Non-adiabatic Matsubara dynamics and
non-adiabatic ring-polymer molecular
dynamics

Cite as: J. Chem. Phys. 154, 124124 (2021); https://doi.org/10.1063/5.0042136
Submitted: 28 December 2020 . Accepted: 10 March 2021. Published Online: 29 March 2021

Sutirtha N. Chowdhury, and """ Pengfei Huo

S @

View Online Export Citation CrossMark

\ o s

an N

Chemical Physics

G
O
0
-
L
>
®
)
)
L
-

Challenge us.

What are your needs for
periodic signal detection? kD

N/ Zurich
7\ Instruments

Publishing

J. Chem. Phys. 154, 124124 (2021); https://doi.org/10.1063/5.0042136 154, 124124

© 2021 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1401534&setID=378408&channelID=0&CID=496958&banID=520310234&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ed5dd4029e63a2f75704dfd96619305ac85f9c8d&location=
https://doi.org/10.1063/5.0042136
https://doi.org/10.1063/5.0042136
http://orcid.org/0000-0001-5926-2724
https://aip.scitation.org/author/Chowdhury%2C+Sutirtha+N
http://orcid.org/0000-0002-8639-9299
https://aip.scitation.org/author/Huo%2C+Pengfei
https://doi.org/10.1063/5.0042136
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0042136
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0042136&domain=aip.scitation.org&date_stamp=2021-03-29

The Journal

of Chemical Physics ARTICLE

scitation.org/journalljcp

Non-adiabatic Matsubara dynamics
and non-adiabatic ring-polymer molecular
dynamics

Cite as: J. Chem. Phys. 154, 124124 (2021); doi: 10.1063/5.0042136
Submitted: 28 December 2020 « Accepted: 10 March 2021 -
Published Online: 29 March 2021

@

1.2,b)

Sutirtha N. Chowdhury'? "2 and Pengfei Huo

AFFILIATIONS

Department of Chemistry, University of Rochester, 120 Trustee Road, Rochester, New York 14627, USA
2Hajim School of Engineering, The Institute of Optics, University of Rochester, Rochester, New York 14627, USA

Note: This paper is part of the 2021 JCP Emerging Investigators Special Collection.
@ Electronic mail: schowdh4@ur.rochester.edu
® Author to whom correspondence should be addressed: pengfei.huo@rochester.edu

ABSTRACT

We present the non-adiabatic Matsubara dynamics, a general framework for computing the time-correlation function (TCF) of electronically
non-adiabatic systems. This new formalism is derived based on the generalized Kubo-transformed TCF using the Wigner representation for
both the nuclear degrees of freedom and the electronic mapping variables. By dropping the non-Matsubara nuclear normal modes in the
quantum Liouvillian and explicitly integrating these modes out from the expression of the TCF, we derived the non-adiabatic Matsubara
dynamics approach. Further making the approximation to drop the imaginary part of the Matsubara Liouvillian and enforce the nuclear
momentum integral to be real, we arrived at the non-adiabatic ring-polymer molecular dynamics (NRPMD) approach. We have further
justified the capability of NRPMD for simulating the non-equilibrium TCEF. This work provides the rigorous theoretical foundation for several
recently proposed state-dependent RPMD approaches and offers a general framework for developing new non-adiabatic quantum dynamics
methods in the future.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0042136

. INTRODUCTION

Accurately simulating the quantum dynamics of the molec-
ular system remains a central challenge in theoretical chem-
istry due to the difficulties of accurately describing electron-
ically non-adiabatic dynamics and nuclear quantum dynamics.
Directly performing exact quantum dynamics simulations is com-
putationally demanding, despite exciting recent progress. '’ To
accurately describe the non-adiabatic dynamics, a large number
of approximate approaches are developed, including the pop-
ular trajectory surface-hopping method [based on the mixed
quantum-classical (MQC) approximation],”* " the linearized path-
integral approaches, *** and the mixed quantum-classical Liouville
equation.” ”* Despite providing accurate electronic non-adiabatic
dynamics, these approaches often rely on the Wigner sampling of

the initial nuclear distribution and a classical dynamics for prop-
agation. Thus, in general, they do not preserve quantum Boltz-
mann distribution (QBD)**" or zero-point energy (ZPE) associ-
ated with the nuclear degrees of freedom (DOF). In fact, they often
suffer from numerical issues such as ZPE leakage,’"” although
significant improvements were accomplished through recent
developments.”

To accurately describe nuclear quantum dynamics for elec-
tronically adiabatic systems, imaginary-time path integral based
approaches” " are developed, including the centroid molecular
dynamics (CMD)""** and the ring-polymer molecular dynamics
(RPMD)."** In particular, RPMD resembles the classical MD in
the extended phase space, providing a convenient way to com-
pute approximate quantum time-correlation functions (TCFs)."
The classical evolution of RPMD preserves its initial quantum
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distribution captured by the ring-polymer Hamiltonian, and it is
free of the zero-point energy leaking problem.’""’ Despite its suc-
cess on describing quantum effects in the condensed phase, RPMD is
limited to one-electron non-adiabatic dynamics * or nuclear
quantization,””" * as well as the lack of real-time electronic coher-
ence effects.””"

Recently emerged state-dependent RPMD approaches pro-
vide a unified description of both the electronically non-adiabatic
dynamics and nuclear quantum effects. These state-dependent
RPMD methods, such as non-adiabatic RPMD (NRPMD),B';’“
mapping variable RPMD (MV-RPMD),” ™ ring-polymer Ehren-
fest dynamics,"" kinetically constrained RPMD (KC—RPMD)f““hz
coherent state RPMD (CS-RPMD),"” and ring-polymer surface hop-
ping (RPSH),”" ® are promising to provide both accurate non-
adiabatic dynamics with an explicit description of electronic states,
as well as a reliable treatment of nuclear quantum dynamics through
the ring-polymer path-integral quantization.

Despite the initial success, all of the above state-dependent
RPMD approaches are currently viewed as the model dynam-
ics. The Hamiltonians associated with some of these approaches
(such as MV-RPMD) are derived from the quantum partition
function, and these Hamiltonians are directly used for dynamics
propagation as well as the initial sampling. Thus, the fundamental
and crucial theoretical question is that can these methods be
rigorously justified. If so, not only it will explain the numer-
ical success of these state-dependent RPMD approaches but
also it will offer a general theoretical framework to under-
stand the limitations of these approaches and further improving
them. Recent theoretical work on the Matsubara dynamics® '
by Hele, Althorpe, and others indeed provide the hope for this
because RPMD (as well as CMD) can be derived as an approxi-
mation of the Matsubara dynamics,”””” which itself can be rigor-
ously derived.” Along this direction, it has been recently shown’*
that one can use the Matsubara approximation to derive a state-
dependent Matsubara dynamics for a golden-rule type of the
time-correlation function (TCF), which contains two different
electronic surfaces for the forward and backward propagators,
However, this formalism does not provide the time-dependent
electronic state information during the quantum dynamics
propagation.

In this paper, we present the non-adiabatic Matsubara
dynamics, a general framework for computing the time-correlation
function of electronically non-adiabatic systems. This new for-
malism is derived based on the generalized Kubo-transformed
time-correlation function (TCF) formalism*" using the Wigner
representation for both the nuclear DOF and electronic mapping
variables.”” " By dropping the non-Matsubara nuclear normal
modes in the quantum Liouvillian,” we derived the non-adiabatic
Matsubara dynamics, which can be viewed as a generalization of
the original (electronically adiabatic) Matsubara dynamics.”” Fur-
ther making the approximation that drops the imaginary part
of the Matsubara Liouvillian,”” we arrived at the non-adiabatic
RPMD (NRPMD) approach, where the initial distribution coin-
cides with the one in Mapping-Variable (MV)-RPMD,” whereas
the Liouvillian coincides with the Liouvillian used in the origi-
nally proposed NRPMD.”* We have further justified the capabil-
ity of NRPMD for simulating the non-equilibrium time correlation
function.”

ARTICLE scitation.org/journalljcp

Il. EXACT KUBO-TRANSFORMED TIME-CORRELATION
FUNCTION

We begin by introducing the generalized Kubo-transformed
time-correlation function for a state-dependent Hamiltonian. We
start by expressing the total Hamiltonian operator as follows:

s e . P2 SN
=T+ V0+Ve:%+V0(R)+ S Vi(R)i){j, (1)
ij=1

where {|i)} is the diabatic basis, T is the nuclear kinetic energy
operator, and R is the nuclear position operator with the corre-
sponding conjugate momentum operator P. To simplify our dis-
cussion, we have assumed that there is only one nuclear DOF in
the system. Generalizing the discussion with many nuclear DOF is
straightforward.

Furthermore, Vy(R) is the state-independent potential opera-
tor, whereas V. = Xij Vi(R)|i)(j| = V(R) is the state-dependent
potential operator with /C total diabatic electronic states. We assume
that V;(R) is real and symmetric throughout this work.

A. Mapping representation of electronic states

For the electronic part of the Hamiltonian, the K diabatic elec-
tronic states can be mapped into K harmonic oscillators’ ground and
excited states, with (O — 1) oscillators in the ground state and the
ith oscillator in the first excited state. This is commonly referred
to as the single excited oscillator (SEO) subspace of the mapping
oscillators. It can be formally written as

i)y = 01, ..y 1i .o, 0k) = &) [01,. .., 05, 0k), )
whe{e al - ﬁ(qi — ipy) andA a A ﬁ(ﬁj + ipj), and §
= {q1,..»qi»....qc} and p = {p1,....pi»....px} are the map-

ping position and momentum operators, respectively. This mapping
formalism is often referred to as the Meyer-Miller-Stock-Thoss
(MMST)” " mapping representation. With this mapping relation,
the electronic part of the Hamiltonian is expressed as

K K
> Vi)l = Y vi(R)ala;, 3)
ij=1 ij=1

and the electronic part of the Hamiltonian in Eq. (1) can be repre-
sented as

. 1 k T,
Ve= o7 20 Vi(R)(@d + pip; = ). (4)
i=1

This is known as the MMST”/ mapping Hamiltonian.

B. Generalized Kubo-transformed time-correlation
functions

We begin by writing the generalized Kubo-transformed time-
correlation function (TCF). The conventional Kubo-transformed
correlation function is defined as

1 B C(B=MVEL 4 —AH ifra —iF
CﬁB(t) B Zf/j -/0 dxlTr[e (B-DH =M gntl! e th]

J - IV A —BukH it —if
B 5 ZTI'I:E Bn(N k)HAe ﬁNkHethBe th]’ (5)
k=1
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where 8 = 1/ks T is the inverse temperature, fx = f/N, Z = Tr[e #]
is the canonical partition function, H is defined in Eq. (1), and Tr
= TrnTre represents the trace over both electronic and nuclear DOFs.
From the first to the second expression in Eq. (5), we have con-
verted a definite integral into the discrete Riemann sum through
[PF(A)dA = limyoeo YN f(a + k- AL) - AL, where a = 0, b = 3,
and AA = /N = . Note that the second line of Eq. (5) is equivalent
to the first line under the limit of N — oo.

We further insert N — 1 identities of the form e"/"¢~Ht/"  {
in Eq. (5) (see details in the supplementary material), resulting in
N vH H ,LH N—k-1
C[B](t) =3 ZTr[( P g ‘)
j i i i ek
X eiﬁ”HAe?HteWHt(eiﬁ”He%HtefﬁH‘) !
ﬁmH HtBe 1H :| (6)

Note that Eq.

e P giHit =y Ht , where the operator A is evaluated inside a particular

block depending on the value of the k index. This type of gener-
alized Kubo-transformed time-correlation function was first intro-
duced in the work connecting the linearized path-integral approach
and CMD" and later used for the development of the Matsubara
dynamics.” "

A path integral representation of Eq. (6) can be obtained by
inserting the following identities:

g = [ arl [ daPIRG g (Rl

]]R;’,ql” = /dR /dq

where the bead index [ = 1, ..., N and {R/,R;} and {q/,q}
are the nuclear and mapping variable positions, respectively, with

(6) has a symmetric block structure of the form

)

Il //

1 >ql Rl >‘l1 |7) (8)

J

ﬂ%ﬁ%/ﬂ/@/@f@liéml

*(qy_; -

Ay

_if A D
g+ 2L R+ ) (q — ==, Ry —
xe lq, 5N 2)(‘lk 5 K

Next, inserting the following identities

1—/dD18(D,+D,) G h)delfdPe AP (DD

1:/dAZ’(S(AHAI’):WfdA;fdpleépp(Alm{)

_ Ay
Ak I)Rk 1—*Dk 1|P€ ‘BV 'PA|qk+f Rk+

ARTICLE scitation.org/journalljcp

q; ={[q]1>--->[q/]5>---»[q;]x} and similarly for q;". Furthermore,
in both of the above identities, the electronic projection operator

&)

is used to confine the mapping DOFs within the correct SEO sub-
space.”’ Inserting Egs. (7) and (8) into the bead-specific positions
of Eq. (6), one arrives at the formal mathematical description of the
generalized Kubo correlation function®””” as follows:

ifmﬂ/ﬁﬁjﬁd/ﬁ{

1NN

ol ZH R l’ql 1|Pe_ﬁ HP|RI>‘11)
k 1 Ik

i =

<MD%AW%%MWAQ

« = Z H Rl»qlleth - Hth/l //)
=11#k"
x (Rk,,qk,|e5 e i H |ka,q,'§), (10)

where we introduce the notation [ dx = [T, [ dx; for x = {R/, R”,
q’, q"}, and we have used the cyclic-symmetric property to write
operator B in a bead-averaged fashion. A detail derivation of Eq. (10)
is provided in the supplementary material.

