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Options for the Dynamics: Forces Y5
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dyn_control_params

- force_method how to compute nuclear forces:

0 —don’t compute it — typical for the NBRA workflows
OEqqi,i

[1 — state-specific forces]: Fpq;; = — T —VnHgg;;; for the active adiabatic state j
2 — Ehrenfest forces (mean-field = MF) 1
_ _ _di At QTSH _ QTSH
3 — QTSH forces — the off-diagonal contributions of the Ehrenfest force fodin = CaleadLn Coai
adi~adi
- rep_force 0 — using only diabatic properties; [1 — using adiabatic properties]
n n,dia CdLaSCdia dia' dian“dia n,adi CadlCadl adl dln adi

nHamiltonian /
- Ehrenfest_forces_dia
- Ehrenfest_forces_adi / Fg{gn <¢dla|\7 H|1/sza> = [ ViHgiq + Ddla S~ 1Hdia + HdiaS_lDdia,n]

- Ehrenfest_forces_tens_dia
- Ehrenfest_forces_tens_adi = Far . = —(Waqi|VaH|Waai) = |[~VnHaai + DaginHaai + HaaiDadin)

TSH
Fani,n = _<¢adilvnH|lI)adi> [Dadln adi T HadiDadi,n]



Options for the Dynamics: Forces 95
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Note on the Ehrenfest force calculations:

In the normal approach, when we rely on the TD-SE integrator that uses NACs, the force tensor is computed as:
Fgc[g,n — _<¢adi|vnH|¢adi> — [_VnHadi + Dc-iz-di,nHadi + HadiDadi,n]

However, when the local diabatization integrators are used, the NACs vanish,D,4; = 0, so the force tensor becomes just:

Fcllvc[ilz,’rLlD - _<¢adi|vnH|¢adi> ~ _vnHadi

dyn_control_params

Whether we want to enforce nuclear dynamics to be on a given state,

- enforce_state_following regardless of the TSH transitions: [0 —no]; 1 —yes (the dynamics is governed
by the given PES, but the hopping may still be happening). The option 1 can be
used for NBRA for the excited-state surfaces.

- enforced_state_index
If we enforce the nuclear dynamics to be on a given state, what is the index of that

state [any integer > 0, default =0 ]
The default value of 0 enforces the nuclear dynamics to be on the ground state.



Options for the Dynamics: Time-overlaps and NACs 95

dyn_control_params

time_overlap_method

nac_update_method

nac_algo

1
Meek, G. A.; Levine, B. G. J. Phys. Chem. Lett. 2014, 5, 2351. d(“?) “A_tf <‘/’(t )|6t’ |‘/’(t )>dt - At),
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How to get the time-overlaps P,4;(t — At, t) = (P ,4;(t — At)|YP,4;(t)) in the dynamics.
[0] - based on the wavefunctions (the Hamiltonian shall have the basis_transform variables
updated): Pyg;(t — At,t) = Ut (t — At)Py;,(t — At, t)U(t)

1 - based on external calculations (the Hamiltonian shall have the time_overlap_adi
member updated) - use for NBRA

How to update NACs and vibronic Hamiltonian before electronic TD-SE propagation.
- 0:don't update them (e.g. for simplest NAC)
- [1]: update according to changed momentum and existing derivative couplings

P,
dij = z DSC%M

- 2:update according to time-overlaps (only time-derivative NACs)

How to compute time-derivative NACs (if nac_update_method==2)

- (-1): don’t update, e.g. we use NACs from somewhere else [ default ]

_ _ At\  Styj(tt+At]) =St (tt+At])
- 0:use HST formula: d;; (t + —) = A

- 1:use NPI of Meek and Levine T(t+ At) = S'(t, t + At) = (PO |P(t + At))

dt
Tt ) T(t Vit = log[T(Att+ At)]




Hop Proposal Probability =

dyn_control_params

- tsh_method

- [-1]: adiabatic dynamics, no hops [ default ]
- 0: Fewest Switches Surface Hopping (FSSH)
- 1: Global Flux Surface Hopping (GFSH)

- 2: Markov-State Surface Hopping (MSSH)

- 3: Landau-Zener (LZ) options

- 4: Zhu-Nakamura (ZN) options

- 5: DISH (see decoherence)

- 6: MASH

- 7: FSSH2

- 8: FSSH3

FSSH3:
Akimov, A. V. Mol. Phys. 2024, to appear in press

LZ:

(1) Tully, J. C. J. Chem. Phys. 1990, 93, 1061, 1071

(2) Belyaev, A. K.; Lebedev, O. V. Phys. Rev. A 2011, 84,
014701
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FSSH:
Tully, J. C. J. Chem. Phys. 1990, 93, 1061

GFSH:
Wang, L.; Trivedi, D.; Prezhdo, O. V. JCTC 2014, 10, 3598

MSSH:
Akimov, A. V.; Trivedi, D.; Wang, L.; Prezhdo, O. V. J.
Phys. Soc. Jpn. 2015, 84, 094002

MASH:

(1)Mannouch, J. R.; Richardson, J. O. A JCP 2023, 158, 104111

(2)Runeson, J. E.; Manolopoulos, D. E. AJCP 2023, 159, 094115.

