIm—) >
X18 X1 Xaipr { R}

C

() () () () () )
v X2,B X.f(iﬁ Xlﬁ X2B, Xl,B/ XZB// XlB// XSB”
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AIMS in a nutshel
AIMS — Independent first generation approximation

AIMS: Independent First Generation Approximation (IFGA).

>
ﬂ . {R}
t

)  (J) () 1 (J) () (1)
VXQB X35 X13 Xag Xig  Xopgr Xigv  Xsgr

Nonadiabatic (Molecular) Dynamics




Summary: QD — FMS — AIMS

A
7 Truncated ®ap
2 Basis
5 O
S @ (XF)FMS
LLI 3 O . —O'
o © )
re @ ® ]ndependent
e @ First
(XF)|AIMS Generation
| | | |
— T T >
0 1 2 3 4 >

Saddle point order

B. Mignolet and B. F. E. Curchod, J. Chem. Phys., 148, 134110 (2018).
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Ab Initio Multiple Spawning — Summary

Electronic Energy

>
{R}

i€ = —i(s™Y, (H,, _ iS,,) c'+3 HyC’

J#1
using the saddle-point approximation
3N
Hito = 06 Tosel X Yrou+E7 (Rl ) (x§ |x“>>R6u—§;(du(ﬁi’,i?))< ’|M TR
p—

and the independent first generation.
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