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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 gen-
eralized Kubo-transformed time-correlation function, using the Wigner representation for both the nuclear
degrees of freedom (DOF) and the electronic mapping variables. By dropping the non-Matsubara nuclear
normal modes in the quantum Liouvillian and explicitly integrate these modes out 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 capabil-
ity of NRPMD for simulating the non-equilibrium time-correlation function. 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 approaches in the future.

I. INTRODUCTION

Accurately simulating the quantum dynamics of the
molecular system remains a central challenge in theoreti-
cal chemistry, due to the difficulties of accurately describ-
ing electronically non-adiabatic dynamics and nuclear
quantum dynamics. Directly performing exact quantum
dynamics simulations is computationally demanding, de-
spite exciting recent progress.’ !!

To accurately describe the non-adiabatic dynamics,
a large number of these approaches are developed, in-
cluding the popular trajectory surface-hopping method
(mixed quantum-classical approach),'?® the linearized
path-integral approaches,'623 and the mixed quantum-
classical Liouville equation,?*2® Despite providing accu-
rate electronic non-adiabatic dynamics, these approaches
often relies on the Wigner sampling of the initial nu-
clear distribution and a classical dynamics for propaga-
tion. Thus in generally, they do not preserve quantum
Boltzmann distribution (QBD)?%:3° or zero point energy
(ZPE) associated with the nuclear degrees of freedom
(DOF). They often suffer from numerical issues such as
ZPE leakage,?'32 although significant improvements are
accomplished through the recent development.33 36

To accurately describe nuclear quantum dynamics for
electronically adiabatic systems, imaginary-time path in-
tegral based approaches®” 39 are developed, including the
centroid molecular dynamics (CMD)%%42 and the ring-
polymer molecular dynamics (RPMD).*3#* In particu-
lar, RPMD resembles the classical MD in the extended
phase space, thus provides a convenient way to compute
approximate quantum time-correlation functions.*® The
classical evolution of RPMD preserves its initial quan-
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tum distribution captured by the ring-polymer Hamil-
tonian, and it is free of the zero-point energy leaking
problem.3143 Despite its success on describing quan-
tum effects in the condensed phase, RPMD is limited
to one-electron non-adiabatic dynamics*®*° or nuclear
quantization,*359-53 as well as the lack of real-time elec-
tronic coherence effects.*5:46

Recently emerged state-dependent RPMD approaches
provide a unified description of both the electroni-
cally non-adiabatic dynamics and nuclear quantum ef-
fects. These state-dependent RPMD methods, such
as non-adiabatic RPMD (NRPMD),5*5% mapping vari-
able RPMD (MV-RPMD),>” 5% ring-polymer Ehren-
fest dynamics,%°, kinetically-constrained RPMD (KC-
RPMD),#8:61.62 coherent state RPMD (CS-RPMD),%
and ring-polymer surface hopping (RPSH)%4 68 are
promising to provide both accurate non-adiabatic dy-
namics 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 dynamics. The Hamiltonians associated with
some these approaches (such as MV-RPMD) are derived
from quantum partition function, and these Hamiltoni-
ans 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 rigor-
ously justified. If so, not only it will explain the numerical
success of these state-dependent RPMD approaches, but
also it will offer a general theoretical framework to un-
derstand the limitations of these state-dependent RPMD
approaches and further improving them. Recent theoret-
ical work on the Matsubara dynamics®® "2 by Althrope
and co-workers indeed provides hope for this, because
RPMD (as well as CMD) can be derived as an approxi-
mation of the Matsubara dynamics,”®" which itself can
be rigorously derived.®?



In this paper, we present the non-adiabatic Matsub-
ara dynamics, a general framework for computing the
time-correlation function of electronically non-adiabatic
systems.  This new formalism is derived based on
the generalized Kubo-transformed time-correlation func-
tion (TCF) formalism*?%° using the Wigner represen-
tation for both the nuclear DOF and electronic map-
ping variables.”* 7% By dropping the non-Matsubara nu-
clear normal modes in the quantum Liouvillian,% we de-
rived the non-adiabatic Matsubara dynamics, which can
be viewed as a generalization of the original (electroni-
cally adiabatic) Matsubara dynamics.®® Further making
the approximation that drop the imaginary part of the
Matsubara Liouvillian,” we arrived at the non-adiabatic
RPMD (NRPMD) approach, where the initial distribu-
tion coincides with the one in Mapping-Variable (MV)-
RPMD?®7, whereas the Liouvillian coincides with the Li-
ouvillian used in the originally proposed NRPMD?*. We
have further justified the capability of NRPMD for sim-
ulating the non-equilibrium time correlation function.

Il. GENERALIZED KUBO-TRANSFORMED
TIME-CORRELATION FUNCTION

We begin by introducing the Generalized Kubo Trans-
formed time-correlation functions for a state-dependent
Hamiltonian. We start by expressing the total Hamilto-
nian operator as follows

. pe Lk .
H=T+Vy+ Ve:%+%(R>+i;vm(m\z><yl, (1)

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

Further, VO(R) is the state- independent potential op-
erator, whereas V, = > Vi (R R)|i)(j| = V(R) is the
state-dependent potential operator (electronic part of the
Hamiltonian) with K total diabatic electronic states. We
assume that V;; (R) is real and symmetric through out
this work.

A. Mapping Representation of Electronic States

In the electronic part of the Hamiltonian, the I dia-
batic electronic states can be mapped into X harmonic
oscillators’ ground and excited states, where (K-1) oscil-
lator in ground state and 74, oscillator in the first excited
state. It can be formally written as
L0k) =all0g, ...,

i) = (01, ..., 1;.. 0iOc,)  (2)

where d;r =

Z5 (@i — i) and G5 = —=(q; + ip),
and § = {q1,...Gi,...dc} and p = {p1,...ps,...Pc} are
the mapping position and momentum operator respec-
tively. This mapping formalism is often referred to as the
Meyer-Miller-Stock-Thoss (MMST)" 76 mapping repre-
sentation. With this mapping formalism, the electronic
part of the Hamiltonian is expressed as

K K
S Vs®InGl > Y vaRala;  G)

Using the above relationships, the electronic part of
the Hamiltonian in Eq. 1 can be represented as

- Sk

3,j=1

)(Gid; + DiDj — dijh). 4)
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This is known as the MMST?* 76 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

CEp(t) 25/ ANTr[e~ (B=NH fe= M ol Bo—3H1] (5)
ZTr —BN(N— k)HA —BNkH HtBe gH:&L

where ﬁ 1/kgT is the inverse temperature, Z =

Trle#H] is the canonical partition function, H is de-

fined in Eq. 1, and Tr = Tr,Tr. represents the trace
over both electronic and nuclear DOFs. From the first to
the second expression, we have converted a definite inte-
gral into the discrete Riemann sum through f; fN)dA =
By oo Sopey fa+ k- AX) - AX, where a = 0, b = £,
and A\ = 8/N = SBy. 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
eHt/he=iHt/h — 1 in Eq. 5 (see details in the Supporting
Information), resulting in