(3)E. Runeson, J.; P. Fay, T.; E. Manolopoulos, D. PCCP 2024, 26, 4929-4938.

FSSH2:
Araujo, L.; Lasser, C.; Schmidt, B. J. Chem. Theory Comput. 2024, 20, 3413-3419

ZN:

(1) Zhu, C., Nakamura, H., Re, N., Aquilanti, V., 1992. J. Chem. Phys. 97, 1892

(2) Hanasaki, K., Kanno, M., Niehaus, T.A., Kono, H., 2018. J. Chem. Phys. 149.
244117

(3) Yu, L., Xu, C, Lei, V., Zhu, C., Wen, Z., 2014. Phys. Chem. Chem. Phys. 16.
25883.



FSSH and MISSH Hop Proposal Probability Y5
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FSSH

pii () — pu(t + At)) <—Pii(t)At> B ( Apii(t)> B < pii(t + At) — pii(t)>
xo|————]=0- X

Pi—>*(t, t+ At) = 0'( Dii (t) Dii (t) Pii (t) Pii (t)

x,x =0
0, otherwise

—pii(t)At> 0y (zj-vgol Re(p;;dij) At) N Zw—l 0 <2Re(p;jdi j)At)
j=0

o(x) =xH(x) = {

P_.(t,t +At) = 0(

pu®) ) Pii Pii References:
PFSSH _ 2Re(pijdij)At Tully, J. C. J. Chem. Phys. 1990, 93, 1061
=] Dii
L
Fabiano, E.; Keal, T. W.; Thiel, W. Chem.
2Re *d At At . . I I 7 7 )
PESSH = max (o, (o p” ) ) Pf,; = max (0.—h D Im[P, ;HY{" — HE,’,‘-”Pj,i]> Phys. 2008, 349 (1), 334-347.
ii L
MSSH

Pl-i]?SSH (t,t + At) = Prp(t + At)  Akimoy, A. V; Trivedi, D.; Wang, L.; Prezhdo, O. V. J. Phys. Soc. Jpn. 2015, 84, 094002



GFSH and FSSH-2 Hop Proposal Probability

GFSH — starts with considering the changes
of populations of all states

Apii(t) = pyi(t + At) — p;; (£)

iEA:Apii<0
iEB:AlDii>O

pGFSH _ Apj;  Apy

Li€EAJjEB

o Pii LkeaDPrk
Api; .
P, =— % - total flux out of state i
(A4
L A .. A ..
P(jli) = Pjj _ _ Pjj

Ykea(—Apkk) Ykea APk
conditional probability of ending up in state

j if left from state i
PLCiZSH P(]ll’)PL—>*

Wang, L.; Trivedi, D.; Prezhdo, O. V. JCTC 2014, 10, 3598

b =
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FSSH-2

Total flux out of state i is the same as in the FSSH

o (_pii(t)At) — 0 (_ Apii(t)) {V 01 pll =1

Pi..(t, t +At) = 0 (t) pii(t)

P, (t, t + At)

_ o _Bpu®) _ _(_ pult+A)—pu()) _
B 0( pii(t) ) 0( pii(t) )

( (1‘2#1'/’1’1'(““)) ‘(1‘2#1'91'1'(”) ) <Zj¢i(pjj(t+At)—pjj(t)) )
o\ — =0 =

pii(t) pii(t)

pjjt+At)—p;j(t)
d (Zjii pii(t)

pFSSH-2 _ pjjt+AD-p;i(t)

- the interpretation is
=] pii(®) P

pii(t+At)—p;(t) pjjt+At)—p;j(t)
pii(t) ’ pii(t)

pFSSH-2 _ . < ; (_ pii<t+m)—pu<t)) . (pjj(t+At)—pjj(t))> oy

FSSH—2
PFS

= min (— ) - the correction

=] pii(t) pii(t)

pFSSH=2 — 1 _ z pFSSH-2
Araujo, L.; Lasser, C.; Schmldt B. J. Chem. Theory Comput. 2024, 20, 3413-3419



FSSH-3 Hop Proposal Probability 95
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Akimov, A. V. Mol. Phys. 2024, to appear in press Thesw=Rlventyorliew Tk
- T —
FSSH-3 p(t) = (Poo(t);/)n(t); ---;pN—l,N—l(t)) y=Jx - the problem to solve
= min||y — Jx|| - solve the optimizati bl
p(t + At) — p(t) et 800D Jo rn]1n||y Jx||5 - solve the optimization problem
At Jo = (yxT)(xxT) ™! - the formal solution
prssi-a _ [ _ Apy; () U(]j,i) i There are two options:
i—j - () RYAL _ _Ap _ p(t+AD)—p(t) iti =
Pii Y (ki) x = p(t). y=5, = v Initial guess forJ = 0
_ Ap;;(t) .
P S3 =1-0 (-m x = p(b). y = p(t + At) Initial guess for J =1

The size of the vectorized density matrix in equations to determine hopping probabilities/fluxes

dyn COHthl pa rams - 0: N elements - only populations; the matrices are overdetermined [ default]

- - - 1: NA2 elements - first N elements are populations, then Re and Im parts of upper-triangular coherences

thatis rho_{0,1}, rho_{0,2}, ... rho_{O,N-1}, rho_{1,2}, ... rho_{1,N-1}, ... rho_{N-2,N-1}