Next, we change the variables (R}, R/, q;,q;") into the mean (R,
and q) and difference coordinates (D; and A;) as follows: "

1
5 (‘1; + q;l)»

- Rl”s Al = ql’

1
Ri=>(Ri+R), q = (1n

Dy =R -q/. (12)

Note that the Jacobian of the above transformation is unity for each
bead index I. With this, one can re-express Eq. (10) as follows:

D,

A1_1,R1 1~ EDI 1|'P€7ﬁNH'P|ql + — R[ + ?)
1 LAl l Dy iy
Mo~ 5ok~ 2
Z:1 Ik’ 2
&|eéf"f3e‘ﬁ“‘|qk, Av pe+ Dk’) (13)
2 2
into Eq. (13) for all I blocks, we have
WMy@fmf@f@f@ﬁA [B()]x, (14)

with the constant ay = 1/(27h)**V~, and the operator [eiﬂHA]N is
expressed as
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[e Ay =

1 N N LPD x A
NZ[dD/dAH” ren Pt
k=1 I=1
N
XH<‘11—1_

1 1
EAl—le—l - EDH|
Ik

D
x PPl P|ql+— Rl+7l)

1
x(qy_, — EAk—erk—l - EDk—l|

Ay D
qk+— Rk+7k) (15)

and [B(t)]w is expressed as follows:

[dD fdA Heh Dl g Py

x H AZ,RZ - 7D1|eth - H‘|ql
1=k

[B(t)]n

1., 1,
+ =AL R+ =D,
SApRIt S )

1 1 A _1fy
x (q; — EAL’Rk - 5D,ﬁ|eﬁ ‘Be™n t“lk
+ lA,'c,Rk+ lD,’c), (16)
2 2

where we have changed the dummy variable from Y 4/ to Y. Inte-
grals over R, P, D, are N dimensional, whereas integrals over q, p,and
A are (N x K) dimensional. Note that [e ##A] in Eq. (15) contains
a complicated structure of the Wigner transform involving the cou-
plings with adjacent beads [ and I + 1, whereas [B(t)]x in Eq. (16) is
a simple bead average of the Wigner transform.

We want to remind the reader that C%] (t) in Eq. (14) should
be viewed as a generalized Kubo-transformed time-correlation func-
tion such that under the N — oo limit, it returns to the origi-
nal definition of the Kubo-transformed time-correlation function
C(t) defined in Eq (5). With a finite N, even though it is no
longer equivalent to Cp(#), it is still an quantum mechanically exact
time-correlation function.

C. The quantum Liouvillian

For a Wigner transform of an operator [A]lw = [ dDe#"”(R
- 2JA|R+2), one can formally write down its time-dependent aver-
age as [A(t)]w = [erAe 2 1]y = eL[]]t[A(O)]w, where £ is
the quantum Liouvillian (see the supplementary material for detail
derivation), and is commonly referred to as the Wigner-Moyal
series.”""!

Note that [B(t)]n [Eq. (16)] is expressed as the bead-averaged
(K+ 1)-dimensional Wigner transform as follows:

B(t) Z f dDy f dAkeﬂPkaeﬂP*Ak
. 1
X (q - *Ak,Rk — EDk|B(t)|qk + EAk)Rk + 5Dk>

= — Z Bk(t) (17)
k
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where B(t) = er™"Be” 7" and [By(t)]w is the Wigner transform
of B(t) associated with the kg, bead, defined in the above equa-
tion. In Eq. (17), we have also changed the dummy variables from
D' and A" to D and A. When t = 0, [B(0)]y = = Si[Bi]w., with
[Belw = [dDy [ dAer™P e (q, — LAk Ry — 3 DxlBlgy + Ay
Ry + %Dk).

With the above information, we can formally write [B(t)]y as
follows:

[B(t)]w = ¢ " [B(0) - (18)

The quantum Liouvillian L™ has the following form:

2 4 k.
L[N] = Z *[Hl]w-sin(*l\l), (19)
T h 2
where A; = —{, }is the negative Poisson operator associated with
the Ith bead expressed as
i\ ( ZE.33
A1=(Al)= BP, OR, ~ OR, 0P, , (20)
Ae <~ — p— —
! Ve Vg = VgV,

with the mapping variables related derivatives defined as

0
Oq
Ve=| ¢} (21)
0
9qr’
where VqT = (8%1, e aq ), and likewise for V.

Furthermore, [H;]w in Eq. (19) is the Wigner transform of the
MMST mapping Hamlltonlan [Eq. (1)] associated with the Ith bead,

which can be shown”"** as

2

N P,
[H]]W = ﬁ + V()(Rl) + Ve(Rl, ql’pl)' (22)

The detailed proof of the above Wigner transform is provided in
the supplementary material. In the above equation, V(R)) is the
state-independent potential evaluated at the Ith nuclear bead posi-
tion R;, and Ve(R;, q;, p;) is the state-dependent potential that
parametrically depends on R;, q; = ([q:]1,[q1]2---»[4i]x), and
p, = ([pius [pi)2s - - - [pi]k ), with the following expression:

Ve(R,q,p;) = ﬁ Z Vi(R)([pdilpi)i + [a)ilai)j = 65h). (23)

ij=1

The above expression is the classical limit of Eq. (4) (when replac-
ing the mapping position and momentum operators with the corre-
sponding values).

Now, using Eq. (19) with the detailed expressions of A;
[Eq. (20)] and [H;]w [Eq. (22)], the full Liouvillian” can be explicitly
expressed as follows:
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2 .
- [Vo(R)) + Ve(Rl,ql,pl)]% sin

R 8\ 1 v
(Saran ) ST - v
«— 1Tt -
C°S(zazz,aa)+4[vqf"(&’v‘“
ho
+ Vplv(Rl)Vpx] sm(z OR, 8Pz)] o0

The above Liouvillian was first derived in Ref. 79, and the details
of the derivation are also provided in Appendix A as well as in the
supplementary material. In Eq. (24), Vo(R;) and Ve(R}, q, p;) are
defined in [H]w [Eq. (22)], and Vg and V,, are the gradient
operators corresponding to the Ith mapping bead’s position and
momentum, respectively, defined in Eq. (21). Furthermore, V(R))
is the (K x K) state-dependent potential energy matrix, which
parametrically depends on the Ith nuclear bead’s position as follows:

Vu(R) Vi(R) Vik(Rr)
V(R)) = : : : . (25
Vi1 (R)  Via(Ry) Vi (Ry)

This generalized Liouvillian £I™ governs the time evolution of
N individual replicas connected through the zero-time quantum
Boltzmann distribution. The exact Liouvillian £ in Eq. (24) has

- Z;\jl Z BR, [VO(RZ)

+ Ve(R,q,p)]3 sin(g%%) corresponds to an Ehrenfest-type

three components. The first term £

evolution of the nuclear DOF,” with higher-order nuclear

derivatives inside the sine function. The second term ££N]

= Zﬁlé[pf\J(R;)Vql - q,TV(Rl)Vpl]cos@%%) describes

the electronic-nuclear couplings. The third term E[N] = !

1
[VqIV(Rz) Vg + V V(Rl) Vpl] sm(';1 8% 3‘2,1 )] contains coupled
higher-order derivatives of nuclear and electronic DOFs.”**"* Note

that there are no cross-bead interaction terms between electronic
DOF and nuclear DOF in Eq. (24). The nuclear and mapping beads
with the same bead index ! interact with each other through V(R;)
[Eq. (25)]. If the system evolves on a single surface (electroni-
cally adiabatic regime), then Eq. (24) reduces to the conventional
Wigner-Moyal series”” *' for N independent replicas as follows:

N
N] _ & 1o} 17} 8
L _;[maR VO(RI) sm(zaR op, (26)

On the other hand, if there is no nuclear DOF, then the Liouvillian
[Eq. (24)] becomes

LN - [p,VVq -q VV, . (27)

Il
—

M=
S
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It has been rigorously proved that the above Liouvillian in Eq. (27)
preserves the electronic Rabi oscillations.”’

D. Time-correlation function

With the detail expression of Liouvillian in Eq. (24), one can
formally rewrite Eq. (14) as
[ﬁ](t):%”/dedpqufdp
_BE A PR
x [P Alge” '[B(0)]n (28)

where £IM is the Liouvillian in Eq. (24), [eF HA] & is expressed in
Eq. (15), and [B(0)]y = %Zk[ﬁk]w as shown in Eq. (17). Up to
this point, there is no approximation in the expression of CE;] (t) in
Eq. (28).

We can further write [e‘ﬂHA] & [Eq. (15)] in the symmetric
form as

[e_ﬁHA]N:E[Ae_ﬁH+e
2
1 N ipp, ipa
:NZ/dedAHeh it
k=1 I=1
N
< [Tla, -

Ik

i,

1 1 . p e
EAFDRZ—l - ED1—1|'PQ /;AH,P

1 1
*AJH,RIH - *Dk—1|

)-

(29)

A Dy
x |q, + *’Rl + *)(‘qu -
Dy

(Pe ﬁ”HPA+APe7ﬂ“’HP)|q + A— SR+ — 5

Using the property of the Wigner transform,”* [0,0;]w
= [O01]we ™™2[0,]w, with A defined in Eq. (20), we can rewrite
Eq. (29) as

[ePTA]y = [Z cos(A,h/Z)][ - (30)
where [A]y = & ¥ [Ax]w, with
=dek/dAkeéPkaeiPkAk
x ( ~AuR —1D|A\ + LAGR +1D) (31)
qy 2k>k 2k qy 2k»k 2k»

and A, is defined previously in Eq. (20). The multi-dimensional

Wigner transformed Boltzmann operator [e #] is expressed as

_ﬂH de/dAHeiP’D’eﬁP’

x (g1 - 7Al—1:Rl—1 - *le1|¢eiﬁNH75
2 2
| +1AR+1D) (32)
X A — .
q, 2 IR 3 I
The detail derivation of Eq. (30) is provided in the supplementary

material. Equation (30) can be further simplified under special cases,
which are also elaborated in the supplementary material.
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From this point and below, we assume that both operators A
and B are linear functions of the nuclear position (R) such that

Eq. (30) becomes [e_ﬁHA]N = [Aln - [e_ﬁH]N. With this simplifi-
cation, we can write Eq. (28) as

c[N](t)_‘LNdefdpqu/dp P Ay

e By

(33)

I1l. NORMAL MODE REPRESENTATION

We briefly introduced the normal mode coordinates of the free
ring-polymer. The advantage of using normal modes is that with
this set of global coordinates, one can conveniently describe the
collective motion of individual beads.

A. Definition of the normal modes

The free ring-polymer Hamiltonian is defined as

H, iplz+ ™ (R -R,) (34)
p = o 1~ R-1) >

= 2m  2PLR?
without an external potential. Normal modes are defined as the
eigenvectors of the Hessian matrix of Hy,. Diagonalizing the Hes-
sian matrix of Hyp, one obtains the eigenvalues w,, which are the
square of following normal mode frequency:

2 ni
wy, = —— sin| — |, 35
" Pnh ( N ) (35)
wheren=0,..., +(N — 1)/2 is the index of normal modes. The same
diagonalization process also gives the eigenvectors T}, of the Hessian

matrix, which provides the relation between the primitive variables
R}, P; and the normal mode variables Q,,, P, as follows:

Tin Tn
Z . Rl; Pn = Z .
(N-1)/2 (N-1)/2 (36)
R= Y VNT,Q.P= 5  VNI,P.
n=—(N-1)/2 n=—(N-1)/2

Similar transformation should also apply to {D,} and {D;}. The
extra \/N factor in Eq. (36) ensures that the @ = {Q,} converges
in the limit of N — oo. For an odd N (to simplify our algebra), the
transformation matrices are

\/g, n=20
Ty, = \/%sin(Zﬂln/N), n=1,
\/%cos(zﬂn/N), n=-1,

Under the normal mode representation, the free ring-polymer
Hamiltonian [Eq. (34)] becomes

L(N-1))2 (37)
L=(N-1)/2.

N2 p2og

o 5mwﬁ 2. (38)

Hyp =
n=—(N=1)/2

Note that the ring-polymer spring terms are now simplified to
uncoupled quadratic potentials; hence, the normal modes of the
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free-ring polymer can be evolved analytically by simple harmonic
motions.”

B. Time-correlation function with normal modes

It is straightforward to transform Eq. (33) into the nor-
mal mode coordinates by using the orthonormal transformations
defined in Eq. (36), leading to

A =% fag [ap faa [ Al (BO),

(39)

where we used the shorthand notation [ dQ = Hf‘f:(lz/_z /2 [ do,

and likewise for [ dP. Here, both the fdq and /dp are defined
as before in bead’s representation, such as [dq = [TV, [ dq,
and likewise for /dp. Only nuclear coordinates R and P are trans-
formed to their corresponding normal mode coordinates Q and P,
respectively.

Using new coordinates & defined as

(N-1)/2
§= 5 VN0,

n=—(N-1)/2

(N-1)/2
3 Zf T, D (40)

n=—(N=-1)/2

[eP1]y is expressed in these normal mode coordinates as

N
—ﬁH def dA lNPnDn eﬁPlAI
2

1 A —ByEA A
= A EnlPe M Pla + TLE). (4D

(N 1)/2
n——(N /2

x{(q;_,

Providing the operators A = B = R, [A]y can be expressed in
normal mode coordinates as

N 1 N . 1 N N
k=1 k=1 k=1 n

and the same for [B]n.