C[N](>_ ZTI. % te—%f[ )N k—1

% ef,BNHAeth/heﬂHt/n(efﬂNHeim/hefim/h)kfl
% e—ﬂNﬁeiﬁt/hBe—iﬁt/hL (6)

where Sy = §/N. Note that Eq. 6 has a symmetric block
structure of the form e~AvHeiHt/he=iH/h "where the op-
erator A is evaluated inside a particular block depending

on the value of the k£ index. This type of generalized



Kubo-Transformed time-correlation function was first in-
troduced in the work to connect Linearized Path-integral
approach and CMD,*? and later used for the development
of the Matsubara dynamics.5972

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

g = [ B} [ daiPIRLa) (RG]l ()
ﬂRZ'»qi’ = /dR /dq R/, q/) (R}, q; |79 (8)

where the bead index | = 1..N, {R/, R;} and {q,q;}
are the nuclear and mapping variable position, respec-
tively, with q; = {[g]1,...[¢]]i,-.-[¢]]x} and similarly for

;| for the corresponding momenta. Further, the elec-
tronic projection operator is

K
P= le‘><z‘|, (9)

which helps to confine the mapping DOFs within the
correct SEO subspace.””

Inserting Eq. 7-8 into the bead-specific positions of
Eq. 6, followed by replacing the full trace over the nuclear
and electronic DOFs with the phase space integrals,”® one
arrives at the formal mathematical description of Gener-
alized Kubo correlation function®®7® as follows

M) / dR" / dR/ / dq / dq” (10)
X *ZH (R, a1 |Pe P P|R], )
k=11#k
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K=11#£k'
X (R, dy|e" Tt Be=#HYRY, o),
where we introduce the notation [dx = [T[r,dx

for x = {R/,R”,q’,q"}, and we have used the cyclic-
symmetric property and write operator B also into a
bead-averaged fashion. A detail derivation of Eq. 10 is
provided in the supporting information.

To proceed, we change the variables (R;,R;l,q;,q;/)
into the mean (R; and q;) and difference coordinates (D,
and A;) as follows*™®

1
§(qi +q;) (11)
A=q—q. (12)

1
Ri=5(Ri+R), =
Dy =R, — R,

Noting that the Jacobian of the above transformation is
unity for each bead index [. With this transformation,

one can re-express the Eq. 10 as

clM) /dR/dD/dq/dA (13)
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Next, inserting the following identities

]. i ’
= /dD{é(Dl + D))= o) /dD;/dPleﬁPl(Dl*Dz)

1 in. /
1:/dA;5(Al+A;) = W/m;/dplenm (Ar+a)

into Eq. 13 for all I blocks, we have

4R [ dp [dq [ aple Al B )
(14)

with the constant ay = 1/(27h) DN and the operator
e~ A

C'[N]()—

is expressed as

Z/dD/dAHehP‘Dleﬁp‘Al (15)
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and [B(t)]y is expressed as follows
1 & N v
t)]N = NZ/dD//dA'He%PZDLe%PzAL (16)
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where we have changed the dummy variable from ), to
> k- Integrals over R, P, D are N dimensional, whereas
integrals over q, p, A are (N x K) dimensional. Note that

[e=PH A] 5 in Eq. 15 contains a complex structure of the
Wigner transform which couples with adjacent beads [
and [ + 1, whereas [B(t)]ny in Eq. 16 is a simple bead
average of the Wigner transform.

We want to remind the reader that ng\g(t) in Eq. 14
should be viewed as a generalized Kubo-Transformed
time-correlation function, such that under the N — oo
limit, it returns to the original definition of the Kubo-
transformed time correlation function C% 5 (t) defined in
Eq. 5. With a finite N, even though it is no longer equiv-
alent to CX5(t), it is still an quantum mechanically exact
time-correlation function.

C. The Quantum Liouvillian

For a Wigner transform of an operator [Alw =
[ dDewTP(R — %\ZHR + L), one can formally write
down its time-dependent average as [A(t)|w =
et Ae~#Ht)yy = e“[A(0)]w, where £ is the quan-
tum Liouvillian (see Appendix A for detail derivation),
which is also commonly referred to as the Wigner-Moyal
series.”9:80 A

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

k

1
X <qk? - §Ak}7Rk: -

1 N
= 7 LBl

where B(t) = enflt Be=#Ht and [By(t)]w is the Wigner
transform of B(t) associated with the k¢, bead, de-
fined in the above equation. In Eq. 17 we have also
changed the dummy variables from D’ and A’ to D
and A. When ¢t = 0, [B(0)]xy = NZk[Bk]VVa with
[Bk]w = dekfdAkG%P’“DkehpkAk< qr — §Ak,Rk —
%Dk|B|qk + %Ak,Rk + %Dk>

_With the above information, we can formally write
[B(t)]n as follows

1 . 1 1
§Dk|B(t)|Qk + iAk,Rk + §Dk:>

[B()]n = e [B(0)] - (18)

The Quantum Liouvillian £ has the following form

ﬁ[N] = Z %[ﬁl]w - sin (E

l 2Al)7 (19)

where A; is the negative Poisson operator associated with
the Iy, bead expressed as

- () - (-8
A= (Ae) = P, R, R, OR, , (20)
Ay $pz a %q ?pz

with the mapping variables related derivatives defined as

0
Oq
8i
qrc’
and VT (a—q1 .%)7 and likewise for V.

Further, [H;]w in Eq. 19 is the Wigner transform of
MMST mapping Hamiltonian (Eq. 1) associated with the
I, bead, which can be shown?2°:°6:8! ag

~ P2
[Hilw = ﬁ + Vo(Ry) + Ve(Ri,qi, pr)- (22)

The detailed the proof of the above Wigner transform
is provided in the Supporting Information. In the
above equation, V,(R;) is the state-independent poten-
tial evaluated at the Il nuclear bead position R;, and
Ve(Ry, qi, p1) is the state dependent potential that para-
metrically depends on Ry, ai = ([]1, [a]2, ---[¢]x), and
p: = ([pi)1, [pi)2, - [pi) k), with the following expression

Ve(Re, aqi, pr) = o Z Vij (Bi)([pi)ilpdd j+ai[a] i —6i5h).

1,0=1
(23)
The above expression is the classical limit of Eq. 4 be-
cause the mapping variables are no longer operators.
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

N =g A
I > 9 d
v _N~ [P0 L (h o 9
£ ;{mﬁRl [VO(RZ)+V(R“ql’pl)]hsm(28}zlaPl
&
1 . - e o
F4EIVENTo — af V)V eos (55005 ) (20

A FIVRG TV RFy i (0D

20R, 0P,

The above Liouvillian was first derived in Ref. [ 78], and
the detail of the derivation is provided in the Appendix
A and the Supporting Information. Here, Vy(R;) and
Ve(Ry, ai, pi) are defined in [H;lw (Eq. 22), V4, and Vyp,
are the gradient operators corresponding to the I, map-
ping bead’s position and momentum, respectively, as de-
fined in Eq. 21. Further, V(R;) is the (K x K) state-
dependent potential energy matrix, parametrically de-
pends on Iy, nuclear bead’s position as follow

Vii(Ry) Vie(Ry) ... Vie(Rr)
V(R)) = : : : . (25)
Vi1 (Ry) Vica(Ri) ... Viere(Ry)

This generalized Liouvillian £V govern the time evo-
lution of N individual replicas connected through the
zero-time quantum Boltzmann distribution. The ex-
act Liouvillian £V in Eq. 24 has three components.