) fssh3_S|ze_opt|on The approach to determine the hopping probabilities:
- 0: based on master equation, rho(t+dt) =J * rho(t); J matrix contains hopping probabilities directly [ default ]
_ fSSh3 approach option - 1: based on kinetic approach, drho/dt = J * rho; J matrix contains fluxes
- fssh3_dt The time-step of the optimization procedure in the FSSH3 calculations. Default: 0.001
- fssh3_max_steps The maximal number of steps in the FSSH3 optimization step. Default: 1000

- fssh3_err_tol FSSH3 error tolerance.  Default: 1le-7



MASH Hop Proposal Proba

1. Initialization of electronic amplitudes:

Initial conditions sampling algorithm:

1) Make N-1 uniformly distributed random cuts of the [0, 1] interval
{0 < &; < 1}. Sort them such that &;,; = ¢;

2) The population of i-th state is the distance between cuts: p; = & — &;_4.
Find the maximal value and the index.

3) Swap the index of the target active state with the corresponding maximal-
population index, do the same for the populations

4) The generated point (a vector of populations) would be considered

belonging to the basin of the active state of interest

2. Hop proposal probability: P.,j=1,3jip;; = ml.aX(Pii) (2;
P =0,Vk #j (3)E.R
4938.

Proposed hops to the states with the largest population

3. Observables (population estimators):

dyn_general = { "

"dt":10.8,
"progress_frequency":8.1, "which_adi_states":range(NSTATE

MASH,rep rep|2
P = ay|c
n wle™| j"BIV\These are the SE populations
}
i N . : : :
prHadt — —* - works in adiabatic basis -
P,fH’dia - works if the adiabatic SH population is transformed according to

"se pop_adi", "se pop_dia", "sh_pop_adi", "sh_pop_dia",["
"prefix":"adiabatic_md", -

b =
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bility

(1)Mannouch, J. R.; Richardson, J. O. AJCP 2023, 158, 104111
Runeson, J. E.; Manolopoulos, D. E. A JCP 2023, 159, 094115.

uneson, J.; P. Fay, T.; E. Manolopoulos, D. PCCP 2024, 26, 4929—-

NSTATES = model_params["nstates"]

nsteps":2588, "ntraj":25, "nstates":NSTATES,
"num_electronic_substeps":1, "isNBRA":8, "is_nbra":@

- a 2
S), "which_dia_states":range(NSTATES),

"mem_output_level":3,
"properties_to_save":[ "timestep", "time",

TPy T, © "Cadi", "Cdia", "Epot ave" kkin ave", "Etot ave",

"prefix2":"adiabatic_md

a =
Tempelaar N



Computing state populations in Libra

SE,rep __

b =
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This is a mixture of the SH populations and SE coherences

Diagonal elements of the density matrices Py.p: p, = Prepnn
: 2
prsl‘E,adl — |Cn,adi| - adiabatic SE populations — “quantum” populations
: 2
pSEdia _ |craia|” - diabatic SE populations — “quantum” populations
W) = [Paai(t))Caai(t) = [Pgia(t))Cgiq(t) HgiqU = SUH g
CaaiChai = Paai @ Paia = UTSPy;SU
ng’adi — % - adiabatic SH populations — counting trajectories
SH,dia elelp)
- PP
For each trajectory: P4, = UTSP,4;SU Pogiri = Sxi0ra + (1 = 8i1)crcy

X

Active state index for the given trajectory

Tempelaar, R.; Reichman, D. R. JCP 2018, 148, 1023009.
Bondarenko, A. S.; Tempelaar, R. JCP 2023, 158, 054117.



Landau-Zener (LZ):

Hopping only at the gap minimum!

2T
PLP_,] = exp (—7]/M>

| Hdia | 2
vT(ledla Hdla D

yLZ

Zhu-Nakamura (ZN):

Hopping only at the gap minimum!

PP

l—’]

w2 ||FTF;| |F; — Fj|

a? = =
Z,U (ZHidjia

|F; — F|

= (E-E(R=R,))

“F F;| (2H3®

Hop Proposal Probability =
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(1) Tully, J. C. J. Chem. Phys. 1990, 93, 1061, 1071

dyn_control_params
- (2) Belyaev, A. K.; Lebedev, O. V. Phys. Rev. A 2011, 84, 014701

- rep_lz . .
P_ The representation to compute LZ probabilities.

Options:
- 0: diabatic, Eq. 1 of the Belyaev-Lebedev paper, crossing point is determined
by the sign change of the diabatic gap [ default ]
- 1: adiabatic, Eq. 3 of the Belyaev-Lebedev paper, crossing point is determined
by the sign change of the diabatic gap
- 2: adiabatic, Eq. 3 of the Belyaev-Lebedev paper, crossing point is determined
by the sign change of the NAC

(1) Zhu, C., Nakamura, H., Re, N., Aquilanti, V., 1992. J.
Chem. Phys. 97, 1892

— exp| — s 2 (2) Hanasaki, K., Kanno, M., Niehaus, T.A., Kono, H.,
4\ a2 _ . 2018. J. Chem. Phys. 149. 244117
b? + \/ |b* + sign(F] F;)| (3) Yu,L,Xu,C., Lei, Y, Zhu, C., Wen, Z., 2014. Phys.