Finally, we decompose the total Liouvillian £
the following terms:

[Eq. (24)] into

£ = g oI IV (43)

and express each term with the normal mode coordinates as

w2 (p G IN
a3 (o) Slven i)
n=—(N-1)/2 "
(N-D2 5 &
x sin i 76 i ’ (44)
2N 51y 0Qn OPn

£ = LS pIV(R(©)) o - 4 VR(2)

h 2 9
x cos| — , (45)
(ZN nee(Ne1) 2 09, (977;4)

—

(N-1)/2
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1N — — -
-l lz[vqu(Rz(Q))vql + V3 V(RI(Q) V|
=1
R N2 5 F )
x sin| — 90 P | (46)
(2N n:—(;—l)/z 0L 9P

Here, the normal mode representation of U(EN] (9), ut™] (92.9,p),
and V(R,(Q)) is defined as

N 1 N (N-1)/2
UM =<-Swl Y Q) @)
NS -2
. | N K (N-1)/2
U, (Q’ q, p) =3 Z Z Vij Z \/NTln Qn
NiZ&E \e—(™np

« o (lp i+ [adlal - b, ()

Vi(R(Q)) Vi(R(Q)) Vic(Ri(Q))

V(R(Q)) = e : )
Vi (Ri(Q))  Vie(Ri(Q)) Vie (RI(Q))

(49)

where each V;;(R;(Q)) term in Eq. (49) is expressed as

(N-1)/2
Vij(RZ(Q)):Vij( > \/NTann)~ (50)

n=—(N-1)/2

Note that in Eq. (50), the V;;(R;/(Q)) term corresponds to the dia-
batic potential V;;(R) evaluated at the Ith bead position R; in terms

of the normal mode coordinate R; = ¥, V/NT;,Q,. Also note that

—

each nuclear derivative term % % in the above Liouvillian does

not couple to each other. They only couple to each other through
the sine or cosine function in the Liouvillian.

IV. NON-ADIABATIC MATSUBARA DYNAMICS
A. Matsubara modes

We now consider the M lowest frequency normal modes for
M <« N under the limit N - oo. They are commonly referred to
as the Matsubara modes’*’ of distinguishable particles, with the
corresponding Matsubara frequency @, as follows:

2nm

Bh
Figure 1 presents the normal mode frequency of the ring-polymer
and the Matsubara region (blue box).

The superposition of these M Matsubara modes produces a
smooth and differentiable function®”*”"* in imaginary time 7 = Byhl
with /=1, ..., N. On the other hand, if one considers both the Mat-
subara (M) and non-Matsubara (N-M) modes, then the imaginary-
time path is not necessarily differentiable because the latter gives rise
to non-smooth, non-differentiable distribution with respect to 7. It is
a well-known fact that the Boltzmann operator guarantees that only

Inl< (M -1)/2. (51)

0p = lim wy, =
N—oo
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n
Ry YRRV 4 BV S (N=1)/2

FIG. 1. The red dashed line presents the Matsubara frequency @, with
|n| < (M — 1)/2, and the black line corresponds to the ring-polymer frequency
wp with |n] < (N — 1)/2, where M < N. The blue dotted line corresponds to the
“Matsubara” regime.

the Matsubara modes contribute to the initial Quantum Boltzmann
Distribution (QBD)***** (for electronically adiabatic systems). The
previous work on Matsubara dynamics’”’” has suggested that there
is a close connection between the smoothness in imaginary-time and
the dynamics that preserves the QBD.

Similar to the previous work of the Matsubara dynamics”™ (in
Sec. IV C), we shall prove that one can integrate out all of the
non-Matsubara modes from Eq. (39), giving rise to the exact ini-
tial quantum statistics, which corresponds to the generalized Kubo-
transformed correlation function at t = 0 in the limit M — oo,
M < N.%"* This suggests that only the smooth and imaginary-
time differentiable Matsubara modes contribute to the initial
quantum statistics for the electronically non-adiabatic systems as
well.

69

B. Matsubara approximation

We separate each term in Eq. (43) into two parts, one contains
the lowest M Matsubara modes and the other contains (N — M) non-
Matsubara modes,

M = g el (52)

where the Matsubara Liouvillian is £/ and the non-Matsubara
Liouvillian £¥"™ js expressed in Appendix A. Note that the
non-Matsubara Liouvillian £V does couple the non-Matsubara
modes with the Matsubara modes, and both the Matsubara and non-
Matsubara modes couple to the mapping DOFs through £™M and
£IM1Since the non-Matsubara modes do not contribute to the
initial quantum statistics, it should be a good approximation (at least
in short time) to ignore their presence in the quantum Liouvillian.”
This approximation is achieved by neglecting the non-Matsubara
modes in the derivatives of the corresponding Liouvillian terms
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LW £ o(£IN-M1) which effectively produces the decou-
pling between non-Matsubara modes from the Matsubara modes
during the time evolution.

Similar to £ in Eq. (43), we further decompose £M into the
following three terms:
£ = My My e (53)

where the detailed expressions for each term are

[:[M]: (M-1)/2 (Pn 5

) @)+ v (.40

pee(Mety2\ M OQn
WD 5 R
X sin i ii s (54)
2N o 51y/2 02n OPn

N
£ < S pIVR(Q)) Ty, - 0 VIR(2)) T

RoM2 G
— , 55
g cOS( n=—(%:—1)/2 09, OPn =

b _ 1< T -
L 4Z[qu<Rz(9))vq,+vplvmz(g))vm]

hoME G
in| — . 56
x s1n( n:_(%:_l)/z 80, op, (56)

In Egs. (54)-(56), we re-express E,EN], ££N] and £}[IN] in Matsubara
modes under the N - oo and M « N limit. It is worth mention-
ing that the full Matsubara Liouvillian in Eq. (53) contains potential
terms UM (Q), UNY(Q, q,p), and V(R/(Q)), which still depend
on all N normal modes. On the other hand, all derivatives only
involve M Matsubara modes.

C. Matsubara time-correlation function

Explicitly applying the Matsubara approximation for the Liou-
villian £~ £ 4 O(£NM)] the exact correlation function
in Eq. (39) becomes an approximate correlation function C/[g](t)

[M](t) whereas C N](O) = C[M](O) such that the initial QBD

is exactly captured (see Sec. IV D). This approximate TCF, which
is commonly referred to as the Matsubara TCF, is expressed as

follows:
[M] o aN
20 % [0 f o [0 [ o
x [A(0) [ ]ye" " [B(0) . (57)

Note that the above expression still depends on the non-Matsubara
modes through the potentials in £ and the QBD term [¢ 7]y,
and the integrals [ dQ and [ dP still include all normal modes
(Matsubara and non-Matsubara). However, as non-Matsubara
modes are decoupled from the Matsubara modes (because we have
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dropped £¥"M in the Liouvillian), one can analytically integrate
out all of the non-Matsubara modes under the limit of N — oo,
M — oo, and M <« N. The detailed derivation of this procedure is
provided in Appendix C.

After integrating out the non-Matsubara modes in Eq. (57), we
reach to the first key result of this paper as follows:

cli = 22 [agy [ apy [ da [ dpacQu)

) —10m(Fm,&m (]
% F(QMJLP)e B(Hy (P Qu) =i (Pat Qi) L tB(QM),
(58)

where the shorthand notations for the integrals are [ dQy

H(M,(IA),I/Zl)/z dQ,, [ dq = TIL, dq;, and analogously for [ dPy

and /dp, and ay is the following constant:
K(1-M)
[(M-1)/2]1>

Note that C%[] (t) explicitly depends on the Matsubara modes
Qum and Py. The mapping DOFs, on the other hand, are still
expressed in the primitive (bead) variables with all N copies because
we did not make any approximation on them. The Liouvillian £
has the same expresswn 1n Eqgs. (54)-(56) but with followmg substi-
tutions: U[N (Q) -~ U (QM) U, N](Q q.p) U[ (@M, p)»
and V(RI(Q)) - V(RZ(QM)) whereas these new potential only
contains the Matsubara modes, for example,

ay = (59)

; | N (M-1)/2
UM(Qu) = lim =S Vo| Y TLWNQ, |  (60)
N—oo N i+ n=—(M-1)/2

and similarly for y (9m>q,p) and V(R;(Qp)) by replacing the
sum in Egs. (48) and (49) from originally over all modes to the
sum over only the Matsubara modes. Note that the nuclear coordi-

nate R;(Qy) = M D2 Tin/NQ, is different than the original

n=—(M-1)/2
coordinate RI(Q) N_éz/ 21) /2 Ti,v/NQ,; the former one only
contains a smooth (and imaginary-time differentiable) Matsubara
mode, and later one contains all modes.

Furthermore, Hy (Pum, Qur) is expressed as

(M-1)/2 P2
Hy (P, Qu) = Z ﬁ

n=—(M-1)/2

+UM), (61

and the Matsubara phase 0y takes the following form:

(M-1)/2

Om(Pum, Qu) = Z

n=—(M-1)/2

PrnionQ-n, (62)

where @, = 2nm/fh is the Matsubara frequency [Eq. (51)].

The T'(Qu,q, p) term in Eq. (58) corresponds to the QBD orig-
inated from the electronic-nuclear interaction, which is expressed as
follows:

oy N 1
I(Quap) = -¢ “Tre[H(CI—ZI)M(Rz(QM))]) 63)

I=1
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where ¢ = Z(K”)N/hN, with Gy = Zfil(qqu, + p,Tpl). Furthermore,
C; is expressed as

G = (‘ll + ip,) x (fh - iPl)T> (64)

and Z is the (K x K) identity matrix. Note that (C; - 1Z) can be
interpreted as the reduced density matrix associated with the Ith
bead.”” In addition, M;;(R;(Qu)) is the matrix element of the
electronic Boltzmann operator expressed as follows:

Mi(Ri(Qu)) = (ile PVt jy, (65)

where Ve(R;(Qu)) = Y Vii(Ri(@um))Ii)(j is the state-dependent

potential operator evaluated at the Ith bead position R; in terms of
the Matsubara coordinate, R; = 21(11;4_—(11\)4/_2 /2 V/NT;},Q,.. The expres-

sion of I was originally derived in the MV-RPMD partition function
expression.”’
Finally, the partition function is expressed as

ZM:ocN~ochdQM/d7’M/d(IfdP

% F(QM’q’p)e_ﬁ(HM(PM>QM)_i‘9M(PM>QM))' (66)

Note that under the Matsubara limit N — co, M — oo, and M
<« N, one can further Taylor expand the sine and cosine terms in
Egs. (54)-(56) as follows:

(h “RE 95
2N (ii1yj2 09n OPy

m-ne G5y M3R?

B A l)
ne (1) /2 O9n OPn N

. . 2N
lim lim — sin
N—o>oo M<N Hh

(67)

wm-1/2 5 T 212
lim lim cos i 9 0 =1+ O(M fl ) (68)
N—oco M&N 2N n=—(M-1)/2 8Qn 87)" N

From the above analysis, it is clear that in the Matsubara space, the
“effective” Planck constant inside the cosine term is scaled as

M

and scaled as \/M %h for the sine term.”’ Thus, the Planck con-
stant can be made as small as desired by properly choosing N and

M. Hence, truncating Egs. (54)-(56) to the first order of aign aipn in
the Matsubara space becomes exact.

These effective scalings of the Planck constant are the main
advantage of the Matsubara dynamics, compared to the previous
approaches (see Appendix D) that rely on the truncation of the
Liouvillian based on the argument of a “small” &, which may or
may not be a good approximation. In addition, note that the argu-
ments in Eqgs. (67) and (68) do not work for non-Matsubara modes,
as the error term becomes O((N — M)*#*/N?) for Eq. (67) and
O((N - M)*i*/N?) for Eq. (68), which are no longer small under
the N — oo limit.
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Therefore, under the Matsubara limit, we can exactly express
the original Matsubara Liouvillian LM [with the expression of
Egs. (54)-(56) with Q)] in the following equivalent expression:

(M-1)/2 P, 5’ (M-1)/2

M

n=—(M-1)/2 m 99, n=—(M-1)/2
. (aUéM%QM) , 20 (Quap) )3

09, 0Q, OPn

N

+ 1 3 (PIVR(Qu) o - T VR(Qu) T (70

I=1

where Ue[M](QM,q,p) and V(R;(Qum)) are defined analogously
as those in Eqgs. (48) and (49), respectively, where Q) are
normal modes in the “Matsubara” domain such that R/(Qy)

= yM-1)/2 /N
- Zn:—(M—l)/Z Tln NQn

In the above Matsubara Liouvillian, we have explicitly dropped
the following higher order term [in M Eq. (53)]:

-t
8N

M=)/ —1 OV(R -
2 (@,

1 OVR(Qu) = T\ O
e ) 7D
where %&?M)) is a (K x K) matrix, with the matrix element

%Q(QM)). This term accounts for the back action from the elec-

tronic DOF to the nuclear subsystem.”” For each Ith-bead term of
L}[IM] [Eq. (56)], it is on the order of ~ O(¥ 1) [by noting the
fact that [§,p] = i, thus q scales as /&, which effectively cancels
the £ in Eq. (56)]. The overall scaling of the L'l[lM] term is O(MA®).

Thus, ignoring EIEM] in the current formalism should be viewed as
an additional approximation on top of the Matsubara approxima-
tion. However, one can potentially make this term as small as desired
by choosing a different number of beads for the electronic and
nuclear DOF.”>” The details of these discussions are provided in
Appendix A [Eq. (A14)].

The Matsubara correlation function in Eq. (58) contains an
imaginary phase factor 8y [Eq. (62)], which potentially introduces
a sign problem for a system that contains multi-dimensional nuclear
DOF. In addition, T' [Eq. (63)] will also potentially introduce a sign
problem (because it is a complex quantity) if the system contains
many electronic states /C or if the TCF has a large number of beads
N. On the other hand, the numerical experience suggests that I itself
does not impose a severe sign problem for a two-state system™ "
with a finite N (for N < 16). Hence, the most problematic phase
is GM.

To eliminate the phase 0y, one can perform the following
transformation”’ on P

Pu = Pn— iman, Q_,. (72)

Note that the above transformation has no effect on the centroid
mode (Qy), as @o for the centroid is zero [see Eq. (35) when
n=0].
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Applying the transformation P, — Py on the Liouvillian £
in Eq. (70) (see the supplementary material for detailed derivations)
leads to the following complex Liouvillian in terms {'PM, QM}:

o T S (73)

where we denote the real part of 2P as the following non-adiabatic
RPMD Liouvillian:

aU(EM](QM)
09,

‘CI[QJ\I;I] = Z = - |:m&)i Qu+

1Y ¢ N
2 [P VR(Qu) Vg,

90, aP,  h&

- G V(RI(Qu)) V] (74)

R aU“”(gM,q,p)]

and the imaginary part of 2" as

(M-1)/2 ) 5’
- " o

n| Pn———
ne—(M=1)/2 OP-n

Y v 90, ) (75)

Note that there is no mapping related derivative in the above imag-
inary Liouvillian EI[M], and its impact on the electronic dynamics
should only come from its influence on the nuclear dynamics, which,

in turn, couples to the electronic mapping DOF via EI[{A;]. Thus, the
[M]

influence from £;" to mapping variables is indirect.