The first term, denotes as EEV] = ZlNl 2 OR;
[Vo(Ry) + Vo (R, ai, pl)]% sin (%%%), corresponds to

an Ehrenfest-type evolution of the nuclear DOF,%2 with
higher-order nuclear derivatives (inside the sin func-

tion). The Second term in Eq. 24, denoted as E[ I =
N

S, HPFV(R) Vo — V()T ] co5 (&5 ). e

scribes the electronic evolution with higher-order cou-

pling terms to nuclear motions. The third term

in Eq 24, denoted as le] = i[?glV(Rz)?q, +

= =
T h_ o 0 : :
3 6 ] sin (58—318—5)} contains coupled higher-
25,81,83

order derlvatlves of nuclear and electronic motion.
Note that there is no cross-bead interaction terms be-
tween electronic DOF and nuclear DOF in Eq. 24. Each
individual bead term can only interacts with each other
via V(R;) (Eq. 25). If the system evolves only in
a single surface (electronically adiabatic regime) or if
Ve(Ry,qi,p1) = 0, then Eq. 24 reduce down to conven-
tional Wigner-Moyal series”® 3 for N independent repli-
cas as follows

ho @

N
; —8—Rl — hVo(Rl)bln(QaRl 83)} (26)

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

N

£IN] Z

PIVVq —alVVy ). (27)

It has been rigorously proved that the above Liouvillian
preserves the electronic Rabi oscillation.”

D. Time-Correlation Function

With the detail expression of Liouvillian in Eq. 24 one
can formally rewrite the Eq. 14 as

oMy =2 /dR/dP/dq/dp (28)
N [,[N ~

x[e = Al get " [BO)]n

where LIV is the Liouvillian in Eq. 24, [e’ﬂgfl]ﬁ is ex-
pressed in Eq. 15, and [B(0)]x = + S [Bi]w as shown
in Eq. 17. Up to this point, there is no approximation in
the expression of C’Lj\g (t) in Eq. 28.

Al

We can further write [e (Eq. 15) into the sym-

metric form as

A 174 * A
—BH A _ ~[i —BH  —BH
[emP7 Ay = 5 [Ae +e A} e (29)

| X N _
= NZ/dD/dAHe%PLD’e%pLAL
k=1 =1

N
1 1 . R
X H<QZ—1 - iAl—l,Rl—l — §Dl_1|Pe*5NHP

Ik
X|ar + %,Rz + %><Qk71 - lAkq,qu - lef1|
(Pe—ﬁNHPA + APe PVEP) | + =5 A , Ry, + %)
79,84

Using the property of the Wigner transform,
[Olég]w = [Ol]weiiAh/z[OQ}w, with A defined in
Eq. 20, we can rewrite Eq. 29 as

e Aly =

Zcos A/2)]le g, (30)

where [A]y = L 32, [A4]w, with
[Ar)w= /de/dAke%Pkae%PkAk (31)

1 1 . 1 1
— —Ay, R — =Di|A —Ag, R +=D
x(qk g Ak Lk = 5 k| |Qk+2 k> k:+2 k)
and A; is defined previously in Eq. 20. The multi-
dimentional Wigner transformed Boltzmann operator

[e‘ﬂﬁ]N is expressed as

s —/dD/dAHenPlDlenPlAl (32)

=1
X (qi-1 — §A;,1,Rl,1 — §Dl71‘75€—/3NH75

1
=D
2Di)
The detail derivation of Eq. 30 is provided in the sup-
porting information.

To simplify our derivation, we further explore various
special cases that can further simplify this equation. (i)

1
X |ql + §AlaRl +

If operator Afl is linear in nuclear position or momen-
tum (A = R or A = P), or (ii) if operator A and the
—PH] 5 act on different DOFs (eg,

2 [n)(n]) and

in [efﬁﬁo]ﬁ, Hy only contains nuclear DOF), then for
both (i) and (ii), only the first term in the cosine expan-

sion will survive and hence we can write [e PH Ay =
[Aln [ S0, cos(hh/2)][e=?1]5 = [Alx[e™#| 5. The
detailed derivations for both case (i) and (ii) are provided
in the Supporting Information.

From this point and below we assume that both op-
erator A and B are linear function of the nuclear posi-
tion (R), such that we do not have to worry about the

Boltzmann operator [e
A contains electronic state (A € P =



cos(A;7/2) operator in Eq.30. With this simplification,
we can write the Eq. 28 as

oMy =2 /dR/dP/dq/dp (33)

x[A]nle~ 1] get ™ By

11l.  NORMAL MODE REPRESENTATION

Here, we briefly introduced the normal mode coordi-
nates 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

N

P? m
HRP =\ "L R, — Ryi_1)? 34
;2m+2512vﬁ2(l 1-1)° (34)

where there is no external potential. Normal modes are
defined as the eigenvectors of the Hessian matrix of H,p.
Diagonalizing the Hessian matrix of H,}, one obtain the
eigenvalues w?, which are the square of following normal
mode frequency

Wy = Bffh sin (mr) , (35)

where n = 0,...,4(N —1)/2 is the index of normal modes.
The same diagonalization process also gives the eigen-
vectors Ty, of the Hessian matrix, which provides the
relation between the primitive variables R;, P, and the
normal mode variable Q,,, P,, as follows

N

T, Tzn

On=) —(—=Hh, P (36)

2% Z

(N-1)/2 (N-1)/2

n=—(N-1)/2 n=—(N-1)/2

R

Similar transformation should also apply to {D,} and
{D;}. The extra v/N factor in Eq. 36 ensures that the
Q = {9, } converges in the limit of N — oo. For an odd
N (to simplify our algebra), the transformation matrices

are
1
VN

Tip = { 4/ % sin(2nin/N)

\/ % cos(2xln/N)

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

(N-1)/2 P2 q
H,, = Z 2; + imwiQi. (38)
n=—(N—1)/2

Note that the ring polymer spring terms are now the sim-
plified uncoupled quadratic potentials, hence the normal
modes of the free ring polymer can be evolved analyti-
cally by simple harmonic motion.5?

B. Time Correlation Function Under the Normal Mode
Representation

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

C’[N]():QN/dQ/d’P/dq/dp

x [A(O)] e~ gt [BO)]w, (39)
where we used the shorthand notation [dQ =
H;Z:l(%z_l)m [ dQ,, and likewise for [dP. Here, both

the [dq and [dp are defined as before in beads rep-

resentation, such as [dq = Hiil J dq; and likewise for
J dp. Only nuclear coordinates R and P are transformed
to their corresponding normal mode coordinates @ and
P, respectively.