Chem. Chem. Phys. 16. 25883.

1
—|Fi — Fjl *J(Fi — F;) M~1(F; - F)

Multidimensional version \/1_ |FTF;| \/|F TM-1F,|




Hop Acceptance Probabilities . Ié
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- hop_acceptance_algo

Options: PA. =1
- 0: accept all proposed hops [ default ] =f
- 10: based on adiabatic energy - accept only those hops that can obey the energy
conservation with
adiabatic potential energies
- 11: based on diabatic energy - same as 10, but we use diabatic potential energies
&Y P & Tully, J. C. J. Chem. Phys. 1990, 93, 1061
- 20: based on derivative coupling vectors - accept only those hops that can obey the PHf G)(Ekin + Ef — Ef)
energy conservation
by rescaling nuclear velocities along the directions of derivative couplings for the
guantum nuclear DOFs
- 21: based on difference of state-specific forces - same as 20, but the rescaling is done
along the vector

parallel to the difference of adiabatic forces on initial and target states pA s =min (1 exp <_ £>>
| Ad
kgT

Prezhdo, O. V.; Duncan, W. R.; Prezhdo, V. V. Prog. Surf. Sci. 2009, 84, 30

- 31: accept hops with the probability taken from the quantum Boltzmann distribution
- 32: accept hops with the probability taken from the classical Maxwell-Boltzmann 4_

distribution PA =1 —|erf <AE_> — f<_AE > ex <_ _AE )
. - i»f — p
- 33: accept hops with the probability taken from the updated quantum Boltzmann kgT T \kgT kgT
distribution (experimental)

Smith, B.;Akimopv, A. V. J.1 hem.Phys. 2019, %51, 124107

- 40: based on possibility to conserve energy using tcnbra_ekin variables (experimental PHf = G)(El(HAt)(t + At) + e, (6 + At) — km](t + At))
for TC-NBRA)

Akimov, A. V. J. Phys. Chem. Lett. 2023, 14, 11673-11683



dyn_control_params

Momentum Rescaling m,é..,.

The State University of New York

- momenta_rescaling_algo P§{) = P,S‘) —Ylynij i
1 A/

_ 12
j = bi; +4a;c;

—_ T ag—1
a;j _EtijM t;j A <0 Ajj =0
b = tg’jM—lp(i) Frustrated hop Accepted hop
Clj — Ei _ E] / \
Options:
| i iy = 0
- 0: don't rescale [ default ] Reversal or not
- 100: based on adiabatic energy, don't reverse on frustrated hops A ZaU Y Zaij
- 101: based on adiabatic energy, reverse on frustrated hops
- 110: based on diabatic energy, don't reverse on frustrated hops
- 111: based on diabatic energy, reverse on frustrated hops
- 200: along derivative coupling vectors, don't reverse on frustrated hops — pn
. . . tn JLj adi,ij

- 201: along derivative coupling vectors, reverse on frustrated hops
- 210: along difference of state-specific forces, don't reverse on frustrated hops i n
- 211: along difference of state-specific forces, reverse on frustrated hops tn,ij adii — “adi,j

- 40: does not rescale velocities, but rescales tcnbra_ekin variables

ekm(t) - ekm(t + At) - ekln(t) + Ei(t) o Ei(t+At)

TC-NBRA rescaling of effective kinetic energy:  “j. 00 v ) phys. chem. Lett. 2023, 14, 1167311683



G5

Momentum Reversal on Frustrated Hops: Jasper-Truhlar Criterion ey = suraio

The State University of New York

dyn control params Jasper, A. W.; Truhlar, D. G. Chem. Phys. Lett. 2003, 369, 60- 67
- use_Jasper_Truhlar_criterion use_Jasper_Truhlar_criterion=1
Options:

- 0: don't use this criterion (naive handling)

- 1: use it [ default ] Ai; <0

Frustrated hop

/

the velocities are reversed along the
direction D y4; q,; if

a) (FTD,.)(F'D,:) <0 :
Frustrated hop ( a aj)( j a;) Otherwise

b) (V"D ;) (FjDas) <O
/ \ where a - is the active state index;
Only in effect, if

use_Jasper_Truhlar_criterion=0

No reversal for Reversal for ‘momenta_rescaling_algo == 201"
momenta_rescaling_algo: momenta_rescaling_algo:
100, 110, 200, 210 101, 111, 201, 211

Reversal No Reversal



Decoherence Options 95

dyn_control_params

decoherence_algo

- [-1]: no decoherence [ default ]
- 0: SDM and alike

- 1: instantaneous decoherence options (ID-S, ID-A, ID-C, ID-F)

- 2: AFSSH

- 3: BCSH of Linjun Wang

- 4: MF-SD of Bedard-Hearn, Larsen, Schwartz
- 5: SHXF of Min

- 6: MQCXF

- 7: DISH, rev2023

- 8: diabatic IDA, experimental

DISH_rev2023: Zhang, Q.; Shao, X.; Li, W.; Mi, W.; Pavanello, M.; Akimov, A. V. J.

Phys.: Condens. Matter 2024, 36, 385901.