Using the above Liouvillian Z:[M], as well as applying the
transformation in Eq. (72) to the quantum Boltzmann operator
and the phase space integral in Eq. (58), one has the following
equivalent expression of the non-adiabatic Matsubara TCF (see the
supplementary material for detailed derivations):

(M-1)/2 b
[M QaN - oM "o
cil = 2272 dP,| | dQu [ dq
= [n_—(g—l)/zfan ]/ f

_ApRP ([ ~[M]
« [apa@u)e ™ P21 (Quq p)e B(Qu),
(76)

where the original integral [—0:0 dP, becomes f ;:“ dP,, with the inte-
gration limits a, = —oo — imw,Q_, and b, = oo — iIM@W,Q_,.
Furthermore, T(Qy,q,p) is defined previously in Eq. (63), and
H}},IP(?M, QM) is the ring-polymer Hamiltonian in the Matsubara
domain expressed as follows:

RP (.7 M2 7331 m_2 ~2 [M]
Hyi (P> Qur) = L S0, Q|+ Uy (Qu)- (77)
ne— (M) pl 2m 2
Note that C (t) in Eq (76) is exactly equivalent to Eq. (58),

with the dlfference that Eq. (58) has a real Liouvillian and a com-
plex nuclear phase, whereas Eq. (76) has a complex Liouvillian and a
shifted nuclear momentum in the complex plane.
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D. Exact quantum statistics with Matsubara modes

Equation (76) is perhaps even more difficult to evaluate than
Eq. (58) through a trajectory-based approach due to the complex
phase space integral and the complex Liouvillian. However, at t = 0,
one can analytically perform the integration in the complex phase
space. To this end, we use the standard contour integration pro-
cedure described in Ref. 73 and shlft each imaginary P, onto the

realaxisas [ 'mw"g dP, exp[-p = [ dPyexp[- ﬁz ]- The

oo —ima,
details are dlscusse& in the supplemenl ary material. This procedure

allows us to write CAB] (t) [Eq. (76)] att =0as

Cil0) = g [Py [aou [dq [ ap

x A(Qu)B(Qu)T(Qup, g, p)e M (Pre@i) - (7g)

and similarly for the partition function ZM = aN-oM f dPu f dQu
[dq [ dpF(QM,q,p)efﬁHEP(PM’QM), where the original complex
phase space integral becomes pure real (by shifting the momentum
integral from a complex ax15 to a pure real axis).

Note that at t = 0, ¢“' = 1, the Matsubara approximation [by
discarding LN "™, see Eq. (52)] no longer influences the value of

Cag(t), and hence, CgB](O) gives the exact QBD (where the non-
Matsubara modes can be analytically integrated out and do not influ-
ence QBD, as shown in Appendix B). Thus, the Boltzmann operator
ensures that only the Matsubara modes contribute to the exact QBD.
This is a well-known result for path-integral in the electronically
adiabatic case.”*""""

The expression of C/EAI;[] (0) in Eq. (78) is reminiscent of the
mapping variable (MV)-RPMD partition function expression,”’
with the difference that Eq. (78) is expressed in the Matsubara space.
On the other hand, one can directly obtain the MV-RPMD formal-
ism from the generalized Kubo-transformed TCF by taking the ¢
— 0 limit of C/[g](t) in Eq. (14) using the standard path-integral
technique, resulting in

A RP /B
cly (0) = azN/dedf’/dqfdpA(RN)B(RN)r(R,q)p)e*ﬁHN (BR)
(79)

where[(R,q,p) = ¢-e” & Tre[Hl (C-3T) M(R;)] and HY' (P, R)
is the standard ring-polymer Hamiltonian in the primitive nuclear

coordinate Hy' (P,R) = Zf\il[% + ﬁ(R, —R_1)*+ VO(R,)].
Note that the [ dP integral in Eq. (79) was reintroduced from a con-
stant (which can be re-expressed as the nuclear momentum Gaus-
sian integral) through the standard path integral procedure, which
(t) [Eq. (28)]. On the other
hand, the dPy in C[M (t) [Eq. (76)] is the actual nuclear momentum

integral that appears in both initial QBD and the Liouvillian, which
was introduced through the multi-dimensional Wigner transform in

Eq. (13).
Thus, CH;] (0) in Eq. (79) and C%[] (0) give the same exact
quantum statistics,

does not appear in the Liouvillian of C
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. [N] Y . [M]
i, Caw (0) = Jim, i, Cas™(0) (80)

such that the same quantum statistics can either be achieved under
a large N limit for regular path-integral ring-polymer or under the
large M limit for the Matsubara modes. The adiabatic limit of the
above relation is a well-known result.”**”**"> Here, we explicitly
demonstrate that this is also true for the non-adiabatic scenario.
Note that under the adiabatic limit, the convergence of c/[f;] (0) with
respect to an increasing N is much faster’*"” than the convergence

of C%I] (0) with respect to M (under the N — oo as well as M < N
limit). We have not performed any numerical test to confirm that
this is also true for the non-adiabatic scenario, but we conjecture
that this is the case.

V. NON-ADIABATIC RING-POLYMER MOLECULAR
DYNAMICS

The analytic continuation procedure performed in C%[](O)

[Eq. (78)] is not valid when t > 0 in general. This is because that
when the dynamics is propagated with Py and Q in the com-
plex plane, one may encounter well-known singularities,””* leading

to a diverging e“ [M][B(QM) such that the function of P, no longer
approaches to 0 when P, — +oo from the real axis and breaks the
contour integral trick (outlined in the supplementary material).

On the other hand, as proposed in the original Matsubara
dynamics work,” it is possible to follow a path along which each

Py is partially moved toward the real axis and EI[M] is partially dis-
carded so the contour integration trick remains valid, and at the
end of the path, L'I[M] has been completely discarded and P, has
reached the real axis.”’ Applying this approximation on the non-
adiabatic Matsubara dynamics leads to the following non-adiabatic
RPMD approach, which is the second key result of this paper as
follows:

Ao = 5" [ aPu [ aoy [da [ a

< A(Qup)e P (P@) (9, q,p)e™ 'B(Qh). (81)

In the above NRPMD gxpression of TCEF, the initial distribution
is governed by e_ﬁHzp(P‘”’Q‘“)I‘(QM,q,p), whereas the quantum
dynamics is propagated by the Liouvillian EI[{\;[] [Eq. (74)].

If we choose to use ring-polymer normal mode frequency
instead of the Matsubara frequency in the above expression (and
denote P, as P, for simplicity) in Eq. (81), it then gives the non-
adiabatic RPMD expression for TCF as follows:

') = g™ [ aP [ aQ [ da [ dp

«T(Q,q,p)e PN P 4(Q)e5 B(Q),  (82)

where ZX is analogously defined as Zit with normal modes instead

of Matsubaramodes,['(Q, q,p) = ¢>-e}% Tre [I"[fi1 (Cl - %I)M(Rl)]
[see Eq. (63) for detailed expressions), HY' is the state-independent
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ring-polymer Hamiltonian (in the initial quantum Boltzmann oper-

ator) expressed as Hy' (P, Q) = Zn[Pﬁ + %mwﬁQﬁ] + U(EN](Q),

2m
and the NRPMD Liouvillian is

,c;[f;] = e Pn L] - [ mwr 0, + 76U(EN](Q)
nee(Ne1)2 M 09 09,
8U£N](Q,q,p) 5) 1 N T —
0, |om RGP
~q/V(R(Q)) V5, . (83)

which corresponds to the following NRPMD Hamiltonian™ in the
primitive nuclear coordinate as follows:

HY(B,R) = = >

N (R = Ri_))* + Vo(R)

+
2m - 2B4h%

1 X Plz m
1=1

K
bom 3 Vi(R) (el + lalla - 85m) |- (54)

ij=1

Note that the frequency w, is the ring-polymer normal mode fre-
quency [Eq. (35)], whereas @, in Eq. (81) is the Matsubara frequency
[Eq. (51)].

Dropping the imaginary part of the Liouvillian iﬁI[M], unfor-
tunately, introduces spurious frequency shift to the non-centroid
normal modes, leading to the well-known “spurious resonances”
problem in RPMD when there are resonances between ring-polymer
frequencies and physical frequencies (such as stretching vibra-
tions).**”” This problem can be partially resolved by replacing i[II[M]
with an effective white-noise Fokker—Planck operator,”® leading to
the thermostatting technique for RPMD.***>”° This thermostatting
approach has also been recently incorporated into the NRPMD
approach.”

Note that the NRPMD approach [Eq. (82)] in the current work
[which can be viewed as an approximation of the non-adiabatic
Matsubara dynamics C%I] through Eq. (81)] samples the same ini-

tial distribution of MV-RPMD I'( Q, q, p)e_ﬁHﬁ'P(P’g) whereas using
the NRPMD Liouvillian in Eq. (83) [or NRPMD Hamiltonian™
in Eq. (84)] to propagate the dynamics. For a finite N, NRPMD
does not preserve the QBD’**>”" due to the fact that two differ-
ent effective Hamiltonians are used for the initial sampling [Hx"
- HYY (P, Q) - %ln IT(Q,q,p)|] and for the dynamical propaga-

tion [H%RP in Eq. (84)], respectively. However, it was conjectured
that under the N — oo limit, NRPMD will preserve QBD.”*”” On the
other hand, because the MMST Hamiltonian structure is preserved
in the dynamics propagation, NRPMD gives the exact electronic
Rabi oscillations when the nuclear dynamics is decoupled from the
electronic DOF.”*”"” This will be discussed further in Sec. V1 as well
as in Appendix C.

Our analytical work provides a theoretical justification for the
recent numerical success of NRPMD, " which was initially pro-
posed as a model non-adiabatic path-integral dynamics.”*” The
connections and differences between the current formalism in
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Eq. (82) and the original NRPMD method™ as well as MV-RPMD
approach’ are discussed in Appendix E.

VI. QUANTUM DETAILED BALANCE

We want to discuss the quantum detailed balance in our current
formalism. For a system under the thermal equilibrium, the quan-
tum expectation value does not change in time, (A(t)) = (A(0)).
Similarly, one can prove that

Can(t) = Ca(~1) (85)

for Kubo-transformed TCF defined in Eq. (5). The above relation
is commonly referred to as the condition for satisfying the detailed
balance.

The detailed balance condition is also true for the general-
ized Kubo-transformed correlation function C%] (¢) [Eq. (10)]. This
relation will also be rigorously satisfied for C%] (t) in Eq. (14) (after
performing the Wigner transform and replace quantum propagator
with the Liouvillian £) since Eq. (14) is quantum mechanically
exact. The key to achieve the detailed balance condition is

MM =0, (86)

where £V is the exact Liouvillian in Eq. (24) and [eP]y is
the linked Wigner transformed quantum Boltzmann operator in
Eq. (32), which is also exact quantum mechanically.

The Matsubara partition function in Eq. (66) is expressed as

ZM:aN-aMfdQM/dPMfdQ/dP

x L . e*ﬁgM('PMsQM)e"ﬁeM('PM,QM), (87)

IT|
where the new effective Hamiltonian Hy, is expressed as
1

B
(M-1)/2 P

_ P | M
B n:—(%:—l)/z 2m "0 (Qu)

Hy (P, Qa4 p) = Hu(Pwm, Qur) — = InT(Qu, q, p)|

- %1n|r<gM,q,p>|. (88)

One can prove that for the Matsubara phase, Oy (Pum, Q) is a

conserved quantity of the non-adiabatic Matsubara Liouvillian £
in Eq. (70) such that

M-D/2 p 80M_ (M-1)/2 6U(EM] +8UE[M] 90
09, 99, |9Pu

™y, = =
n=—(M-1)/2 Qn n=—(M-1)/2
) au§M1+aUe[M] 90,
o2, 09

5 =0, (89)

where we have used the fact that in the Matsubara domain,

BBQT” = —,9_, (see proof in the supplementary material), where 7 is
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L . auM gy .
the imaginary time, as well as —'— = —— = 0, due to the cyclic

symmetry. Also note that the mapping part of the Liouvillian (?Pz

and 6)‘11 inside E[M]) does not act on 6y (Pum, Qur)- This results
in Eq. (89), which can be viewed as a generalization of the original
proof in the adiabatic Matsubara dynamics.”’ We further numeri-
cally demonstrate that the Matsubara phase is a conserved quantity
of the non-adiabatic Matsubara Liouvillian £ [Eq. (70)]. Figure 2
presents the time evolution of Matsubara phase Oy (Pu, Q) along
a single trajectory. Figures 2(a) and 2(b) correspond to model sys-
tems I and II, respectively, where the details of the model Hamilto-
nian [Eq. (E7)] and parameters (Table I) are provided in Appendix E.
Here, we choose M = 3 and keep increasing the number of ring-
polymer beads N. Clearly, the variation in the Matsubara phase 6
along a given trajectory flattens as an increasing N, indicating that
at N — oo limit, the Matsubara phase is preserved by LM This
numerical behavior of Oy in the state-dependent systems presented
in Fig. 2 is in close resemblance to those previous numerical tests in
state-independent systems.”’

Unfortunately, we do not know whether the non-adiabatic
Matsubara Liouvillian £*! commutes with the Hamiltonian in
Eq. (88), i.e., the validity of the following relation:

£[M]I:IM(’PM, OuM:q:P) o, (90)
—— N=15
4.0 HA) __ Nees
. = N=115
= -=- N=165
Oi 0.0
<
&
<§ -4.0
-8.0 b =
5.0
0.0

Ot (Par, Q)
4]
o

-10.0

-15.0 ‘ ‘ ‘
0 5 10 15 20

t(a.u.)