Using new coordinates fli defined as follows

(N-1)/2 N-p2
+ _ £/ A/
n=—(N-1)/2 n=—(N-1)/2
(40)

[e=#H] 5 is expressed in these normal mode coordinates
as

A (N—1)/2 N
P g = /dD/dA[ [T etV [ et
n=—(N-1)/2 =1
1 e s
X{qu—1 — §A171,fl_1|73€ BNHPMZ + 7l»§l+>- (41)

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

1 & 1 S
=2 Be=5D ) VNTmQu,

=1 k=1 k=1 n
(42)
and same for [B]y. In the last line of Eq. 42, we have
substitute Ry with the corresponding normal mode trans-
formation defined in Eq. 36.
Finally, we decompose the total Liouvillian £[V]
(Eq. 24) into the following terms

=

NI = £INT 4 pINT 4 [V (43)



and express each term with the normal mode coordinates

(N-1)/2

.
=y (o agn) “4)

n=—(N—-1)/2

2N
- [uiM@ + uN@.a.p)]

X sin <h (Nzl)/Q <5 3 )
N _ 4= 00, 0P,

N
£ =1 S {piviri@) .,
=1
(N-1)/2 & —=

xcos<£V > 9 8) (45)

n=—(N—-1)/2 0Qn OPn

M-ty {ﬁ;vml(g))?q, + ?;E,V(Rl(Q))Vpl]}
=1

q;fv<Rz<Q>>?pl1}

- YRR —
X sin (h 21)/2 0 9 ) (46)

2N n=—(N-1)/2 9Qn 0P
Here, mnormal mode representation of U([)N](Q),

N](Q,q, p) and V(R;(Q)) are defined as

(N-1)/2

S VELLQ,) ()

n=—(N-1)/2

1 N
uiv(@) = NZVO(
=1

1 YK (N-1)/2

U@ ap =5 Y v ( S Wm%)
1=1i,j=1 n=—(N—-1)/2

<o (Pl + laddlagl — ) (48)

Vii(Ri(Q)) Viz(Ri(Q)) ... Vic(Ru(Q))

vr@)=| z s
Vi1 (Ri(Q)) Vice(Ri(Q)) - Ve (Ru(Q))
(49)

where each V;;(R;(Q)) term is

N—1)/2
wim@)=v( Y VETLQ.). 60
n=—(N—-1)/2
Note that in Eq. 50, the V;;(R;(Q)) term corresponds to
the diabatic potential V;;(R) evaluated at the [y, bead
position R; in terms of the normal mode coordinate
R, = Z VN NT;,Q,. Further, each nuclear derivative

term g 75 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 considering M lowest frequency normal modes
for M <« N, under the limit N — oco. They are com-
monly referred to as the Matsubara modes3®:59 of distin-
guishable particles, with the corresponding Matsubara
frequency @,, as follows

- . 2nm
Wy = 1\}53100 Wy, = W (51)

The superposition of these M Matsubara modes pro-
duces a smooth and differentiable function® in imagi-
nary time 7, such that Ry = R(7) for 7 = Syhl with

[l = 1,...,N. This means that one can construct the
smooth imaginary-time path R(7) from the Matsubara
modesb9-86-88 ag follows
(M—-1)/2
R(r)=Qutv2 Y [sin(&nT)Qn+cos(&nT)Q_n],
n=—(M-1)/2

(52)

and the same relations for P(7) and D(7). The sig-

nificance of Matsubara modes is that their superpo-
sition generate smooth and differentiable functions of
the imaginary-time 7. On the other hand, if one con-
sider both the Matsubara (M) and non-Matsubara(N-
M) modes, then the imaginary-time path is not neces-
sarily differentiable, because the latter give rise to non-
smooth, non-differentiable distribution with respect to 7.
It is a well-known fact that the Boltzmann operator guar-
antees that only the Matsubara modes contribute to the
initial Quantum Boltzmann Distribution (QBD)3%:89-91
(for electronically adiabatic systems). Moreover, the
previous work on Matsubara dynamics®®"® have suggest
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,%? here, we show that (in Section IV. D) one
can integrate out all of the non-Matsubara modes from
Eq. 39, giving rise to the exact initial quantum statis-
tics (which corresponds to the generalized Kubo trans-
formed correlation function at t=0) in the limit M — oo,
M < NO998991  This suggest that only the smooth
and imaginary-time differentiable Matsubara modes con-
tributes to the initial quantum statistics for the electroni-
cally non-adiabatic systems as well. This makes one won-
dering how important are those non-Matsubara modes
in quantum dynamics (Liouvillian), since they do not
contribute to the initial QBD at all.%? We will explic-
itly discuss such an approximation that drops the non-
Matsubara modes in Liouvillian® in the next section.



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

LN = My pIN=M] (53)

where the Matsubara Liouvillian is £, and the non-
Matsubara Liouvillian £V =M is expressed in Appendix
A. Note that £IN=M] does not contain any derivatives
with respect to the mapping variables, hence there is
no direct influence from LIN=M! to the electronic sub-
system. The non-Matsubara Liouvillian £V —M! on the
other hand, does couple the non-Matsubara modes with
the Matsubara mode, where the Matsubara mode couple
to[ J\t}]le mapping DOFs through the Matsubara Liouvillian
LM

Since the non-Matsubara modes do not contribute to
the initial quantum statistics, it might also be a good
approximation (at least in short time) to ignore their
presence in the quantum Liouvillian.%® The Matsub-
ara dynamics assumes that the time evolution of nu-
clei are only governed by the smooth Matsubara modes
instead of all normal modes. This approximation is
achieved by neglecting the non-Matsubara modes in the
derivatives of the corresponding Liouvilian terms £V ~
LM L O(LIN=M]) which effectively produces the decou-
pling between non-Matsubara modes from the Matsub-
ara modes during the time evaluation. Under the limit
N — oo, one discards the (N — M) higher frequency,
non-smooth modes.%% 71,73

Similar to £V in Eq. 43, we further decompose £
into the following three terms

M = Ml piM] g p M (54)
where the detailed expressions for each term are
M2 g
LM :n__(%:_w ( S Qn> (55)
-2 0@+ UlM@.ap)]
X sin <h (le:)/Q % 3 )
IN | Ee 0Q,0P.)
N
e =2 S { pIVIR(Q) P~ V(@) 7,
=1
X cos (h (Miw 33) (56)
2N A 00,0P.)

o =1 Fav@) P+ TE (@)}

(M—-1)/2 % 3
g, ap, ) ©7

n=—(M-1)/2

In Eq. 55 to Eq. 57, we re-express LLN],L'LN] and ELN]
in Matsubara modes under the N — oo and M <« N
limit. It is worth mentioning that the full Matsubara