SHXF and MQCXF:
Ha, J.-K.; Lee, I. S.; Min, S. K. J. Phys. Chem. Lett. 2018, 9, 1097
Han, D.; Akimov, AV. J. Chem. Theory Comput. 2024, 20, 5022-5042

University at Buffalo
The State University of New York

SDM: Granucci, G.; Persico, M. J. Chem. Phys. 2007, 126, 134114.
mSDM: Smith, B.; Akimov, A. V. J. Chem. Phys. 2019, 151, 124107.

ID-A: Nelson, T.; Fernandez-Alberti, S.; Roitberg, A. E.; Tretiak, S. J.
Chem. Phys. 2013, 138, 224111.

ID-F: Zhang, Q.; Shao, X.; Li, W.; Mi, W.; Pavanello, M.; Akimov, A. V.
J. Phys.: Condens. Matter 2024, 36, 385901.

A-FSSH:

Landry, B. R.; Subotnik, J. E. The Journal of Chemical Physics 2012,
137, 22A513.

Jain, A.; Herman, M. F.; Ouyang, W.; Subotnik, J. E. The Journal of
Chemical Physics 2015, 143, 134106.

Jain, A.; Alguire, E.; Subotnik, J. E. J. Chem. Theory Comput. 2016,
12, 5256-5268.

BCSH: Xu, J.; Wang, L. J. Chem. Phys. 2019, 150, 164101.

MF-SD: Bedard-Hearn, M. J.; Larsen, R. E.; Schwartz, B. J. J. Chem.
Phys. 2005, 123, 234106.

DISH:

Jaeger, H. M.; Fischer, S.; Prezhdo, O. V. J. Chem. Phys. 2012, 137,
22A545

Akimov, A. V. J. Chem. Phys. 2021, 155, 134106.



Decoherence: SDM and ID G5
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SDM Granucci, G.; Persico, M. J. Chem. Phys. 2007, 126, 134114.  dyn_control_params
- sdm_norm_tolerance
gradually change the amplitudes Corresponds to the "tol" parameter in the sdm function. It controls
5 how much the norm of the old state can be larger than 1.0 before the
At 1 — Zi¢f|Ci’| code stops with the error message [ default: 0.0 ]
C{:Ciexp<_—),vt:,tf C;:Cf 5
Tif |Cf| Note: only matters if decoherence_algo ==
ID-A Nelson, T.; Fernandez-Alberti, S.; Roitberg, A. E.; Tretiak, S. J. Chem. Phys. 2013, 138, 224111. Wavefunction reduction

Cf - 1'Ci = O,Vl :/:f
dyn_control_params
collapse_option How to collapse wavefunction amplitudes in the

decoherence schemes: B e = > — — =
- 0: by rescaling the magnitude of the amplitude ‘ e e S :> =
vector elements, but preserving "phase" [ default ] — — — T =
- 1: by resetting the amplitudes to 1.0+0.0j. This "
Atyop Atyop

option changes phase

Zhang, Q.; Shao, X.; Li, W.; Mi, W.; Pavanello, M.;
Akimov, A. V. J. Phys.: Condens. Matter 2024, 36,
385901.

- instantaneous_decoherence_variant

Option to control the instantaneous decoherence methodology, only used with decoherence_algo ==

- 0: ID-S — on the successful hop

- 1: ID-A [default] - if the proposed hop is not successful, we project back to the initial state if the proposed hop is accepted - we project onto that state
- 2: ID-C - consistent ID - an experimental algorithm

- 3: ID-A, new: if the proposed hop is not successful, we project out the proposed states if the proposed hop is accepted - we project onto that state

- 4: ID-F, new: if the proposed hop is not successful, we project out the proposed states but we don't do anything if the hop is successful



Decoherence: A-FSSH G5
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(1) Landry, B. R.; Subotnik, J. E. The Journal of Chemical Physics 2012, 137, 22A513.

(2) Jain, A.; Herman, M. F.; Ouyang, W.; Subotnik, J. E. The Journal of Chemical Physics 2015, 143, 134106.
(3) Jain, A.; Alguire, E.; Subotnik, J. E. J. Chem. Theory Comput. 2016, 12, 5256-5268.

Propagate extra set of variables  sg _— Try[(R — Repy)p]

—

6P = Ty (P — ﬁSH)ﬂ]

These variables define the rates for wavefunction collapse

1 %Iﬁnﬂ
W gl
5&?1'(5ﬁfm - 5RM} Zlﬁirr'(éﬁrm - Sﬁﬂd)l
N 2h - h

: B 5P,
Lok, = [-LV T, 6R] + L
dt i m

d P, = [_iv ~ T, 5?] + l(ﬁﬁa + 66F),
dt ’ h ik J j

5. Compute the probability to collapse the amplitudes for the
state n # i (where { 1s the active surface) as

— Fii)ox 2| Fin0Xpn|
collapse _ dt (an Fu)()‘nn _ | inYAnn (A10
" ( 2h T ' :
Also compute the probability to reset the moments as
(Fun — Fii)oxpn
resel = —dt : All
}"H ( 2ﬁ' ( }



Decoherence: DISH G

University at Buffalo

Jaeger, H. M.; Fischer, S.; Prezhdo, O. V. J. Chem. Phys. 2012, 137, 22A545 Fie e Tupersity oL vew Xark

