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Defining Hamiltonians in Libra



Wavefunction and selection of representation =

University at Buffalo
The State University of New York
Akimov, A. V. Fundamentals of Trajectory-Based Methods for Nonadiabatic Dynamics. In Comprehensive

Computational Chemistry; Elsevier, 2024; pp 235-272. https://doi.org/10.1016/B978-0-12-821978-2.00034-9.
|¥) Abstract wavefunction {|r): ¥|r) = r|r)} Position states (Hilbert space)

{Ik): k|k) = klk)} Momentum states (Hilbert space)

Y(r) = (r|¥) Wavefunction in a position representation — representation in the basis of position states

1= [dr'|r'}{r'| Complete basis

Indeed W) = fdr’|r’) (r'|¥) = fdr’ YY)

W(r") is essentially an expansion coefficient in the basis of coordinate states {|r)}
Can be regarded as DVR (grid representation of the wavefunction)

Y(k) = (k|¥) Likewise, the momentum representation of a wavefunction
Y(r) = (r|¥); |r), |¥) € H, only electrons
Y(R) = (R|¥); |R), |¥) € Hy only nuclei
Different Hilbert spaces: Y(r,R) = (r,R|¥); |¥) € H, Q Hgboth electrons and nuclei

Y(r) = (R|VY); |¥) € H, @ Hp projection on |R) € Hg; Y(r; R) € H, operator of
electronic DOF (electronic coordinate operator), but a function of nuclear DOF - R


https://doi.org/10.1016/B978-0-12-821978-2.00034-9

b =

Working in Different Hilbert Spaces: Exact-Factorization Example University ot Buffalo

The State University of New York

Han, D.; Akimov, A.V. J. Chem. Theory Comput. 2024, 20, 5022-5042

electron-nuclear state |W(t)) € H,«p = H, QHpg W(1)) = |x(t), d(t)) |R) € Hp
’ \ |r) € H,
Electronic Hilbert space Electronic Hilbert space

Using the resolution-of-identity: |¥(t)) = [ d RIR)R|W(t)) = [ d R|IR}R|x(t), ®(t)) = [ d RIR}R|x(t))|Pg(t))
marginal nuclear state |y (t)) € Hpg conditional electronic state |®x(t)) € H,

Nuclear wavefunction in position representation: y(R,t) = (R]|x(t))

Electronic wavefunction for fixed nuclear geometry: ®(r,t; R) = (r|®x(t))
@) = | dRIRXR, DI PR(0) € Hou

molecular state [P(R.¢))  IP(RLD) = (RIW(D)) = j dR(R'IR)x(R, )| DR (0)) = j dRS(R' — R)x(R, )| R(D))
= x(R, )|®p (1)) € H,



G5

Shorthand notation. Adiabatic and Diabatic Representations ...y = st

The State University of New York

Y;(r) = (r|i) = (r|y;) electronic coordinates, i-th basis state

Shorthand notation for the entire basis: lYp) = (|1/J1): |1/J2>: T |1/J1v))
Matrix elements -
7\  — Matrix
(scalars) — Ajj = (‘/’ |A|l/}]> o A= (‘I’|A|‘I’>
Basis:
Adiabatic (Hamiltonian is diagonal): [ \ Diabatic (NACs are exactly zero):

(lpadi,i|ﬁel|¢adi,j> =0,Vi * l/}dla,llvRW)dla,]) =0,VR

|lpadi) = |¢dia)

Hyui = <¢adi|ﬁel|¢adi> Hamiltonians Hyiq = <¢dia|ﬁel|¢dia)
Transformation between bases HyiqU = SUHyq; Haqi = UTHyiqU = Hyiq
Wavefunction should be invariant  1y(¢)) = [1g4;(£))Caai (t) = 1Waia())Caia(®)

w.r.t. the basis representation



TD-SE in the Shorthand notation :%....