Liouvillian in Eq. 54 contains potential terms UéN](Q),

U@, 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 Liouvillian £IN] ~ £IM] 4 O(£IN=M]) the exact cor-
relation function in Eq. 39 becomes an approximate cor-
01[4]\1/_{3] (t), whereas Cg\g(()) =
C’X\g (0) such that the initial QBD is exactly captured
(see Section D). This approximate TCF, which is com-
monly referred to as the Matsubara TCF, is expressed as

follows
Nun —/dQ/d’P/dq/dp

x [A0) e et ™ [B(0)] v (58)

relation function C’X\g(t) ~

ol )=

Note that the above expression still depends on the
non-Matsubara modes through the potentials in LM
and the QBD term [e?#] 5, and the integral [dQ and
J dP still include all normal modes (Matsubara and non-
Matsubara). However, as non-Matsubara modes are de-
coupled from the Matsubara modes (because we have
dropped £V=M in the Liouvillian), one can analytically
integrated 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. 58, we reach to the first key result of this paper as

follows
« &%
01[41\143( - — M/dQM/d'PM/dq/dpA Q)
(QM,q p) —B(Hm (Pr,Qn)—i00 (Par,Qnr)) E[M]tB(Q ),

(59)
where the shorthand notations for the integrals are
M—
J[dQn = H;:_(lz)w/:)/z dQ,, [dq =TI, dg, and anal-
ogously for [dPys and [dp, and ay is the following
constant

(1-M)
aM—[(th (60)

M—1)/2]12

Note that the above correlation function C%g (t) is
explicitly depends on the Matsubara modes Qs and
Prr-  The mapping DOFs, on the other hand, are
still expressed in the primitive (bead) coordinates with
all N copies, as we did not make any approxima-
tion on them. The Liouvillian £ has the same



expression in Eq. 55-Eq. 57 but with following sub-
btltuthIlS U[N](Q) — U[M](QM), Uc[N](Q,q, p) —
(QMHL p), and V(R;(Q)) — V(Ri(Qxr)), whereas

these new potential only contains the Matsubara modes,
for example

(M-1)/2

1§1W—ZVO( Z

=1 n=—(M-1)/2

UM(Qyy) = Tmmgn).

and similarly for UM (QM,(L p) and V(R;(Qu)) by re-
placing the sum in Eq. 48 and Eq. 49 from originally
over all modes to the sum over only the Matsubara
modes. Note that the nuclear coordinate R;(Qa) =

Zijv:[:(lz)vﬁn/z TinV'N Q,, is different than the original co-

ordinate R;(Q) = Zgﬁil&\ﬁl)m T1nVNQ,; the former
one only contains smooth (and imaginary-time differ-
entiable) Matsubara mode, and later one contains all
modes.

Further, Hps (P s, Qar) is expressed as

(M—1)/2

Pa L M)
> o U (Qur), (61)

n=—(M-1)/2

M(Pa, Qum) =

and the Matsubara phase 6, takes the following form

(M-1)/2

O (Par,Qu) = Y

n=—(M-1)/2

PrionQ_p (62)

where w,, = 2nm /SR is the Matsubara frequency (Eq. 51).

The I'(Q,q,p) term in Eq. 59 corresponds to the
QBD originated from the electronic-nuclear interaction,
which is expressed as follows

N

D(Qu.q.p) = ¢-e™ 7 T, [H(cl - %I)M

=1

(Ri(Qwm)) |,

(63)

where ¢ = 2(’C+1)N/hN, with Gy = Zfil(qqu + plp?).
Further, C; is expressed as

(@ —ipy)", (64)

and Z is the (K x K) identity matrix. Note that (C;—3Z)
can be interpreted as the reduced density matrix associ-
ated with the Iy, bead. In addition, M,;(R;(Qnr)) is
the matrix element of the electronic Boltzmann operator
expressed as follows

M (Ri(@wm)) =

where \A/e(Rl(QM)) = Zij Vi (Ri(@am))|3)(j| is the state-
dependent potential operator evaluated at Iy, bead po-
sition R; in terms of the Matsubara coordinate, R; =

(M—-1)/2
Zn:-(M_l)/Q \/Nﬂn Qn
rived in the MV-RPMD partition function expression.

C; = (q +ipi) X

<Z'|e_ﬁNVe(Rl(QM))|j>’ (65)

The expression of I' was de-
57

Finally, the partition function is expressed as

Zy =an - aM/dQM/d'PM/dQ/dP (66)

XF(QM,q, ) —B(Hm (Pr,Qum)—i00 (P, Q)

Note that under the Matsubara limit N — oo, M —
oo, and M < N, one can further Taylor expand the sine
and cosine terms in Eq. 55 to Eq. 57 as follow

lim lim ﬂSm f (Mil:)/Q g 3 (67)
N—ooco MEN h 2N aQn 87Dn

n=—(M-1)/2
S BT o ()
n=—(M—1)/2 0Qn OPn N2 )
lim lim cos( (M_Zl)/2 33) (68)
N-ooo MK N 2N e Te1)/2 09, 0P,
1 eo(M)

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

M
h— —h 69
N I ( )
and as \/M%h for the sin term.” Thus, it can be made
as small as desired by increasing N Hence truncating

Eq. 55 to 57 to the first order of BQ 873 in the Matsub-

ara space becomes exact. Further, the £h term (Eq. 57)
is on the order of ~ O(%h), thus can be completely ig-
nored under the Matsubara limit.

These effective scaling of the Planck constant is 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 argu-
ment of small A, which may or may not be a good ap-
proximation. Also, note that the argument in Eq. 55
and 57 does not work for non-Matsubara modes, as the
error term becomes O((N — M)3h?/N?) for Eq. 67 and
O((N — M)2h%/N?) for Eq. 68, which are no longer small
under the N — oo limit.

Therefore, under the Matsubara limit, we can exactly
expressed the original Matsubara Liouvillian £ (with
the expression of Eq. 55-Eq. 57 with Q) into the fol-
lowing equivalent expression

(M=1)/2 g
P
LM Z = — (70
n:_(M—l)/Q m 8Qn
) (Mf:w (aUéM](Q ) UM (Qu,a, P)) 7
s aQn 6Qn 8Pn
N

#5.22 (PIVU(@) P — Vi@ Ty )



where Ue (QM, q,p) and V(R;(Qar)) are defined anal-
ogously as those in Eq. 48 and Eq. 49, respectively,
where Qj,; are normal modes in the“Matsubara” do-
main, [—(M —1)/2... (M — 1)/2], such that R;(Qn) =

(M=1)/2
Zn—f(]VI 1)/2Tln\/ﬁgn'

In the above Matsubara Liouvillian, we have explicitly
dropped the following higher order term (in £M], Eq. 54)

1R

. ?T V( RZ(QM))$

(M-1)/2 N
( Q qa

2. 2

n=—(M-1)/2 1=1

v aV( Rl(QM))epl]) F )

09, 0P,

V(R (Qm))

where is a (I x K) matrix, with the matrix el-

ement w This term is in the order of O(4 1)
and hence can also be made as small as desired under
the Matsubara limit. Note that this term accounts for
the back action from the electronic subsystem to the nu-
clear DOF.3! It has been shown that this term can be
transformed into a local potential on nuclear DOF, lead-
ing to a non-Hamiltonian Liouvillian in Possion Bracket
Mapping Equation (PBME), which can further improve
the population dynamics.?? In the non-adiabatic Mat-
subara dynamics, this term can be dropped which will
not introduce and additional error beyond the order of
O(F 7)-

The Matsubara correlation function in Eq. 59 contains
an imaginary phase factor 6,;, which potentially intro-
duces a sign problem for a system that contains multi-
dimensional nuclear DOF. In addition, I' will also po-
tentially introduce a sign problem (because it is also a
complex quantity) if the system contains many electronic
states, or the TCF has a large N. The numerical explo-
ration suggests that this is not a severe problem for a
two-state system®” % with a finite N (for N < 16).