Hops are the consequences of decoherence
. .1 2 . . . . .
1. Coherence interval for state i: —= Zjiipjj rij; Pjj = |Cj| ; 1ij - pure dephasing time for the pair of states j and j
l
t

2. The time at which decoherence event takes place is distributed exponentially: P(t)~ exp (— ;), which corresponds to the Poisson
l

distribution of the number of events to take place in a given time interval.
3. At decoherence event: coherent superposition W = }}; c;; is projected in the following way:

- with the probability |¢;|?, the superposition is collapsed on the pure state 1; (set ¢; = 1, set ¢j =0,Vj # i)
-- but do this only if the hop to this state + velocity rescaling associated with this transition is possible
- with the probability 1 — |¢;|?, the state 1; is projected out from the superposition (reset ¢; = 0, renormalize others)

What if the decohered state is the active state?
- If we collapse on this state — fine;
- If we project out the state from the superposition — the SE and SH
populations become inconsistent (e.g. say the ground state is active, but ¢y =
0)
if the decohered state turns out to be the active one, we project the corresponding amplitude out only if a successful hop to any other

Akimov, A. V. J. Chem. Phys. 2021, 155, 134106.

2
state can occur. The hop to any other state j is proposed with the probability |cj| and if the hop into this state is successful, the
superposition is collaped onto this new state and the hop occurs.

Note: DISH is invoked by tsh_method==5 (hopping scheme) and
decoherence_algo==-1 (no additional decoherence)



DISH Initialize “coherence time” T

. — ] University at Buffalo
for each state tl O; Vi The State University of New York

Advance “coherence
time”: ti = ti + At, Vi

Initialize set of “decohering” states: D = @
For all states i:
* compute coherence interval for this state ;' = ¥ ..; p;; ()7
e Ift; > T[t;],additosetD: D =D U {i}

int dish_decoherence_event_option;
- 0—direct compare Continue coherent evolution:

- 1 -Poisson iH
! c(t + At) = exp (— 7At> c(t)

Yes (A)

* Select a single decohered state, i, our of the set randomly
* resett; =0
* don’t change the variables for other states

Yes (1) Finish scheme in
panel (b)




Yes (1) Is 1 Ié

i University at Buffalo
active The State University of New York
tate?2

DISH

Yes (1.1) § <lel® No(12)  Yes(2.1) § <lel® No (2.2)

Collapse onto state i: P = {all}/{i} i b Project out state L.
. e i becomes a =0 c
. . o 15¢=0 " ¥ becomes a set of oroposed state * =0,¢-
tay on the active state i ~. :

’ proposed states Cj;] 1

*  Exit .
Exit

Yes (1.2.1)

Do nothing : Is hop
Exit accepted
?

* Select j randomly with prob.™ |cj|2,j eEP Do nothing
 Mark j as a proposed hop Yes (2.1.1) Exit

* Collapse onto state i,
Ci = "1“, Cj = 0,_] * [

* Hopontoi

* Exit

Yes (1.2.2.1) g
- acce?pte
* Project out state i, :
¢i =0,cp > Gk #1
* Hopontoj
* Exit

Exclude state j from P
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Zhang, Q.; Shao, X.; Li, W.; Mi, W.; Pavanello, M.; Akimov, A. V. J. Phys.: Condens. Matter 2024, 36, 385901.

Another problem:

In the limit of infinite decoherence time (overcoherent, or FSSH limit), no decoherence events would be determined and
hence no hops would be happening.

In this situation, the TD-SE populations could indicate the population transfer, but the TSH populations won't change.

Hence, the new approach (DISH revision of 2023) simply applies the wavefunction collapse/projection out correction to the
TD-SE wavefunction, similar to IDA or SDM, except that if a state "i" is decided to experience a decoherence event, the
wavefunction is collapsed onto this state with the probability of |c;|? and with the probability 1 — |c;|? the state is projected
out from the coherent superposition. In this case, it doesn't matter if the decoherent state is an active state or not.

Projector operator introduced in the original DISH paper of Jaeger et al.: , 1
B W)l & < lel?

o
Il
A

DISH rev2023 only applies this operator to the electronic part 1 . ,
(regardless whether the projection can be consistent with the 1— |2 (I - |¢i><¢i|)' $i = ol
energy conservation, which is already broken in the NBRA anyways) \




Decoherence: BCSH and MF-SD ?..,,

BCSH

Xu, J.; Wang, L. J. Chem. Phys. 2019, 150, 164101.

In this approach, decoherence correction is interpreted as a way to enforce the self-
consistency of the TD-SE with the quantum-classical trajectories rather than as a
common view of a decay of overlap of wavepackets moving on different PE surfaces.
Namely:

* at every nonadiabatic interaction region, there is a possibility of the wavepacket
branching into reflecting and transmitting wavepackets on different surfaces.

* the idea is to eliminate the wavepackets that go in the opposite direction with the
main wavepacket on the active state.

* the correction is applied only at the reflection points (not the reflection of active
trajectory, but the reflection of the wavepacket on other surfaces in comparison to that
of the active surface)

* the reflection is judged as:

F;(1)

no reflection
sign{F,(1)- p,(1)} =sign{F,(1)- p,(t +d0)}

p; (t+dt)

F,(f)

reflection
sign{ F,(1)- p,(1)} =—sign{ F,(1)- p,(t + di)}

The State University of New York

MEF-SD

Bedard-Hearn, M. J.; Larsen, R. E.; Schwartz, B. J. J. Chem.
Phys. 2005, 123, 234106.