The State University of New York

Wavefunction should be invariant |y (£)) = |04:(6))Caqi (£) = Waia (D)) Cara(®)
w.r.t. the basis representation

d -
ih=2 [P () = H|¥(0))

) = ([¢1), [2), -, [¥n) C = (cp,camren)’

0 0 _
1155 [Wrep(©)Crep + ih[Prep(D)) 35 Crep = H[Wrep(D)Crep

o 0 0 _
Projecting: in(Pep (0] 3 |1[)rep(t))Crep + ifl(lprep(t)llprep(t))acrep = (Yrep(t)|H |1/’rep(t)>crep
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Implementation in Libra classes T

The State University of New York

Wavefunction language W(@)) = [Paai(®))Caai(t) = [Paia(£))Caia(t)

dyn_variables
Density matrix language p = |¥YNY| - ndia, nadi, ndof, ntraj

- ampl_dia, ampl_adi
Paai = (Waail1Waai) = (WaailPaai)CaaiChailWaailWaai) = 1€aaiChail = CaaiCha; - dm_adi, dm_dia

Piia = Waial AW aia) = WaialWaia)CaiaChiaWaialWaia) = SCaiaCinS

So the conversions of the density matrices is:

UP4;,Ut = U*SCyiaClieSU = CoqiClyi = Pagi @ Puiq = U 'Poqi(U™1)Y = USPq;(U*S)" = U*SP,4;SU

Coefficient transformation: ) .
nHamiltonian

Caia = UCqu; © Cpgi = U 1C 5 © Chyi = UTSCyy, Crm——— ampl_dia2adi

- ampl_adi2dia
H,;,U = SUH and also computes derivative :
couplings and adiabatic gradients - compute_adiabatic()
computes H;;4, D 4iq, and VH ;;, according to given ———

methods (e.g. Python modules with Hamiltonian models) - compute_diabatic()



G5

Implementation in the nHamiltonian class T
The State University of New York
|]I)> = (|l/}1)1 |l/)2)r AL |l/)N))
a = <¢dia ¢dia>

H;;, = (lpdialHllI)dia) y | Scalar NACs
- i ; nHamiltonian
Hamiltonian matrix elements / = <¢adl ¢adi> “\ibronic” Hamiltonian

adl - <¢adl|H|¢adl> \ - CMATRIX* ham_dia, naC_W(ha — H’Uib,did = Hdia - ihDdia
, o _ - CMATRIX* ham_adi, nac_€di, hvib_adi =)y Hyip gai = Hagqi — ihDgg;
Unitary (5|mllirlty) transfgrmatlon - CMATRIX* ovlp_dia, ‘
Haqi = UTHgiqU = Hgiq _ CMATRIX* ovlp_adi
Yaai) = 1Waia)U G - CMATRIX* basis_trans

- vector<CMATRIX*
First-order derivative coupling vectors - yec

adl <¢adz|vwadl>

S

Sslm

—adiabatic()

The diabatic basis
. . )=35
WaialPaia) is not necessarily

Do = Waial VP aia)
dia dia dia (YagilWaq;) =1 orthonormal

How to compute U*VH 4ioU — (DiqH aai + HaaiDaia) = VHaai — (DgaiHaai + HagiDaai) .
NACs? Then use special

TR structure of the matrix
VH g1 — (D8iaH gia + HaiaD i) = VHaai — (D} giHgai + HaaiDgai)
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Nonadiabatic Couplings —

The State University of New York

. .
Properties of the NACs Dgia + Daia = VS

This is a well-
Do+ Dy =VSaqi =0 (DE)T =
adi T Yadi = V-adi (Dgai) Daai known property!

gdi = D/cclxia + U+SVO£U

Dﬁ‘ep ij = (l/)repllvalljrep]) is a scalar

Dyepii = (1/),,ep ilVl/)repj> understood as a column-vector

I_)Tep = (ll}rep|VlI)rep ) understood as a vector of matrices Df,,, = (¢rep|Va¢rep )

Important observations the equation becomes an identity when U =1

VaHgiq — ((Dad1)+ﬁdia + Hdiaﬁgia) = VoHggi — (D& YHagi + HaaiDEai)

—————"

U (Y aial Vo HI W gi0)U (Yaail Ve H WP g4:)