To eliminate the phase 0, one can perform the fol-
lowing transformation”™ in P

Pr = Pp — im0, Q. (72)

Note that such transformation on P has no effect on the
centroid mode (Qys), as @, for the centroid is zero (see
Eq. 35 when N = 0).

Applying the transformation P, — P, on the Liou-
villian £IM] (see ST for details) in Eq. 70 leads to the
following complex Liouvillian (in terms {Pnr, Qpr})

£M = M) el (73)

where we denote the real part of £IM! as the following

10

non-adiabatic RPMD Liouvillian

(M—-1)/2 —

D D 7 [ma2Q, + 0" (Qu)
ne— (M—1)/2 m 8Qn aQn
oUM (Qar, a, p) iy

" 90, } R ; PV Y
- q?sz(QM))?pl}, (74)
and the imaginary part of £IM] as
(M-1)/2
_ 0 0
M= 3w, (Pn -0, ) (75)
n=—(M-1)/2 OP—n 0Qn

Note that there is no mapping related derivative in the

above imaginary Liouvillian ££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 E[Fg] Thus the influence

from E%M] to mapping variables is indirect.

Using the above Liouvillian £M! as well as apply the
transformation in Eq. 72 to the quantum Boltzmann op-
erator and the phase space integral in Eq. 59, one has
the following equivalent expression of the non-adiabatic
Matsubara TCF (see SI for details)

o o (M 1)/
an - am / P, / 40y,
Zym an

n=-— (M 1)/2

- /dq/dPA(QM)efﬁHM (P2 @4)1(Qyy, q, p)

GE[M]tB(QJW) (76)

C[M]( t) =

where the original integral [ dP, becomes f:: dPp,
with the integration limits a,, = —co — imw, Q_,, and
b, = 00 — imw,Q_,. Further, I'(Qys,q,p) is defined
previously in Eq. 63 and, HE (’P M, Qar) is the ring poly-
mer Hamiltonian in the Matbubara domain expressed as

follows

(M-1)/2 P2 ]

RP (1 _ n ~2 2
Hyr (Pu,Qum) = Z [2m+ Q9 ]—FU (Qm)-

n=—(M—1)/2
(77)
Note that CK\Q (t) in Eq. 76 is exactly equivalent to
Eq. 59, with the difference that Eq. 76 has a real Liou-
villian and a complex nuclear phase, whereas Eq. 76 has
a complex Liouvillian, and a shifted nuclear momentum
in the complex plane.

D. Exact Quantum Statistics with Matsubara Modes

Eq. 76 is perhaps even more difficult to evaluate than
Eq. 59 through a trajectory based approach, due to the



complex phase space integral and the complex Liouvil-
lian. However, at ¢ = 0, one can analytically per-
form the integration in the complex phase space. To
this end, we use the standard contour integration proce-
dure described by Hele et al.”3, and shift each imaginary

P, into real axis [~ im&n Q- d75n exp[—ﬁﬁﬁz] =

co—ime, Q_
[ APy exp|—B5=P2] without changing the integra-
tion. The details are discussed in the Supporting In-
formation. This procedure allows us to write C/[fg] (t)
(Eq. 76) at t = 0 as

C‘[L‘J\g 0 = agﬁ%N/ dﬁM/dQM/dq/dp (78)
M —00 /
X A(Qn)B(@Qum)I'(Qur, q, p)e*ﬁH}@P(PM,QM)7

where the original complex phase space integral becomes
pure real (by shifting the momentum integral from a com-
plex axis to a pure real axis). Note that at ¢ = 0, hence
et = 1, the Matsubara approximation (by discarding
LIN=-M] " gee Eq. 53) no longer influences the value of

Cap(t), hence C’Lj\g (0) gives the exact QBD (where the
non-Matsubara modes can be analytically integrated out
and do not influence QBD, as shown in Appendix B).
Thus, Boltzmann operator ensures only the Matsubara
modes contribute to the exact QBD. This is a well known
result for path-integral in the electronically adiabatic
case,38,69,89-91

The C’LAQ (0) expression 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 formalism from the gen-
eralized Kubo-Transformed TCF by taking the t — 0

limit of C’X\g(t) in Eq. 14, (and explicitly assumes that

both A and B are nuclear position related operators).
Under these conditions, [B(t)]x in Eq. 16 becomes

N

N
%ZH/C{D /dA’HethDlehplAl(,?g)
=1

=1

[B(O)]x

N Dy

x [Js(ap-6(p)- B(Ry + —7)
v

:NZB(Rk) = B(Ry),

whereas the thermal Boltzmann operator becomes

N
e PR A5 = /dD/dAHe%PIDle%PLAI (80)
=1

=

1 1
11— =A_1,Rj_1—=D;_
X <C111211,z12l1|

l

1
N
Dl 1 Dk
il A -
Rz+2>N§ (B + 57)

A,
Pe NI Plg + =t
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Putting these two expressions back to the time correla-
tion function C1(t) (eq. 14), and use the relation that
Flh [ dPentPr = §(Dy), we can explicitly inteigrate out
the [ dP integrals (which are allowed when A is not a
function of P), resulting in

_ % /dR/dq/dp/dAA (Rx)B(Ry) (81)

A
XHG“)’A[ Q- 1—*Az 1, R [Pe” ﬂNHP|QI+* Ry),
=1

N
Cap(0)

where af; = (27h) =~
Through standard path—integral techniques (see details
in the Supporting Information), one can explicitly show

that the above Cg\g (0) becomes

0 ~
cMo) %N/dR/dP/dq/dpA(RN)B(RN)
I'(R,q,p)e PN (PR) (82)

where T(R,q,p) = ¢ ¢~ * Tr[[[\Y, (C1 — 3T)M (R)]
(see Eq. 63 for detailed expressions), and HR' (P, R) is
the standard ring-polymer Hamiltonian in the primitive
nuclear coordinate {R;}

H (P R) i Z {P2 n (R — R171)2 + %(Rl)},

932 K2
N & 285k
N-1)/2 52
Pn m N
- Z o+ gwn Q| + U (Q), (83)
n=—(N-1)/2

where the second line is the same ring polymer Hamil-
tonian expressed in the normal mode representation
(through the transformations in Eq. 36, and with the
normal mode frequency w, in Eq. 35). Note that the
[ dP integral in Eq. 82 was reintroduced from a constant
(which can be re-expressed as the nuclear momentum
Gaussian integral) through the standard path-integral
procedure, which does not appear in the Liouvillian of
C’[N]( t) (Eq. 28). On the other hand, the dP; in C’[M]( t)
(Eq. 76) is the actual nuclear momentum integral that
appears in both initial QBD and the Liouvillian.