FIG. 2. Time evolution of 6 (Pu, Qum) [Eq. (62)] along a single trajectory for
model | [panel (a)] and model Il [(panel (b)], with M = 3 and N = 15 (red line),
N = 65 (blue line), N = 115 (green line), and N = 165 (black dashed line). Details
of the model systems are provided in Appendix E.
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as well as for the phase £IM)(T/|T]) £ 0. Thus, at this moment,
we are not sure if non-adiabatic Matsubara dynamics preserves
the QBD governed by Z) for a general non-adiabatic system. As
opposed to the original Matsubara approximation, which preserves
the QBD for adiabatic systems, the current non-adiabatic Matsubara
formalism seems to go against the spirit of the original Matsubara
approximation, until one can formally prove Eq. (90).

However, when Vy(R) is harmonic and when V;(R) is a lin-
ear function of R (i.e., an electronic subsystem linearly coupled to a
harmonic environment, such as the spin-boson model), only the fol-
lowing terms from the exact quantum Liouvillian in Eqs. (44)-(46)
influence the quantum dynamics:

N2 (p 5
£V _ Tn |- [ulg)
n--(g—n/z( " w") [ '
w2 GG
[NV]
+U; (2,9,p) ( )
] nz_(%:-n/z 0Q, IPx
N _ LNt v _q" v
cl :EZ[p,V(Rz(Q))Vq,_‘llv(Rl(Q))Vl”]’
=1
1 N s — — -
£ = L[ VaV(R(Q) Vg + V3 V(R(Q)) V|
=1
( R W2 Y g )
R — .
2N n:—(N—l)/2 aQn apﬂ

In the above Liouvillian, different nuclear normal modes are com-
pletely decoupled from each other such that these non-Matsubara
modes can be completely integrated out without making any
approximation. Thus, under this special limit, the non-Matsubara
modes do not contribute to the QBD, and their time evolution is also
decoupled from Matsubara modes. Thus, for the special case of the
electronic subsystem linearly coupled to the harmonic environment,
the non-adiabatic Matsubara dynamics is exact, hence strictly pre-
serving QBD. Furthermore, when electronic and nuclear DOFs are
completely decoupled such that the Hamiltonian of the system can

be written as H = % + Vo(R) + 25:1 Viili)(jl = Ho + Ve, the QBD
is also preserved by LM (see detailed discussions in Appendix C)
because that the following relation

N
Y VVal(p,q) - q VV,pI(p.q)] =0 (91)

=1

is satisfied by both £™ and £M]] where I'(q, p) no longer depends
upon Q, due to the nuclear position independent electronic poten-
tial Ve = 3, ; Viili)(jl- Note that the quantum-classical Liouville
equation (QCLE)*” is also exact for the spin-boson type of prob-
lem, strictly preserving the QBD under this special case.” However,
QCLE does not always preserve QBD under the decoupled limit,
especially when the nuclear potential is not harmonic.”

For a general case beyond this special limit, we want to explore
the conditions that when non-adiabatic Matsubara dynamics pre-
serve the QBD. By requiring Eq. (90), it leads to the following
condition:
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12l goul P,
rjog, " a9, |'m

1 — —
== X [P VRO Valll - a V(R) VM), 92)
1

and requiring LM(T/T]) = 0 leads to the corresponding condi-
tion for the phase. Note that the above relation in Eq. (92) is the
sufficient condition for preserving the QBD, whereas the necessary

one requires Y., for all Matsubara modes in the above equation. Of
3

course, for the electronic-nuclear decoupled case, both a%zr‘ =0and
% = 0, as well as Eq. (91) are satisfied; hence, LM preserves the

QBD. Beyond this special case, we do not know if Eq. (92) is always
satisfied.

We further investigate the validity of the condition in
Eq. (90) numerically. Figure 3 presents the time evolution of
Hy(Pum, Qu.q,p) along a single classical trajectory, propagated
with £, The model Hamiltonian [Eq. (E7)] and parameters
(Table T) are provided in Appendix E. From panel (a) (model I)
and panel (b) (model II), one can see that with an increasing num-
ber of beads N, while keeping the same number of lowest frequency
Matsubara modes (M = 3), the variation of Hu(Py, Qurrq,P)
along a given trajectory flattens, indicating that at the N — oo
limit, Fy (Pa, Q> q, p) is preserved by £, Thus, it is possible
that non-adiabatic Matsubara dynamics actually preserves the QBD
based on the numerical evidence. However, we must emphasize that
there is no analytical proof yet.

Interestingly, if Eq. (92) is satisfied (i.e., the non-adiabatic
Matsubara preserves QBD), then one can show that NRPMD
must also preserves QBD. To explicitly demonstrate this, we
rewrite the NRPMD time-correlation function in Eq. (81) as
follows:

CLM () = 2 n fdmfdgmqufdp
ZM

FRP (7 (M)
x A(Qu)e M (Pruap) fisip( 9y, (93)

where Fyf (Pum> Q> q,p) is the MV-RPMD Hamiltonian (with
the Matsubara frequency instead of the ring-polymer frequency)
expressed as follows:

. _ - 1
Hy (Pas, Qa4 p) = Hit (Pas, Qur) - Bln I[(Qu>q.p)|
_ W [ﬁi+ma)igﬁ]
ne—(Mnypl 2m 2

+ U(EM](QM) - %ln|I‘(QM,‘I>P)|- (94)

The condition for NRPMD to satisfy detailed balance is E}[{\g] HY

= 0, which results in the same condition described in Eq. (92).
Hence, if non-adiabatic Matsubara dynamics preserve QBD, then
so does NRPMD. In the supplementary material, we provide the
numerical results of FI}; along a given trajectory, which behave sim-
ilarly compared to the results of non-adiabatic Matsubara dynamics
as shown in Fig. 3.
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VIl. TIME-CORRELATION FUNCTIONS
WITH ELECTRONIC PROJECTION OPERATORS

Besides the nuclear position auto-correlation function, the elec-
54,55
tronic projection correlation function is also an important one.

For example, A = B = |i)(i|. When A = |i)(i, in general, [e ﬁHA]N

+ [A]n[eP"]5 based on Eq. (30). Thus, one needs to write down
the generalized Kubo-transformed time-correlation function as in
Eq. (14). On the other hand, one can follow the same proce-

dure to obtain the normal mode representation of C%](t) [see
Eq. (39)] as

(=% [ae[aP [dq [ aplc?a

as well as the exact procedure outlined in Sec. I'V by making the Mat-

e By, (95)

subara approximation (by discarding the £N-M and integrating out
the non-Matsubara modes), reaching to the following expression of

C%] (t) [see Eq. (58) for a comparison]:

20

Cﬂﬁﬁ](t):%fd%fdmqufdp

% e—ﬂ(HM (Py,@um)~i0m (P, Qu))

A,
X rii(QM>q,P)e£ ' ‘[B]n.

In the above equation, I';; is T in Eq. (63) projected on |i)(i| as follows:

(96)

Ti=¢- *%kilT [H(CI—I)MRI(QM))
z|l§+1(cl, - ZI)M(RI'(QM))]

on N
“o-Frfnaf](e- 2)mmeen| o
1=1
where the property of trace ensures that each term inside Tr. are
identical; hence, we can replace the bead-averaged expression with
the expression after the last equality. The Matsubara Liouvillian
£M) s the same as expressed in Eq. (70), and Z) is the Matsubara
partition function expressed in Eq. (66). The Matsubara Liouvillian
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£M] s the same as expressed in Eq. (70), and Z)y is the Matsubara
partition function expressed in Eq. (66).

Following the same procedure of discarding the imaginary
Liouvillian and shifting the momentum integral to the real axis
(i.e., the ring-polymer approximation) and replacing the Matsubara
frequency with the normal mode frequency, one can arrive at the
following RPMD correlation function:

G (1) = “ [P [ag [dq [ ap

_apRP (M1,
x ¢ PHy (P’Q)Fii(g,q,p)eLRP ‘[B]w. (98)

Here, for B = |i)(i|, one can use the following estimator:

A A
[dAkeﬁPk g = S+ 5)

1 Z[ e 7 (AP ([qk]f2 +[pedi - g)] (99)

where the detailed proof is provided in the supplementary material.

Alternatively, one could also use the mapping relation [i)(i| — a!a;
to obtain
f dAge P (q Ak + ﬂ)
Nio 2 2
N1
Z 7!( al; + [pili = ). (100)

The above estimator is used in the original NRPMD approach™ and
has been theoretically justiﬁed,“ as well as derived (based on the
property of Wigner transform) and used in MV-RPMD approach for
excited state dynamics.” In fact, Cya" (¢) in Eq. (98) is equivalent to
the orlglnally proposed NRPMD population time-correlation func-
tion”*”” when using Eq. (100) for the estimator of the population at
time ¢, with the exception that the expression of T;; is obtained using
the Wigner representation for the mapping variable in the current
theory, whereas in NRPMD, it is obtained by using a simple inte-
gral of both mapping positions and momentum.”* Our derivation
explains the success of the original NRPMD approach for simulat-
ing the population auto-correlation functions.”* Numerical exam-
ples of the Kubo-transformed population auto-correlation function
are provided in Fig. 5 of Appendix E.

As we finishing up introducing the theoretical frameworks in
this paper, let us briefly discuss several interesting limits of non-
adiabatic Matsubara dynamics and NRPMD. (i) Under the limit

that the system only contains electronic subsystems, Cl[ng] (t) and

NP (t) reduce to the same form of C%] (t) (note that there are still
N copies of the mapping DOF), which are all quantum mechani-
cally exact. Hence, for the isolated electronic subsystem, both non-
adiabatic Matsubara dynamics and NRPMD preserve the exact
quantum Rabi oscillations (where an explicit proof can be found
in Ref. 79). (ii) Under the single electronic state limit (adiabatic
limit), the non-adiabatic Matsubara formalism reduces to the origi-
nal Matsubara dynamics.”””" (iii) For the electronic system linearly
couples to the harmonic nuclear bath, both non-adiabatic Matsubara
dynamics and NRPMD are exact. (iv) Under the decoupled limit of
the electronic and nuclear DOF, non-adiabatic Matsubara dynamics

ARTICLE scitation.org/journalljcp

and NRPMD rigorously preserve QBD and give the exact dynamics
for the electronic subsystem but only give an approximate dynam-
ics for the nuclear subsystem (exact when the potential Vy is purely
harmonic®””’). (v) Under the N = 1 limit, the NRPMD formalism
reduced to the Linearized Semi-classical Initial Value Representa-
tion (LSC-IVR) approach'® (with a classical nuclear distribution
instead of the Wigner distribution; see more explicit discussions in
Appendix D).

VIIl. NON-EQUILIBRIUM TIME-CORRELATION
FUNCTION

Despite the fact that RPMD was originally developed for equi-
librium quantum dynamics simulations, recent theoretical progress
has demonstrated that both RPMD and CMD can provide accu-
rate non-equilibrium dynamics upon photo-excitation.” This is
because that both can be viewed as approximation of the Matsub-
ara dynamics, which is not limited to equilibrium simulations. Thus,
we conjecture that NRPMD is also capable of accurately describ-
ing the non-equilibrium TCF, and we will explicitly prove this as
follows.

For a given photo-induced process, we are often interested in
the reduced density matrix dynamics upon the initial excitation of
the molecular system. The reduced density matrix element can be
expressed as

pi(t) = Te[p(0)e ™) (jle”H . (101)

where the initial density operator p(0) is expressed as a tensor prod-
)il ® e,
where Z = Tr[e#™], and H, is the ground state Hamiltonian

uct of the electronic and nuclear DOF as p(0) =

. P

Ho=——+ U (R), (102)

with the ground state potential Uy(R) associated with the ground
electronic state |g).

The initial density p(0) is evolved under the influence of the
total Hamiltonian A [Eq. (1)]. The reduced density matrix element
can also be expressed as the following TCF:

1 ZBE A Lfrs —if
pi(®) = Cun() = ZTele At B ] 109

where A = |i)(i| is the initially occupied electronic state and B=1i){jl.
Because A and Hy commute, [A Ho] 0, and thus,

B . A
CKy(t) = Ziﬁ [0 dANTr[e B0 j M )]

B 2 SRR
= Ziﬁ [0 dATr[e_(ﬁ_A)H"e_AHOAB(t)]

B

Hence, one can rewrite the reduced density matrix elements p;;(t)
in Eq. (103) into the Kubo-transformed time-correlation function
Ciy(1) as follows:
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pii(t) = L /ﬂ d/\Tr[e_(ﬁ_A)H“Ae_AH‘)eéHtBe_éHt]. (104)
2B Jo

The above TCF is not an equilibrium correlation function. Never-

theless, the Kubo-transformed structure allows us to express it as the

discrete version of the time-correlation function as shown in Eq. (5).
Following exactly the same derivation we have outlined in the

previous section (Sec. 1), we can express Ciz(t) in Eq. (104) without

any approximation as follows:

pi(t) = CV (1) = & de[ dpquf dp

x [A]N[e_ﬁHo]NeL[N]t[B]N, (105)

where the Liouvillian £I¥! has the same expression in Eq. (24)

and [eP™] has the same expression in Eq. (15) except that H is
replaced by Hy. There is no approximation in the above expres-
sion. Furthermore, [A]ly = + YN [Ax]w is the partial Wigner
transformed projection operator (along the mapping DOF) with the
following expression:

A
[dAkehP*Ak 4~ el + 55

1 N

i+t 2,02 1
_ Z[ o1 (@ Pk)([qk]% +[peli - 2)] (106)

- Vi

and explicitly performing the standard Gaussian integral (see
detailed derivat10n in the supplemenml y material).
Similarly, [B]y = + Y&, [Bi]w can be expressed as

where we have used the overlap relation (q,|i)

A 1 X 1p Ay Ao\, Ay
(Bl = 5 20 [ dae™ 0= Sl Gla+ )

N 2/C+1

*Z

G- {(tadds+ilpi)) (g - 1pe]) - 505,
(107)

where G = eii(qiﬂ’i). On the other hand, there are other choices for
the Wigner transform of operators. For example, the population can
be directly Wigner transformed of &jz‘zi as shown in Eq. (100), and
the Wigner transform of &j&j is

f dAe ™ (g, - =

> o5 (ladlasd+ i) pe) o)

(B]y =

a; 4j|q

Z|~
M=

Il
—

k

(108)

Il
Z| =
lMZ

This estimator has been proposed in the original NRPMD work.”*”
It has also been derived in the non-equilibrium TCF with MV-
RPMD.™

Following the Matsubara approximation, we can derive the
corresponding expression of the density matrix as follows:

pi(1) ~ Cll () = 2 “MfdQMfdPMquf dp

_ _ [M]
xe P00 1475 [ B] N, (109)
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where HY, = Z( —(1\)4/ 1y/2 5 N p lUg(Zfl——(]\)/I/—l)/Z \/NTI,,QV.),

Oum is expressed in Eq. (62), and the Liouvillian £M s expressed in
Eq. (70). This is the non-adiabatic Matsubara dynamics expression
for the reduced density matrix elements as the third key result of this
paper.