Quantum-Classical Hamiltonian and Ehrenfest forces 95

University at Buffalo
The State University of New York

HMF(R P: l-IJ) _ ("leqC(R; P)ll'l',) — EPTM_]'P n C;diHadiCadi _ EPTM_]_P n Cc-ll_iaHdiaCdia
(P¥) 2 CaaiCaai 2 C10SCaia

\ nHamiltonian
Ehrenfest_energy_adi

TD-SE for the amplitudes
ACrep
dt

- Ehrenfest_energy_dia

dHMF

dt
Energy conservation

[hS

= (Hrep - ihdrep)crep

R=M"1p
Enforcing the “classical” form of equations of motion for nuclear DOFs P = fMF(R, ¥,,)

1
M= fraai = %C;di atinCadi = fadia = Cr SCam CaiaFdianCaia
nHamiltonian /
- Ehrenfest_forces_adi
- Ehrenfest_forces_dia I it = —WaailVaH 1 Waai) = |[~VaHaai + Ddgi nHaai + HaaiDaain)

- Ehrenfest_forces_tens_adi
- Ehrenfest_forces_tens_dia ==y Fli5 0 = —(WaialH W aia) = [~VHaia + DgianS™ Haiq + HaiaS ™ *Dgign]



More on the nHamiltonian class.
Making Interfaces



How compute_dynamics works =

niversﬂy at Buffalo

The State University of New York
_Prthon
Transformations User-defined
Ham_adi Ham_dia - 1
2 leam_dia_ Hamiltonian

Dynamical Algorithm i

p
q—q+ dt User caIIs ?_l
ham.compute_diabatic(bp::object dynam|cs

py_funct, bp::object g, bp::object
params)

ham.compute_adiabatic(int Ivl)
it EmE) Output

peptf—




Different ways of computing matrix elements. Example of H:? Y5

d la University at Buffalo
The State University of New York

Blue = Required Input
Green = Output
Green with D = Can be set up directly via Python function call

-ttt

nHamiltonian::compute_diabatic(bp::object py_funct .. ----
nHamiltonian::compute_nac_dia(...) - --
nHamiltonian::compute_hvib_dia(...) - --




Different ways of computing matrix elements. Example of HZ} Y5

ad l University at Buffalo
The State University of New York

_EHWHH sz.lbi

nHamiltonian::compute_diabatic(bp::obje

ct py_funct...)

S l.......
nHamiltonian::compute_adiabatic(bp::obj

ect py_funct ...)

nHamiltonian::compute_nac_adif...) ..

nHamiltonian::compute_hvib_adi(...)




nHamiltonian class as a hierarchical data type to 5

University at Buffalo

handle multiple trajectories The hme ity o N ik
nHamiltonian
Level O
- level
- id
- nHamiltonian* parent
- vector<nHamiltonian*> children Level 1

- nnucl, nadi, ndia

-  CMATRIX* ham_dia, nac_dia, hvib_dia
-  CMATRIX* ham_adi, nac_adi, hvib_adi Level 2
-  CMATRIX* ovlp_dia, time_overlap_dia
-  CMATRIX* ovlp_adi, time_overlap_adi

- CMATRIX* basis_transform int entanglement_opt

- vector<CMATRIX*> dcl_adi, dcl_dia

- vector<CMATRIX*> d1ham adi, dlham dia A selector of a method to couple the trajectories in this ensemble.
- 0: no coupling [ default ]

- ampl_dia2adi -1: ETHD

- ampl_adi2dia - 2: ETHD3 (experimental)

- 22: another flavor of ETHD3 (experimental)
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Packing variables for multiple trajectories —_—
The State University of New York
Individual trajectory swarm Pf unc-oupled Swarm of cqupled
trajectories trajectories