Note that C'X\g(O) is exactly equivalent to the original
MV-RPMD partition function expression, with a slightly
different procedure of the derivation compared to those
in the original work.?” Here, we show that this partition
function can also be directly obtained from the linked
multi-dimensional Wigner transform.

Further, C’Lj\g(O) in Eq. 82 and C’Lj\g (0) give the same
exact quantum statistics,

lim CAB( )= lim lim CAB( ), (84)

N—o00 N—o00 MKN
M —o0

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 Mat-
subara modes. The adiabatic limit of the above rela-
tion is a well-known result33:6989-91  Here, we explicitly
demonstrate that this is also true for the non-adiabatic
scenario. Note that under the adiabatic limit, the conver-

gence of C’Lj\g(()) with respect to an increasing N is much

faster3®%9 than the convergence of CLAQ (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’Lj\g (0) (Eq. 78) is not valid when t>0 in general.
This is because that when the dynamics is propagated
with Pj; and Qj; in the complex plane, one may en-
counter well-known singularities,”®?? leading to a diverg-
ing e£"""tB(Q)) such that the function of P, no longer
approaching to 0 when P,, — £oo from the real axis and
breaks the counter integral trick (outlined in the Sup-
porting Information).

On the other hand, as proposed in the original Mat-
subara dynamics work,” it is possible to follow a path
along which each P, is partially moved towards the real
axis and E%M] is partially discarded so the contour inte-
gration trick remains valid, and at the end of the path,
E%M] has been completely discarded and P, has reached
the real axis.”™® Applying this approximation on the non-
adiabatic Matsubara dynamics leads to following non-
adiabatic RPMD approach, which is the second key result
in the paper as follows

IO O”;Rij /d’PM/dQM/dq/dp (85)

XA(QM)C_BHM (PM’QM)P(QM,OL pe RPtB(QM)-

In the above NRPMD expression of TCF, the initial
distribution is governed by e_BH?JP(P”f’QM)F(QM, a,p),
whereas the quantum dynamics is propagated by the Li-
ouvillian £ (Eq. 74).

If we choose to use ring polymer normal mode fre-
quency instead of the Matsubara frequency in the above
expression (and denote P,, as P,, for simplicity) in Eq. 85,
it then gives the non-adiabatic RPMD expression for
TCF as follows

CHEF () = d’P/dQ/dq/dp (86)

xI(Q,q,p)e N PR 4(Q) . £1 B(Q),
where (R, q,p) = ¢ - e~ # Tro[[[,(C) — 3T)M (R))]
(see Eq. 63 for detailed expressions), HR is the

state-independent ring-polymer Hamiltonian (in the

12

initial quantum Boltzmann operator) expressed as
HEP(P,Q) =Y, [2m + Lmw? QZ} + UN(Q), and the
NRPMD Liouvillian is

(N-1)/2 N
-y g _ w20 L Q)
- n=<n
ne—enyye ™ 09, 09,
oUM(Q,q.p) 1o
09, }ap ﬁg[ (@) ¥
Al V(RI(Q) V. (57)
which  corresponds to the following NRPMD
Hamiltonian® in the primitive nuclear coordinate
as follows
NRP - p? M 2
HYRP(P R) Z[ o (Ri — Ri_1) (88)

YRR + g 3 Vi) (il + i —0))

1,j=1

Note that the frequency w,, is the ring polymer normal
mode frequency (Eq. 35), whereas &, in Eq. 85 is the
Matsubara frequency (Eq. 51).

Dropping the imaginary part of the Liouvillian ZL[M]
unfortunately, 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 physi-
cal frequencies (such as stretching vibrations).%93 This

problem can be partially resolved by replacing zL by
an effective white-noise FokkerPlanck operator®?, leadmg
to the Thermostatting technique for RPMD.8%:93:94 This
Thermostatting approach has also been recently incorpo-
rated into the NRPMD approach.?®

Note that the NRPMD approach (Eq. 86) in the
current work (which can be viewed as an approxima-

tion of the non-adiabatic Matsubara dynamics 01[41\]/[3]
through Eq. 85) samples the same initial distribu-
tion of MV-RPMD T'(Q, q, p)e_fBHJF\{fP('P’Q)7 whereas us-
ing the NRPMD Liouvillian in Eq. 87 (or NRPMD
Hamiltonian® in Eq. 88) to propagate the dynam-
ics. For a finite N, NRPMD does not preserve the
QBD,>»%5:9 due to the fact that two different effective
Hamiltonians are used for the initial sampling (HRF =
HRP(P,Q,q,p) — + ln I'(Q,q,p)) and for the dynamical
propagation (H g NRP in Eq. 88), respectively. However, it
was conjectured that under the N — oo limit, NRPMD
will preserve QBD.?*9 On the other hand, because the
MMST Hamiltonian structure is preserved in the dynam-
ics propagation, NRPMD gives the exact electronic Rabi
oscillations when the nuclear dynamics is decoupled from
the electronic DOF.54:5578 This will be discussed further
in Section VI as well as in Appendix C.

Further, our analytical work presented here also pro-
vides a theoretical justification for the recent numerical



success of NRPMD,455 which was initially proposed as
a model non-adiabatic path-integral dynamics.?*°° Note
that the original version of NRPMD does not sample the
MV-RPMD initial distribution T'-e#H#~" (as described in
Eq. 86). Instead, it uses a simple position and momen-
tum mapping variable resolution in the initial QBD,%*
resulting in the original version of the NRPMD TCF>*
as follows

X" (0= v [P [ d@ [da [ ap (9)
N
<I"(Q,q,p)e PN P2 A(Q) - £irt B(Q),

where I(Q, q, p) is expressed as®

N

=~ IeF MR - [af M(R)p]

=1

I'(Q,q,p) = ¢e
SN N

=¢'emt [[ TreM(R)aia) M(R)pip;] (90)
=1

where ¢ = (%)V, Gy = 2V (aaf + ppf), and
M;(Ry) = (i]e=2A~Ve(R)| ). Thus, the only difference
between the original NRPMD?* and the NRPMD formal-
ism in this work is the expression of the initial Boltzmann
operator. Note that IV is pure real, as oppose to the com-
plex I' in Eq. 86.