This method is essentially like Ehrenfest,

but there is always a probability to collapse the
coherent superposition to a pure state.

The probability of such a collapse is given by the
guantum amplitude of the state and by the
decoherence time to collapse onto a particular state k.

Ti

The decoherence time is given by

_ 1 _
Tt = 4_h2(FMF —F)'a '(Fyr — F))



Decoherence: XFSH and MQCXF 95

University at Buffalo
The State University of New York

Original: Ha, J.-K.; Lee, I. S.; Min, S. K. J. Phys. Chem. Lett. 2018, 9, 1097
Libra implementation: Han, D.; Akimov, A.V. J. Chem. Theory Comput. 2024, 20, 5022-5042

d . ~ :
ih—=1PR(1)) = [Hpo(R(t)) + Hyxr (R £)]| DR (1)) P=F
P . . F(R,t) = FMF(R,t) + FXF(R,t)
- _ v, t =) . t_cctd) = — ) L. _ -
Hyp ), (v,cct + cv,ct) Z M, (¢, cCt —CCt o)) Z POy~ vp) FMF(R,t) = —(®p(t)| VAo | @R (D))
[ P
(HXF)ab = Z Pab (d)v aa ~ ¢v bb) & FVXF - _Ez PaaPbb Z(¢V’bb B ¢v,aa)(¢u,bb B qb“’aa) V#
~ ' ' M, a,b u K
_ |, s { VIR Vxl?
Gi(R) = |G;(R)| exp(i6; (R)/h)  v,6; = =)y aog;, ) = —inTm o ~ihg
ih ih
=50 *(R—(R)) ~ 50 ZZpii (Ry — R))
Both Az, (R(t)) and Hy (R, t) are used MFXEF, aka EnXF Only FMF (R, t)
Both Az, (R(t)) and Hyp (R, t) are used SHXF (DISH-XF) Adiabatic forces of the active state

Both Hgo(R(t)) and Hyr (R, t) are used MQCXF Both FMF(R,t) and FX¥ (R, t) are used



DISH

Decoherence interval

-1 _ -1
T —z. BjjTi;
JET

Jaeger, H. M.; Fischer, S.; Prezhdo, O.
V. J. Chem. Phys. 2012, 137, 22A545

SDM/EDC

Granucci, G.; Persico, M. JCP 2007, 126,

1344 R (e
T |E =B\, Ea

dyn_control_params
- decoherence_C_param
- decoherence_eps_param

mSDM . [B(SEZ)
LU VT

Akimov, A. V.; Prezhdo, O. V. JPCL,
2013, 4, 3857

Smith, B.; Akimov, A. V. JCP 2019,
151, 124107

b =

University at Buffalo
The State University of New York

Decoherence times

dyn_control_params
- decoherence_times_type

- [-1]: set all dephasing rates to zero [ default ]

- 0: use the rates read out from the input

- 1:use the energy-based decoherence method (EDC)
- 2:Schwartz - mean-field Force-based decoherence

- 3:Schwartz - pair-wise-based decoherences

Bedard-Hearn, M. J.;
MEF-SD Larsen, R. E.; Schwartz, B.
J. JCP 2005, 123, 234106.

-2 1 T, —1
;"= 4_hz(FMF —F) a *(Fyr — F;;
dyn_control_params

- schwartz_decoherence_inv_alpha

E. — E|
Tl-_-l'PI — Ti_'l | L ]
R Il
1
dyn_control_params Ti_jz = _z(Fi — Fj)Ta—l(pl. — pj)
- dephasing_informed h

- 0: don't apply [ default ]
-1: use it

Phase-informed Decoherence times
Sifain, A. E.; Wang, L.; Tretiak, S.; Prezhdo, O. V.

Independent stochastic pairwise decoherence (ISPD)
Esch, M. P; Levine, B. G. JCP 2020, 152, 234105.
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1 h Eiot .
2001, Hack, Truhlar NDM — Trrdia dia| . Natural decay of mixing
Tij |H hH] j | Evib " Hack, M.D., Truhlar, D.G., 2001, JCP 114, 9305.
7SCDM _ n . .
2004, Zhu, Jasper, Truhlar Tij |Hdia _ cha| AE.. Self-consistent decay of mixing
ii jj vib Zhu, C., Jasper, AW., Truhlar, D.G., 2004, JCP 120, 5543.
2 .
2005, Jasper, Truhlar __ _ o xg)” P :
! PEr, Xa = (271-0-3)1/4 exp 40-5 A ‘ Oab(t) = ()(al)(b) ‘ Oab = _kabOab ‘
1 (xq —xp) (P, — Pp) 20405 (Py — Py)(Fy — Fp)

— =kgp = +

) P am(ei o)) W2(07 + o)
\1 w|Fy —F P,— Py E, —Ey| (m|F,—Fyl\*

1 _nlF, b|+J(a »2IE, b|+<_|a_ b|> S PatP,

Classical GWP center motion, etc. o= ke =57 p o 2 [P >
\ Jasper, AW, Truhlar, D.G., 2005, JCP 123, 064103
Parallel surfaces (Truhlar _ h P

“ |Eq — Epl \||Pg — Pyl
2006, Larsen, Bedard-Hearn, Schwartz 1 _ |1 (FMF — [ )T A-1(FMF _ F.)