Further making the RPMD approximation, we can derive the
corresponding NRPMD expression of the reduced density matrix as
the final key result of this paper,

pii(t) » Cgng(t):“A;K?M‘/d?/dgqu/dp

x e_'gH‘(\]’ P14 [A ] eL‘[‘]‘\;] ! [B]N,

(110)

where HY(P, Q) = Zf,__(lg,/zl)/z[pi Zw ZQZ] + U, N](Q) and
the Liouvillian EI[{P is expressed in Eq. (83), corresponding to the
NRPMD Hamiltonian expressed in Eq. (84).

Thus, we explicitly show that NRPMD is capable to simulate
non-equilibrium TCF, explaining the recent numerical success of
using NRPMD to simulate the non-equilibrium population dynam-
ics.” Similar numerical success in simulating non-equilibrium TCF
has also been achieved in MV-RPMD.”*

IX. CONCLUSION AND FUTURE DIRECTIONS

We present the non-adiabatic Matsubara dynamics, a general
framework for computing the time-correlation function of elec-
tronically non-adiabatic systems. This new formalism is derived
based on the generalized Kubo-transformed time-correlation func-
tion using the Wigner representation for both the nuclear DOF and
electronic mapping variables.” "’ By dropping the non-Matsubara
nuclear normal modes in the quantum Liouvillian, we derive the
non-adiabatic Matsubara dynamics, which can be viewed as a gener-
alization of the original (electronically adiabatic) Matsubara dynam-
ics.” The non-adiabatic Matsubara dynamics has two complex
phases, one from the nuclear DOF and the other from the electronic
DOF. By making a nuclear momentum transformation, one can
derive an equivalent expression of non-adiabatic Matsubara dynam-
ics, which has a complex Liouvillian and a complex momentum
distribution.

Further making an approximation that drops the imaginary
part of the Liouvillian, we arrive at the non-adiabatic ring-polymer
molecular dynamics formalism. Thus, NRPMD can be viewed as
an approximation of non-adiabatic Matsubara dynamics. Interest-
ingly, the initial distribution of NRPMD coincides with that in the
Mapping-Variable (MV)-RPMD,”” whereas the NRPMD Liouvil-
lian coincides with the Liouvillian used in the originally proposed
NRPMD™ (which has a different initial quantum distribution). Our
theoretical derivations explain the numerical success of both of
these previous approaches.”””” We have further proven that the
NRPMD is capable to simulate non-equilibrium TCF, hence justify-
ing such simulations and explaining the recent numerical success.”®
At this moment, we are not sure whether non-adiabatic Matsubara
dynamics preserves the quantum Boltzmann distribution (QBD),
except for the special limit for electronic states linearly coupled
to the harmonic bath, or when the electronic and nuclear DOFs
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are completely decoupled. Nevertheless, we derived the condition
under which the QBD will be preserved by non-adiabatic Matsub-
ara dynamics. Interestingly, if non-adiabatic Matsubara dynamics
preserve the QBD, then NRPMD is also guaranteed to preserve the
QBD.

The immediate future direction of the current work is to test the
numerical performance of the non-adiabatic Matsubara dynamics
for computing equilibrium and non-equilibrium TCFs. The current

formalism of C%] (#) makes this a challenging task because the elec-
tronic mapping DOFs also have N copies, which are required to take
the N — oo limit. However, one does not have to use the same num-
ber of copies of the mapping DOF and nuclear DOF, and this can
be accomplished through the mixed time-slicing technique,” which
has been successfully implemented in a recent work of NRPMD.”
By using a finite number of the mapping resolution [Egs. (7) and
(8)], we expect to make the non-adiabatic Matsubara dynamics prac-
tical for system with a few nuclear DOF and a few electronic states.
Another direction is using the non-adiabatic Matsubara dynam-
ics framework to theoretically derive other existing state-dependent
path-integral approaches, such as the non-adiabatic CMD.'" A
third direction is to theoretically explore whether non-adiabatic
Matsubara dynamics rigorously preserves quantum Boltzmann dis-
tribution (QBD). If so, then non-adiabatic Matsubara dynamics
will be a trajectory-based approach that can correctly describe elec-
tronic Rabi oscillations and preserve the QBD, a method that is cur-
rently lacking.”" We hope that our current work provides a frame-
work for accurate non-adiabatic quantum dynamics approaches
by interfacing the recent development in the field of map-
ping dynamics'”>'"” with the developments of nuclear quantum

. ),69-73
dynamics.""""

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the deriva-

tion of C AB], Wigner transform of the MMST Hamiltonian; deriva-
tion of the exact non-adiabatic Liouvillian; derivation of Eq. (30);

M],

derivation of Eq. (76); derivation of E[M] and E[ ; analytic con-

tinuation at ¢ = 0; proof of Eq. (89); derivation of C/EB](O) using
the path-integral approach; derivation of the estimators for the
state-dependent operator; and additional numerical result.
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APPENDIX A: DERIVATION OF THE Liouvillian

We provide the derivation of the exact Liouvillian £
[Eq. (24)], the detailed expressions of the non-Matsubara

ARTICLE scitation.org/journalljcp

Liouvillian £N-M] [Eq. (52)], as well as the condition when EIEM]
can be safely ignored.

We start by differentiating a time-dependent Wigner trans-
formed of a general operator A as follows:

d

STAMOD = (AW = £ [A®Iw.  (AD

h
where [A(t)|w = [ dDer ) 1s the Wigner trans-

form of the operator A(t) = eﬂmAe_ﬂHt A= o+ V(R), with the
nuclear position operator R and corresponding momentum opera-
tor Pand V(R) is any general form of the potential energy operator.
The corresponding Liouvillian is

= %[H]W : sin(%h), (A2)

where the details of the derivation are provided in the supplementary
material.

Next, we derive the exact Liouvillian of the non-adiabatic
Hamiltonian in the generalized Kubo-transformed TCF. Because
[B(t)]n [Eq. (17)] is a simple bead-averaged Wigner transform, the
Liouvillian £ in Eq. (18) has the following expression:

Z E Hl w - s1n(hf\1), (A3)
ioh

where A, is defined in Eq. (20) and [H;]w is the Wigner transform
of the MMST mapping Hamiltonian [Eq. (1)] associated with the
Ith bead, with the expression in Eq. (22). Because £ contains N
mathematically identical terms (labeled as I € [1, N]), one only needs
to derive the expression of one term and sum them up. Below, we
explicitly derive one of this term denoting as £ and we drop the
label I for simplicity. With the operator A = A® + A" defined in
Eq. (20), one can rewrite Eq. (A3) as

Bow e

[H]w - [sin(%f\n) cos(%f&e) + cos(%f\n) sin(g[\e)].

(A4)

[,[1] _

S o :F\N

Explicitly expanding the terms related to the mapping derivatives as
cos(BA¢) = 1 - 1K’ [A°]* + O([A]*), sin( h[\e) BAC+ O([A]),

and note that the Ve(R, q, p) term inside [H]w contains up to the
second order of p and q [see Eq. (23)] such that V.[A®]" = 0 for
n > 3, one can rewrite Eq. (A4) exactly as follows:

p?
. h[ +Vo(R) + — 7 Z Vii(R)(pip; + qiqj — S,Jh):|

2m =1

X [sin(gA )(1 - %Z[A ]2) + cos(z[\")zf\e]. (A5)

Each term of Eq. (A5) can be explicitly evaluated (see the
supplementary material for details), resulting in the exact non-
adiabatic Liouvillian as follows:
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m_P3 2 ho
LY = R h[VO(R)+Ve(R q,p)]sin (ZBR 2P
. 1 (h8 8
+[P"V(R)Vq-q"V(R)V, ]g (281281?)
1 98
Z[ V(R)Vq"’ VPIV(R)VP] Sln(zaRaI)). (A6)

Adding a total of N mathematically identical terms together (each
has the same expression of the above Liouvillian £['1), we have £
expressed in Eq. (24).

Next, we explicitly express the error term of the Liouvillian
£VM when applying the Matsubara approximation. The Matsub-
ara approximation discards (N — M) non-Matsubara modes from
Eq. (43), and the non-Matsubara Liouvillian is expressed as follows:

_ M

LM pINT_ i) +LINME ML (A7)

where we have further decomposing the non-Matsubara Liouvillian
in three terms. Using the following trigonometric identities

sin(a +b) - sin(a) =2 Sin(g) cos(a + g),
. by . (b
cos(a+b) —cos(a) = -2 s1n(a + E) s1n(5),

we can express the non-Matsubara Liouvillian as follows:

S [
' n=(M+1)2L ™ 09—, m oY,
ﬂ [N] [N] . k . k
" h [Uo (Q)+U; (Q,q,p)]sm 5 |eos|a+3 )
(A8)

N M] 2 N T - T P
-2 [P V(RI(Q) Vg, - 4/ V(RI(Q)) V|

-1
x sin &+b)sin(b), (A9)
2 2

[:IEN_M] % Z[V:IV(RI(Q))?‘II + VIT,[V(RI(Q))gm]]

xsin(k)cos(&+ é), (A10)
2 2
where the operators & and b are defined as
w-v/2 5 g
a- L 0 9 (A11)
ZN n:—(M—l)/Z 8Qn 8Pn
) w-2 5 = “«— —
b h o 0 0 0 (A12)

2N n=(M+1)/2 0Q, IPn 8Q_n oP_,

Finally, we want to discuss under which condition one can

safely drop the higher order coupling term ﬁ}[lM] [Eq. (71)] under
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the Matsubara approximation. We find that this term can be made as
small as desired by choosing a different number of beads for the elec-
tronic mapping DOF and nuclear DOF, which is commonly referred
to as the mixed time-slicing technique.”””” We explicitly assume that
the TCF in Eq. (28) can converge by using N. beads for the mapping
variables and N nuclear beads (with M Matsubara modes) under the
condition Ne << N where N/Ne is an integer. Then, E[ ] under this
condition can be expressed as’

N, N/Ne Ne —=T — —=T —
> Y [ TaVR) Vo + T3 V() T, ]

14

NH

(M-1)/2

. ( 86)
2N, 7y 090 0Py |

where the nuclear bead index is [ = I + (a — 1) - % and V(R))
= V(R;(Qx))- Note that there is an additional normalization con-
stant Ne/N appearing in front of the electronic-nuclear coupling
potential, whereas the 1/N term inside the sine function is originated
from the nuclear normal mode transformation [Eq. (36)]. Under the
Matsubara limit, this higher order coupling term becomes

=

(A13)

1)/2 8 3
nff(M /2 99, 9Py

—_

1 h INA N, V. 4+ v
- ST T,
(M-
(A14)

which has a formal scaling of (9( MN, ho) Of course, when N = N,
the formal scaling reduces back to O(Mho). On the other hand, one
can still choose the Ne <« N limit such that M-N. < N. Under
such a limit, £hM can be safely ignored. Having this flexibility to
avoid evaluating the £ term is a big theoretical advantage, com-
pared to the Poisson Bracket Mapping Equation (PBME) method
where this term is often required in order to achieve accurate quan-
tum dynamics.”***" We must admit that we do not know for an
arbitrary system if one can always choose M -N. << N to converge
the non-adiabatic Matsubara dynamics. This is subject to future
investigations.