- -
-
1
¥
11
-1

dt

peptf— —‘ < —‘ * t
2

g « g+ M pdt I — I +\_U

Forces update l

l
perert L= 01

+




b =

Keep the Dynamical Workflow Fixed _—

The State University of New York

User defines how to

3 run the dynamical simulation
foriin range(500):

propagate_el(Cdia, Cadi, Hvib, Sdia, 0.5*dt, rep)
p=p+05**dt
q =q+dt*p/m
compute_model(model, Hdia, Sdia, d1lham_dia, dcl_dia, g, params)
ham.compute_adiabatic(1);
f = compute_frc(ham, Cdia, Cadi, rep)
p=p+05**dt
Hvib = compute_Hvib(Hdia, Hadi, dc1_dia, dc1_adi, p, m, rep)
propagate_el(Cdia, Cadi, Hvib, Sdia, 0.5*dt, rep)
Etot = compute_etot(ham, p, Cdia, Cadi, m, rep)

User defines what function to use to compute entries in the
Hamiltonian object (diabatic/adiabatic Ham, overlap matrix, derivatives,
etc.) - NEXT
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Example: Model Calculations University ot Buffalo

The State University of New York

def model2(q, params): /hi .
. bay;
obj = tmp() ?e P
obj.ham_dia = CMATRIX(2,2); obj.ovlp_dia = CMATRIX(2,2); J’t/,
obj.dlham_dia = CMATRIXList(); obj.dlham_dia.append( CMATRIX(2,2)) o’) Ob .
obj.dcl_dia = CMATRIXList(); obj.dc1_dia.append( CMATRIX(2,2)) /eCtS

x = g.get(0)
x0,k,D,V = params["x0"], params["k"], params["D"], params["V"]

obj.ovlp_dia.set(0,0, 1.0+0.0j); obj.ovlp_dia.set(0,1, 0.0+0.0j); S
obj.ovlp_dia.set(1,0, 0.0+0.0j); obj.ovlp_dia.set(1,1, 1.0+0.0j); etlhat
Yo
obj.ham_dia.set(0,0, k*x*x*(1.0+0.0j) ); obj.ham_dia.set(0,1, V*(1.0+0.0j)); I* e/e
obj.ham_dia.set(1,0, V*(1.0+0.0j)); obj.ham_dia.set(1,1, (k*(x-x0)**2 + D)*(1.u. ,he
yOU ts
P r dc
oriin [0]: ’770 Cor .
obj.dlham_dia[i].set(0,0, 2.0*k*x*(1.0+0.0j) ); obj.dlham_dia[i].set(0,1, 0.0+0.0j); de/ ‘yll)
obj.dlham_dia[i].set(1,0, 0.0+0.0j); obj.dlham_dia[i].set(1,1,2.0*k*(x-x0)*(1.0+0.0j)); g to

obj.dc1_diali].set(0,0, 0.0+0.0j); obj.dcl_diali].set(0,1,-0.1+0.0j);
obj.dc1_diali].set(1,0, 0.1+0.0j); obj.dc1_diali].set(1,1, 0.0+0.0j);

return obj
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Example: Atomistic Calculations University ot Buffalo

The State University of New York

def model_atomistic(q, params, indx):

natoms = params["natoms"]; ndof = g.num_of_rows; ndia = params[ "ndia" ] . C‘-S
params[ "output_filename" ] = "detailed.out” e

obj = tmp() ee® \"13
obj.ham_dia = CMATRIX(1,1); “'\\\.\a
obj.ovlp_dia = CMATRIX(1,1); obj.ovlp_dia.set(0,0, 1.0+0.0j)

obj.dlham_dia = CMATRIXList();
foriin xrange(ndof):
obj.dlham_dia.append( CMATRIX(1,1)) ram

YOS

os.system("mkdir wd/job_"+str(indx)) ex.‘e““a\ p
os.system("cp dftb_in.hsd wd/job_"+str(indx)) #+"/dftb_in.hsd") d R\“‘
os.chdir("wd/job_"+str(indx)) P‘epare a“
create_input.update_coordinates(qg, params)
os.system("srun %s < dftb_in.hsd > out" % (exe_name) ) # DFTB calculations are run here!
dftb_forces = parse_output.get_forces(params)
os.chdir("../../") ; ding X0
for i in xrange(ndof): n“S acco

obj.dlham_dia[i].set(0,0, dftb_forces[i]*(-1.0+0.0j) ) ‘x-‘x e\e e de\

obj.dc1_diali].set(0, 0, 0.0+0.0j) a

Set m ouYf mo

return obj
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