BLS 4h2 i i

l

Larsen, R.E., Bedard-Hearn, M.J., Schwartz, B.J., 2006, JPCB 110, 20055.
. . SDM _ h 1 ¢ e ..
2007, Granucci, Persico Tij o = |E 5 | + £ Simplified decay of mixing
o fein Granucci, G., Persico, M., 2007, JCP, 126, 134114
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C]_T[h Czh
T SCDM1 _ n i . q £ mix
2008, Cheng, Truhlar, et al ij |Hd‘a H.d.ia| 4E,, 2-parameters self-consistent decay of mixing
Cheng, S.C., Zhu, C., Liang, K.K., Lin, S.H., Truhlar, D.G., 2008 JCP 129. 024112
2Re[ag]\** : oy e
. o =|\— ex —a\x — X
2011, Shenvi, Subotnik, Yang Xa T P a h
Exclude the momentum difference terms Re[2a;]/*Re[2a;]"* ) (x — x)°
|O-ij| = " 1/2 exp —Re ai + aF
(ai + a]) i j
Shenvi, N., Subotnik, J.E., Yang, W., 2011, JCP 134. 144102. ,
1 _ 1 d|0-l]| _ aia;(xi — x]) (x. _ x)
T%SY |O'l'j| dt a; + a}k t J
2012, Jaeger, Fisher, Prezhdo 2013,Akimoy, Prezhdo

DISH TPISsz. deph|1| deph 1 , So: 1 gl isz)
l ki = E<5E> CosET g 120 T

Jaeger, H.M.,, Fischer, S., Prezhdo, O.V,, 2012, JCP 137. 22A545. Akimov, A.V., Prezhdo, O.V,, 2013, JPCL 4, 3857.

2 h
2017, Gu and Franco o(t) = Trs{p} = zlpili)(il ‘ P(t) = Tre{o2(t)} = exp (— %) Ty =
As a purity decay rate ¢ \/ 2 Y ap Dop X AG)

Gu, B., Franco, I., 2017, JPCL 8, 4289. H = ﬁS + ﬁB + ﬁSB ﬁSB — z §a®§a ab — (X Xb) _ (Xa><Xb> X=S0B
Gu, B., Franco, I., 2018, JPCL 9, 773 a
For a 2-level system with constant 1 1 |Co|| ¢
. . . . deph — - = v 2(6%Ep1)
diabatic coupling = pure dephasing limit: KPR colley |y 2(82Eqgy) S0:  gGu-Franco
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1|5 . . . . . pe
kfjep" == E<52Eij> is a problematic at the points of zero gap (where coherence times should be infinite)

2019, Sifain, Wang, Tretiak, Prezhdo

Dephasing-informed correction 4ePhCoTT (1) _ jodeph |E;(t) — E;(0)]
i ) E. — E.
Sifain, A.E., Wang, L., Tretiak, S., Prezhdo, O.V., 2019, JCP 150. 194104. (I~ B
1 |1 T,
2020, Esch, Levine JEsch—Levine — | 4p2 (Fi = F;) A (F; = F}) Pairwise decoherence scheme
ij
; SHXF,—1 __ Tv-1(F. _ 5\~ |2

2021, Vindel-Zandbergen et al. ti B sz M~ (Fi — Fj)]qj]
In the context of exact factorization approach Vixl

Q=—-h——

Vindel-Zandbergen, P,, Ibele, L.M., Ha, J.-K., et al., 2021 JCTC 17, 3852. %]



Phase corrections B
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2011, Shenvi-Subotnik-Yang  int do_ssy
A Gaussian g, (x) moving on the surface n would acquire an additional phase with respect to Gaussian g,,(x) moving on the surface

= t . _
m such that: ‘Zm((j_j”((t)))) = exp(A¢) = exp(iit PAM~1(P,, — P,)).  Shenvi, N., Subotnik, L.E., Yang, W., 2011. J. Chem. Phys. 135, 024101.
n -*n

Such a phase difference can also be acquired if the effective Hamiltonian used in the TD-SE (coherent dynamics) is constructed

—PI’M~'pP, —ihPld,, E +lpry-1p LpT p-1p
. / ] —_ + - M — E + - M .
as: H(state n is active) ( ihPTd,  —PTM-1p, nT50n n m T 5Em m

2019, Miao, Subotnik: Generalization to multiple states: Miao, G., Subotnik, J., 2019. J. Phys. Chem. A 123, 5428.
H;;(state n is active) = —Py;M~'P;8;; — ihP,M~'Dy;

sign(P) \/PTP + 2m(E;(R) — E,(R)),if PTP 4+ 2m(E;(R) — E,(R)) = 0

P, =
0, otherwise
2016, Zhu: in terms of QCLE rep_tdse = 3; rep_tdse = 3;
- ’ electronic_integrator=1
electronic_integrator=0 i dan
t
ih dpmrzl(tR; P) _ Zi[[En5ni — iy 1pim — i [EmSim — iAdi]] » =2(VE—En—E—Ep) |E = Eefpnm — ihzi[pimdni — Pnidim]
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