APPENDIX B: QUANTUM BOLTZMANN DISTRIBUTION
IN THE NON-ADIABATIC MATSUBARA DYNAMICS

To obtain the quantum Boltzmann distribution function under
the Matsubara limit in Eq. (58), we first write down the total
Boltzmann operator in the normal mode representation as

[, / dD f dA
n——(N /2

1 A _Bula A
x{q_; — EAl—be\Pe ﬁwHﬂ‘lz + ?l»f;r% (B1)

(N D/2

. N .
LNPnDn l l LY
en
=1

which is the same as Eq. (41) and &* is previously defined in Eq. (40).
The expression in Eq. (B1) is equivalent to Eq. (104) of the work by
Hele and Ananth’ but in the normal mode representation.
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Next, we integrate out the non-Matsubara P modes. By the
construction of the Matsubara dynamics (i.e., discarding the non-
Matsubara Liouvillian), there is no functional dependency of non-
Matsubara P modes in operator B, and thus, we can integrate out
the non-Matsubara 7P momenta, giving a product of the Dirac delta
function in non-Matsubara D modes of the form

—(M+1)/2 (N-1)/2 . .
< I1 AP,
n=—(N-1)/2  n=(M+1)/2
—(M+1)/2 (N-1)/2
= )™M T x 8(Dy),
n=—(N-1)/2 n=(M+1)/2

which helps to further integrate out DIN"M modes from Eq. (B1).
After this, [e ] [Eq. (B1)] becomes

[ 1x(Pa, qp) = 2e) ™ [ aDy [ an

M-1)/2 N
« H elNPnDn/h % 1—[ elP[Al/h
n=—(M-1)/2 I=1

1 _ e
x <ql*1 B EAI—I’VII—l(Q,'DMNPe Byt >
1
X |ql + EAI, ’17(9, DM)>, (BZ)

where [dDuy = HZZEIZIAZ)J)Z/Z dD, only includes the Matsub-
ara modes, whereas Q, contains all modes (together with all
Q-dependent terms in the Liouvillian). Furthermore, 7" is now

expressed as

(N-1)/2 (M-1)/2
71;t = Z \/NTln On Z \/_Tlan (B3)
n=—(N-1)/2 n=—(M-1)/2 2

where D,, only contains the Matsubara modes.
J

[ )5(Pu Q.a.p) = (znm‘N*M)(zﬂg; ,.12) | @D

(M-1)/2

><exp|: 2PN (B h) R

(M /2

n—-(M /2
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We further split the Boltzmann operator in Eq. (B2) through
a symmetric Trotter expansion under the N — oo limit, noting that
) (nF| commutes with P (as they belong to two different DOFs)

and evaluating the nuclear kinetic energy term exphc1tly through
the standard path-integral technique (see the supplementary
material for details). This leads to

" ) m \N2
[e ﬁH]N(’PM’Qﬂ)P) = (Zﬂh)(N M)(zrrﬁth) /dDMfdA

B .y,
x ] eV x []ert™
n=—(M-1)/2

m - +
X eXp[_ﬁsz’%,hz (e —m )2]

*%[VU(U;)JFVU(W;)]((I_I _ 1A1,1|

xe

XP@ 2 [V n )+V(W1 P|q + Al> (B4)

9,70

Applying a well-known trigonometric identities,””’" one can
explicitly evaluate the (1, — 77 )? term as follows:
, (M-1)/2 2
(771_—1 —1’];—) =4 Z (\/NQYI Sinfn"' )
n=—(M-1)/2
(N-1)/2
+(BR)' Y waN(Q+ Q%) (B5)
n=(M+1)/2

where &, = % Note that the first sum includes all Matsubara modes
and the second sum includes all non-Matsubara modes. Using the
relation in Eq. (B5), the quantum Boltzmann operator in Eq. (B4)
becomes

,. (N-1)/2
PANPD, exp[ mfw 5

n=(M+1)/2

waN(Q; + Q%)

Z (\/ﬁQnsinEH+\/N% cos&,)z]

1 A 1B T ()4 VL ()] 4 1
XeXP[—ﬂZZ[Vo(Wz)+Vo(’11)] / dAHeﬂ"f“f L1 A [P OOl 4 S A (B6)
I=1

Under the limit N — oo, the Gaussian function that involves D_, term has the following form:

N2
exp[ 2[5h2 cos’ £, D* :|— Zﬂﬁﬁ [cos&,]™

Using the property [f(x + a)d(x)dx = f(a)[/6(x)dx (a steepest-descent argument), we can move all terms related to the potential, including
exp[-BnVo(ni)] and exp[—Bn Ve (17 )] related terms outside the @Dy integral [and set D_, = 0 for #j terms in Eq (B3)], resulting in

N/2 . (N—l)/2
m ) e*ﬁN > Vo(Rp) exp[— mﬁN Z (Qn Q—n):l

Loo(D-y).

[e )5 (P ©oqup) = (znh)““*M)(

2npnh? n:(M+1)/2
(M 1)/2 2
xT(9,q,p) x / aneﬁNP” exp[ m2 (Q_n sin(&-,) + an cos(f,n)) ], (B7)
n——(M /2 Bnh 2
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where we explicitly write down each integral for the Matsubara
D, mode, R, = Zflf:(ll)\/f /2 V/NT;,Q,, and we have defined the
following mapping integral as

N 1 A~ _gY . 1
r(Q,q,p) = / dAl_[eh"’A’(q71 - 5A1_1|79e B V“(R’)P\q,+ EAZ>'
I=1
(B8)

We further explicitly integrate out [ dD, in the last line of Eq. (B7)
(by denoting &, = nn/N) as follows:

2
I, /an exp[hNPnDn N ( Q_,siné, + %Dn cosEn) ]

BnhR?
2mN
exp[ By hZQ L sin fn]exp[ me% ,,]

x[dpnexp[iN m COSZE"(D,,; Buh )2]

BNRz 2 mcos? &,
xexp[ By B sin&, - cosé&, - Q_ D] (B9)

Note that the Gaussian term inside the above [ dD, integral is
m cos* &, . Pnh )2
Dy - P
exp[ BnR% 2 ( Im cos? &,

. PBnh )
~ 8 Dn bt 'n >
( ! mcos? &, P
which again allows the dD, integral to be evaluated through the
steepest-descent fashion, resulting in

P+ N2tarl & Q_m]

(B10)

Zn =Cy - exp[— By

2mcos? &,

X expli—ﬁNh2 QE,, sin’ fn:I, (B11)

where C, = \/n/\/N ﬁ;'};Z C°522 b

Because the dD, integral is in the Matsubara domain, we
can further simplify the expression by taking the Matsubara limit
(N - oo and n € M <« N), resulting in cos’ &, — 1, siné&,
~ O((%)Z) — 0, and tan &, — &, = nm/N. Thus, the final expression
of the thermal Boltzmann operator in Eq. (B7) is expressed as

i 20m \ VM2 N VR
[e_ﬁ ]N(PM> Q;q;p) = () e_ﬁN Z5 Vo(Ry)

BN
(N-1)/2
X exp —ﬂ Z 2N(Qﬁ+ Qz,n)
2 n=(M+1)/2

xT(Q,q,p)- eXp[ﬁZ]

afal)o-n)

In addition, one can explicitly evaluate the electronic mapping
integral in Eq. (B8). Recall that P = ¥, |i)(i| is the projection operator

(B12)
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in SEO mapping subspace, and the overlap with electronic states is

expressed as
N\ 2 1 . —qTq/Zh
(ali) = \/;m)w [qlie ¥

13), one can re-express I as follows:

(B13)

Using Eq. (B

N

2 1 N T
r(Q.q,p) = FTNW g _/ dAi(q,_, - A, /2)

x M(RI(Q)).(q,+ Ay/2)e 1 GATAFaia—pia) ()4

Rearranging the pre-factors of Eq. (B14) and grouping terms
associated with A; (using the cyclic property of trace), we have

N

N T T N
(Q,q,p) = e Shi(alaeip) fdAl
N (n h)NIC/Z E

< Tre[ (g + Ai/2) - (- A1/2)" - M(RI(Q))]

% e—% Zz(%AI—iPz)Z. (B15)
Analytically performing the integration over A; (which is a
standard Gaussian integral) leads to the final form of [(Q, q,p) as

follows:

I'(Q.q,p)=¢- e’QTNTre[H(Cz - *I)M(RI(Q)):I (B16)

I=1

which has the same expression in Eq. (63), except that Eq. (B16)
depends on all normal modes Q.

Using the above results, we have the following thermal-
Boltzmann operator:

(e 15 (Pu> D, q,p)
2m \ N2
-(5)

W=D

r(Qqp): [] e"-e

n=—(M-1)/2

B, PuQ-n

N (N-1)/2
X exp[—ﬁN Z Vo( Z \/_Tln Qn):|

=1 \n=—(N-1)/2

(N—l)/2
X exp|:mﬁN Z (B17)

n= (M+1)/2

v

Substituting Eq. (B17) into Eq. (57), we get

() = Jim 7fdgfd7>Mquf dp
x A(Q)[ ™15 (Pu, Q. q.p)e" B(Q).

Under the Matsubara limit M — oo, and M <« N, one recognize
that the Gaussian part of the non-Matsubara normal modes in

(B18)

[e7F #H 1x(Pum, Q. q,p) are nascent Dirac delta functions [by noting
the expression of w, in Eq. (35)] as follows:

2mN? sin® (n/N) Q2
M<N
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Thus, we can further integrate out the non-Matsubara Q modes
from Eq. (B17) (based on a steepest descent argument), leading
to the following effective changes inside the nuclear coordinate
integral:

N (N-1)/2 ”
exp[—/sNZVo( > Tann)]aexp[—/sUfE (@)l (B20)

=1 \n=—(N-1)/2

where U(EM] (Qn) is defined in Eq. (60), as well as

Tre[f][(cl - %I)M(Q)] IR Tre[f][(cl - %I)M(QM)] (B21)

I=1 I=1

for the T related term. Note that the Liouvillian £ only depends
on Matsubara modes Q). Because these quantities only depend on
the Matsubara mode Q, we can move them outside the integral of
the non-Matsubara modes,

C,EAI;[](t):#Eﬂo%fdngd'PM—/dqfdp
% A(Qu)[e P15 (@ Prna.p)e B(Qu)

(N-1)/2 (N-D)/2 w272, 2
< 1 fdQndQ_ne"ﬂZw(Mﬂ)/z7‘”’1(9"*9'”),
(B22)

n=(M+1)/2

where Gaussian integral in the last line of the above equation can be
analytically performed, resulting in the constant ay in Eq. (59). The

final results of C/EA;] (t) is expressed in Eq. (58).

APPENDIX C: DETAILED BALANCE FOR SYSTEM
WITH DECOUPLED ELECTRONIC AND NUCLEAR DOF

For the system that has a decoupled electronic-nuclear
interaction,

. p? & NI
H=—+Vo(R)+ Y Vyli)(jl = Ho + Ve, (C1)
2m ij=1

where Vj is a constant, leading to 9V;;/OR = 0. This case also
includes two limits: (1) electronically adiabatic system (Ve = 0) or
(2) there is only electronic subsystem (T+Vy=0).

For the electronic-nuclear decoupling case, the exact thermal
Boltzmann operator is

[e#]y =T(q,p) [ dD ﬁl ARy~ 2D PR + D),
) (C2)
where the electronic part I'(q, p) becomes
T(q.p) = ¢- e*%”m[fi[(cl - %I)M], (C3)
1=1

where M;; = (i\eiﬂwﬂj).
The exact Liouvillian in Eq. (24) becomes
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N - — —
w_s P o 2..(r0 9
£ ,z;{maRl VO(R’)hsm(z R, OP,
1 > s
[P VYo - qfvvpl]}, (C4)

where the nuclear Liouvillian (the first term) and the electronic Liou-
villian (the second term) are completely decoupled. The detailed

balance condition £ [e_ﬁH]N =0 leads to
N
P, VYVl -q VV,T] =0 (C5)
=1

for the electronic subsystem and LN{[dDTIN, en™P(R_,

- %D,_1|e_ﬂ”ﬁ°|Rl +1Dy)} = 0 for the nuclear DOF.
Under the same decoupling limit, the non-adiabatic Matsubara
Liouvillian becomes

(M’l)/z Pn 5) _aU(EM](QM) 5)

[,[M] _ n
m 6Qn 8Qn apﬂ

n=—(M-1)/2

1Y = S

+E;(plvv‘h_qlvvl’l)'
=1

Hence, under this limit, the non-adiabatic Matsubara Liouvillian
becomes the separable addition of the Matsubara Liouvillian for the
nuclear DOF (first line) and the exact mapping Liouvillian for the
isolated electronic DOF (second line). Comparing with the exact
Liouvillian in Eq. (C4), one can see that the electronic part of the
Liouvillian is also exact in £ for this special case. The effective
Hamiltonian Hy; in the initial distribution becomes

. 1
Hy = Hu(Pum, Qu) — Eln|r(‘I>P)|)
(M-1)/2 P 1
- Y sreul@u - ginir@p)l (o)
n=—(M-1)/2 41" B

We can explicitly show that under such a decoupling limit, non-
adiabatic Matsubara dynamics preserves the QBD as follows:

E[M]HM('PM, o1, q,p)

N
:[,[M]H Por, _ ;
u(Pae @) = 2. Gl p)

% [P VV4[T(a.p) -9/ VVp[T(ap)] =0, (C7)

where we have used Eq. (C5), as well as E[M]HM('PM, Qu) =0,
which can be easily verified (see Ref. 72 for details) by acting £™M on
Hy(Pum, Qur)- Hence, we proved that under the decoupling limit,
non-adiabatic Matsubara dynamics preserves the QBD.

APPENDIX D: CONNECTIONS TO LINEARIZED
PATH-INTEGRAL APPROACHES

We would like to connect the current formalism of C/[g](t)
with the previously developed linearized path-integral approaches.
Most of these approaches are based on the Wigner representation
for the mapping and the nuclear DOF, which can be formally viewed
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as various approximate forms of the N = 1 case of C/[g](t). Since
they are extensively used to compute density matrix dynamics, we
will mainly focus our discussion on the non-equilibrium correla-
tion function [Eq. (103)]. On the other hand, the following dis-
cussions on Liouvillians are also valid for the thermal-equilibrium
time-correlation function [Eq. (14)].

We begin by writing down the non-equilibrium TCF in
Eq. (105) with N =1 as follows:

() = “ldefdedqfdp Caa™

A

M Blw, (D)

where a; = 1/(27h)*, [A
fe#

= [ dAerP(q - 21i)(ilq + ), and
w=/ dDehPD(R - %|e ﬁ”H"|R +2),and the Liouvillian £[!]
is expressed in Eq. (A6). The expressions of C/[;B] (t) and the Liou-
villian £ are, in principle, exact, giving rise to the exact quantum
dynamics. Note that the mapping variables g;, p; are in the order
of O(\/E) [because [pi, qi] = ih, hence there is an 1/A term in the
MMST Hamiltonian in Eq. (4)].

One can make approximations to £t by truncating all terms
up to O(h) as follows:

2 (ha 38\ 938 )
hsm(zaRap) “arop " O0) ©2
1 (R9 3\ 1
E COS(ZaRap) N g +O(h), (D3)

and dropping the third line in £t [Eq. (A6)], which corresponds to
a term that is in the order of O(k°), the Liouvillian £!") is reduced
to the following form:

(1] P 8 2 ) 5)
L:LSC 8R h[VO(R) + VC(R q’p)] AR 6P

2P VR V- VR Tl + O, (D1

which is the Liouvillian used in the Linearized Semi-classical Initial
Value Representation (LSC-IVR)'® approach. Note that the error for
the first line in Lysc is O(A*) and the error for the second line in

Lisc is O(h). However, the dropped term (the third line) in £
corresponds to a term of O(k®). This ultimately determines the
accuracy of ££ls]c to be up to O(k°).

On the other hand, if one chooses to truncate £ up to the lin-
ear order of the nuclear operator A" = 5P 5R ~ DR 5P’ which is com-
monly referred to as the mixed quantum-classical (MQC) Liouville
approximation,” then £ reduces to the following expression:

Pd 93
£l = =2 Z[Ve(R) + V(R q,p)] o —
MQC m@R h[ o(R) + Ve( QP)]aRap

+ 2 PVR Ty - VR) V)

+O((A")?),
(D5)

QJ‘Q)T

h[v V(R)Vq+V V(R)v ]
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which was first derlved in the Poisson Bracket Mapping Equation
(PBME) approach.”* Note that the last term scales as O(h°),

leading to the accuracy of ﬁl[vigzc up to O(h). However, the last

Hence, in the common
PBME approach, this term is often dropped, and ££ls]c is used in
the PBME calculation. Later, it was shown®>**

approximately expressed as

term was not straightforward to evaluate.”

that this term can be

h —T — —T — (5 5
g[VqV(R)Vq‘F Vp,V(R)Vp]afRﬁ
h \OVi(R) 8
22(K+4)h(%%+p’p’ 2 ”) or op P9

Explicitly including this term and using 51[\/}2)c for QCLE (which
is referred to as the non-Hamiltonian PBME"') indeed improve
the accuracy of the population dynamics in spin-boson problems.”
Note that under the Matsubara limit, this term can be made as small
as needed based on the mixed-time slicing argument [see Eq. (A14)
in Appendix Al.

Of course, the form of the Liouvillian is not the only factor
that influences the results of C (t) For the population dynamics,
how to approximate [A]w and [ ]w will also significantly influence
the accuracy of these approximated methods.'”” For example, when

computing pﬂ(t) Tr[p(O)eﬁHt|])(j|e_ém], the standard LSC-IVR
approach'®'® corresponds to

Cli (1) = 5 [ar [ap [dq [aplliil) [

and the standard PBME approach”™*’

e P S5 [ ) (]
(D7)

> corresponds to

CHR™ (1) = % [ar [P [da [dpllipilw

where [j)(j| is the electronic projection operator and &}T aj is the cor-

gt )
[P Jwe s [afayTw,

(D8)

responding operator in the mapping representation. Their Wigner
transforms are

K+1

LS (Pap? h
Uiy = S 5D -5) @9

N SV R
(4] a]w = 5 (q; +pj = h). (D10)
The numerical comparisons between these two approaches
have been extensively discussed in the recent work,'” """ and recent
development on choosing the identity operator'’”''"!"* has also
shown to significantly improve the population dynamics, even just
using a less accurate Liouvillian ll{g]c Along the same direction,
one can use the mapping action variable’s Wigner transform'"” to
construct [A]w and [B]w and engineer various shapes of Window
functions for these estimators.'””'"*'"* This idea has also lead to a

significant improvement of the population dynamics.”
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Finally, if one takes N = 1 for the nuclear DOF and N = 2
for the electronic mapping DOF, as well as making the truncation
in Egs. (D2) and (D3) and dropping the last term in Eq. (A6), the

exact Liouvillian £IV] [Eq. (24)] reduces to the partially linearized
Liouvillian as follows:

c —EE—EV(R)+ZZ:V(R )
P mor R[0T & TP 5R op

+

M

1 — —
E[PITV(R)VqI - QITV(R)VPI]) (D11)

1

which is reminiscent of the Liouvillian used in the Forward-
Backward trajectory solution (FBTS) for the QCLE*®*”" and is also
closely related to the equation of motion in the Partial Linearized
Density Matrix (PLDM) path-integral approach.””'"''" In addi-
tion, the recently proposed two-oscillator mapping of PBME'"” also
adapts the same Liouvillian Lpr, even though the two copies of
the mapping variables are introduced through the mapping relation
of the electronic states. However, we have to be cautious to draw
any further connections between the correlation function C Al\é (1)
in Eq. (105) and those in FBTS and PLDM, as the latter two
approaches use the coherent state representation for the mapping
DOFs instead of the Wigner representation used in this work, and
hence should be viewed as the hybrid Husimi (mapping)-Wigner
(nuclear) representation for non-adiabatic path-integral dynamics.

APPENDIX E: NUMERICAL TESTS OF THE
NON-ADIABATIC RPMD

Finally, we provide discussions of the current approach with the
previous state-dependent RPMD approaches, as well as preliminary
numerical tests of the non-adiabatic RPMD correlation function in
Eq. (82).

The originally proposed NRPMD does not sample the MV-
RPMD initial distribution I - eiﬁHgP described in Eq. (82). Instead, it
uses a simple position and momentum mapping variable resolution
in the initial QBD,” resulting in the following TCEF:

ngpr(t)=§fd77fdgqufdp
N
«T'(Q.q.p)e P P 4(Q) . B(Q),  (ED)

where I (Q, q, p) is expressed as™*

N

I'(2,q.p) = ¢ 7 [1[pr M(R)q]-[af M(R)p]

I=1
N

= ¢'e P Tr. [[[M(R)aa M(R)pp ] (B2)

I=1

where ¢' = ()", Gx = Ti(alq + pip)s and My(R)
= (i\eiiﬁ“’ Ve(®)| 7). Thus, the only difference between the original
NRPMD’* and the NRPMD formalism in this work is the expres-
sion of the initial Boltzmann operator. Note that I is pure real, as
opposed to the complex I' in Eq. (82).

ARTICLE scitation.org/journalljcp

The MV-RPMD approach, on the other hand, samples the ini-
tial distribution with Hy = Hy' (P, Q) - %ln |R[T(Q,q,p)]| and

uses the same Hamiltonian to propagate dynamics, resulting in the
following TCF:

Cﬁﬂg(t):%/d?/dgqu/dp
N
< [R1(Q.q.p) ]l PA(Q) - SV'B(Q), (E3)

where the MV-RPMD Liouvillian is expressed as

= [N]
) _xPo 0 | Lo U (Q)
['MV_ "m0, [mann+ 90,
1 a|m[r]|]7§ L1
BRI 99, |aP. " BIR[T]]
N am[ru)T = (am[r])T =
=]V ——| -Vp| (B4
XE[ ( apl ‘h+ aql P, ( )

which directly corresponds to the MV-RPMD Hamiltonian®” Hy'
= HY (P, Q) - %ln|9%[l“(g,q,p)]|. To the best of our knowl-

edge, there is no rigorous theoretical justification of the Liouvillian

L',I[\/I[\g. Because of using E%, MV-RPMD is not capable to pro-
vide the correct electronic Rabi oscillations when the electronic and
nuclear DOFs are decoupled.r‘]“I In contrast, non-adiabatic Mat-
subara dynamics and NRPMD are exact under the electron-nuclear
decoupled limit when the nuclear potential is harmonic.”’ On the
other hand, MV-RPMD does preserve the QBD at any given N
because it uses the same Hamiltonian for initial sampling and for
dynamics propagation.r

Note that in the MV-RPMD approach,” to facilitate the calcu-
lation with real trajectories, it was proposed to use 93[I'] (only taking
the real part of T') in both the initial Boltzmann distribution as well
as in the above Liouvillian. This argument is based on the fact that
the partition function Zy is real, and the operator estimators do not
contain any imaginary part; hence, the real and the imaginary part
of the estimators are completely separated, and the ensemble aver-
age of the imaginary part should go to zero. This is true if both A
and B are not related to electronic states (mapping variables). On
the other hand, there is no rigorous justification why this should
also be applied to the Liouvillian. For general operators, one should
recognize that I' is indeed complex, and a more rigorous trajectory
approach in MV-RPMD should be replacing I' — || in the distribu-
tion and the Liouvillian and then performing the ensemble average
by weighting each trajectory with phase I'/|T.

To numerically compute TCF with the current NRPMD
approach, we rewrite Eq. (82) as follows:

Cl* (1) = “5 [P [ag [dq [ ap

r'(Q.q,p) _pH™ (P.Q)
X ———=2.T ,q, . N A
T(2.q.p)] Ir(Q.q,p)|-e (Q)

X eﬁl[‘g]tB( Q), (E5)
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where the initial distribution [T(Q, q,p)|-¢# HY' (PQ) 4 sampled by

Monte Carlo (based on a simple metropolis algorithm), the dynam-

] -
ics is propagated by e“® through a simple numerical integrator,”
and each trajectory is weighted by a complex phase ‘% However, we
can further take advantage of the pure real estimators for A and B, as

well as the Liouvillian El[g], to rewrite Eq. (82) as

NRP,,\ _ ON ' OM
SHORES fd’Pfdedq[dp
x sgn(R[T(Q,q,p)]) - R[T(L.q,p)]|
« PV (P 4 (@) FtB(Q), (E6)

where sgn(R[T]) is the sign (plus or minus) of the real part of I.

The above expression is based on the fact that CE’I;] (t) is pure real
and the Im[I'] part is completely separated from the 2R[I'] and does

not contribute to the value of the C%] (£). (Note that the ensem-
ble average of Im[I'] is 0, but Im[I'] for the individual trajectory is
not).

To assess the numerical performance of the current NRPMD
formalism, we adapt a commonly used model system that contains
one nuclear coordinate and two electronic states,”"””

N PZ 1 242 &+ CR A
H—m"’iMwR +[ A —E—CR:I) (E7)

where A is the electronic coupling, c is the vibronic coupling, and
2¢ is the energy bias between the two diabatic states. We choose
a reduced unit system such that M =h=1landw=f=c=1.
We choose N = 8 beads for models I and V and N = 6 beads for

ARTICLE scitation.org/journalljcp

TABLE |. Parameters (in a.u.) for model systems [-VI.

I 1I 111 v \Y% VI
£ 0 0 1.5 0 0
A 10 0.10 0.10 1 4 1

models IT-TV and for model VI. A total of 10° trajectories are used
for tight numerical convergence, even though only 10* trajectories
are sufficient to provide the basic trend.

Table I presents the parameters for all of the model systems
used in this paper. In particular, models I and V are in the adiabatic
regime, where A > /371; models II and III are in the non-adiabatic
regime, where A « ﬁ_l; and models IV and VI are in the intermedi-
ate regime, where A ~ 7', Models I1T and VT are asymmetric cases
with finite diabatic energy bias 2¢, and the rest of the model systems
are symmetric cases with € = 0.

Figure 4 presents the nuclear position auto-correlation func-
tion computed from NRPMD (black), MV-RPMD (blue dashed),
and the numerical exact method (red) for models I-IV. Model I
in Fig. 4(a) is in the adiabatic regime. In this case, NRPMD goes
back to the standard RPMD and agrees with the exact result due
to the near Harmonic adiabatic potential. Model II in Fig. 4(b) is
in the non-adiabatic regime. This is the most challenging case and
the most relevant regime for non-adiabatic electron transfer® and

proton-coupled electron transfer reactions.”” In this regime, mean-
field RPMD starts to break down even at a very short time, as shown
in the previous work.” NRPMD, on the other hand, performs rea-
sonably well compared to numerically exact discrete value represen-
tation (DVR)'"* calculations at a longer time. Model III corresponds

A gt ]

FIG. 4. The Kubo-transformed nuclear
position auto-correlation function for

models -V obtained from NRPMD
(black solid), MV-RPMD (blue dashed),
and numerical exact results (red dots).

Crr(t)

Results for (a) model | (symmetric, adi-
abatic), (b) model Il (symmetric, non-
adiabatic), (c) model Il (asymmetric,
non-adiabatic), and (d) model IV (sym-
metric, intermediate).
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FIG. 5. The Kubo-transformed population correlation function for models I1V-VI
obtained from NRPMD (black solid) with numerical exact results (red dots). Results
for (@) model V (symmetric, adiabatic), (b) model VI (asymmetric, intermediate),
and (c) model IV (symmetric, intermediate).

to the asymmetric non-adiabatic regime [Fig. 4(c)] with diabatic
energy bias 2¢, and model IV is in the intermediate regime. In both
regimes, NRPMD behaves reasonably well.

Figure 5 presents the electronic population correlation func-
tion C}(t) [where A = B = |1)(1] in C3(¢)] computed from the
NRPMD approach (black) and the numerically exact approach (red
dots) from DVR.''® For the NRPMD simulations, we use Eq. (98)
and the expression of [B]w in Eq. (100). Again, NRPMD agrees very
well with exact results in both the adiabatic regime for model V pre-
sented in Fig. 5(a) and for the intermediate regimes for models VI
and IV presented in Figs. 5(b) and 5(c).
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We find that the numerical results obtained with the current
NRPMD formalism (for the current model systems) are not signif-
icantly different than those obtained from the original NRPMD™*
due to the same Liouvillian used in both formalisms. On the other
hand, the correlation function obtained from MV-RPMD"’ starts to
oscillate with a different frequency [see Fig. 4(b)] compared to the
quantum result at a longer time, especially for models IT and III, even
though it uses the same initial QBD for NRPMD. This might happen
because of the inter-bead couplings for mapping DOF in the Liou-
villian [Eq. (E4)], which starts to contaminate the physical frequency
of the system. The same behavior has also been found for population
related quantities,”’ and MV-RPMD is not capable to capture the
electronic Rabi oscillations presented in Fig. 5. On the other hand,
MV-RPMD does preserve QBD for any arbitrary number of beads
N, whereas for a finite number of N, there is no rigorous proof that
NRPMD preserve QBD™**"" at a single trajectory level.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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