The recently developed MV-RPMD approach samples
the initial distribution with HY' = HY'(P,Q,q,p) —
%ln I'(Q,q,p) (see Eq. 83), and use the same Hamilto-

nian to propagate dynamics, resulting in the following
MV-RPMD TCF

CNNY (t) = ;]%P/d’P/dQ/dq/dp (91)

xT(Q,q,p)e N PR 4(Q) - V! B(Q),
where the MV-RPMD Liouvillian is expressed as

A aulN (@
e =X ey meien gQi )

oar 1 @ N OT AT
_;ragrn}apnﬂalr;[_(a;) Va

(L) %)

dar

(92)

which directly corresponds to the Hamiltonian ﬁ]F\}P =
HRP(P,Q,q,p) — %ln I'(Q,q,p). Note that in the orig-

inal MV-RPMD approach,®” to facilitate the calcula-
tion with real trajectories, it was proposed to replace
I' — R[] (only taking the real part of I') in both the
initial Boltzmann distribution as well as in the above Li-
ouvillian. This argument is based upon the fact that
the partition function ZX¥ is real, and the operator es-
timators do not contain any imaginary part, hence the
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real and the imaginary part of the estimators are com-
pletely separated, and the ensemble average of the imag-
inary part should goes to zero. This is true if both A
and B are not related to electronic states (mapping vari-
ables). However, there is no rigorous justification why
this should also be applied to the Liouvillian. Moreover,
for general operators, one should recognize that I' is in-
deed complex, and a more rigorous trajectory approach
in MV-RPMD should be replacing I — |T'| in the distri-
bution and the Liouvillian, then performing the ensemble
average by weighting each trajectory with phase T'/|T|.
This will be discussed in detailed in Appendix E for the
NRPMD simulation which also uses the MV-RPMD ini-
tial distribution.

To the best of our knowledge, there is no rigorous theo-
retical justification of the Liouvillian Egj/}[\], Because of us-
ing El[élv\],, MV-RPMD will not be able to provide the cor-
rect electronic Rabi oscillations when the electronic and
nuclear DOF's are decoupled. In contrast, non-adiabatic
Matsubara dynamics and NRPMD is exact under the
electron-nuclear decoupled limit when the nuclear poten-
tial 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.®”

VI. QUANTUM DETAILED BALANCE

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

Chp(t) = CEa(-t) (93)

for Kubo-transformed TCF defined in Eq. 5 the above
relation is commonly referred to as the condition for sat-
isfying detailed balance.

The detailed balance condition is also true for the gen-

eralized Kubo-transformed correlation function CL]\g(t)
(Eq. 10), such that

clat) = cl(—1). (94)

This relation will also be rigorously satisfied for C’X\g(t)
in Eq. 14 (after performing the Wigner transform and
replace quantum propagator with the Liouvillian £V ]).
Since Eq. 14 is quantum mechanically exact, the key to
achieve detailed balance condition is

LN =0, (95)

where LIV is the exact Liouvillian in Eq. 24 and [e=#H] 5
is the linked Wigner transformed Quantum Boltzmann
Operator in Eq. 32, which is also exact quantum me-
chanically.



The Matsubara partition function in Eq. 66 is ex-
pressed as

Zym :aNa]VI/dQJVI/dPM/dq/dp (96)

Xe—ﬂf_fM (Pwm,@um) oiB0m (P, Q)

where the new effective Hamiltonian H,; is expressed as

MPr, @y q,P) = Hy (P, Qi) — %IHF(QM;(L P)
(M—1)/2 P
= Z % + Uo (QM) "3 lnF(QM,q’ p). (97)
n=—(M-1)/2

One can prove that for the Matsubara phase
001 (Par,Qnr)) is a conserved quantity of the non-
adiabatic Matsubara Liouvillian £} in Eq. 70, such that

(M-1)/2
P, 00
Mg, _— n OUM
M= > e, (98)
n=—(M-1)/2
- (M—-1)/2 GU(EM] 8U£M}>80M
ne—GaTe1)/2 09, 09,
B (aUgM] aUEEM})aQn .
S\ 99, 09, -
where we have used the fact that in the Matsubara do-
. auiM oulM] . .
main, —>— = ~5=— = 0 for the last equality (with =

as the imaginary time) due to the cyclic symmetry. Also
note that the mapping part of the Liouvillian (Vp, and
Vg inside £IM] does not act on 0p(Par, Qar)). The
details of this proof is provided in the Supporting Infor-
mation, which can be viewed as a generalization of the
original proof in the adiabatic Matsubara dynamics.5?

Unfortunately, we do not know whether the non-
adiabatic Matsubara Liouvillian £ commutes with the
Hamiltonian, i.e., the validity of the the following rela-
tion

LMV (P, Qur,a, ) <0, (99)

thus we are not sure, at this moment, if the non-adiabatic
Matsubara dynamics preserves the QBD governed by
Zu-

On the other hand, when electronic and nuclear DOF's
are completely decoupled, such that the Hamlltoman
of the system can be written as H = - — + Vo(R) +
Z” Vi) (G| = Ho + Ve, the QBD is mdeed preserved

by LM (see detailed discussions in Appendix C), because
that the following relation

N

1
> orPIVVal —afVV, ) =0 (100)
=1

is satisfied by both £Vl and £M] where I'(q,p) no
longer depends upon @Q,, due to the nuclear position in-
dependent electronic potential V, = > iy Visli) Gl
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For a general case beyond this special limit, we want to
explore the conditions that when non-adiabatic Matsub-
ara dynamics preserves the QBD. By requiring Eq. 99, it
leads to the following condition

[1 or 3U‘£M]}7’n (101)

rao, " oa,

- hir [pIV(R)V o T - af V(7)Y T].
l

where I' = I'(Q)s, q, p) in the above relation. Note that
the above relation is the sufficient condition for preserv-
ing the QBD, whereas the necessary one requires ) -, for
all Matsubara modes in the above equation. Of course,
for the electronic-nuclear decoupled case, both 81“ = 0

and a%;" =0, as well as Eq. 100 is satisfied, hence E[M]
preserves the QBD. Beyond this special case, we do not
know if Eq. 101 is always satisfied, and whether the
non-adiabatic Matsubara dynamics preserves the QBD
remains an open question and subject to future investi-
gations.

Interestingly, if Eq. 101 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 correla-
tion function in Eq. 85 as follows

ol =2 [Py [a@u [da [ap  (o2)
xA(QM)e

where HY¥(Par,Qar,q,p) is the MV-RPMD Hamilto-
nian (with the Matsubara frequency instead of the ring-
polymer frequency) expressed as follows

—BHY" ('PM-,QM,%P)eﬂM tB(Q]\/I)-

1
—InT(Qnm,q,p)

HEP = HEP (P, Qs a,p) — 3

(103)
(M—-1)/2 9
Pn m _ M 1
= > [Qm - wigi} +UP(@u) - 5l

n=—(M—1)/2 2

The condition for NRPMD to satisfy detailed balance
is E%] HRP = 0, which resulting in the same condition

described in Eq. 101. Hence, if non-adiabatic Matsubara
dynamics preserves QBD, then so does NRPMD.

VIl. TIME-CORRELATION FUNCTIONS WITH
ELECTRONIC PROJECTION OPERATORS

Beside the nuclear position auto-correlation function,
the electronic projection correlation function is also an
important one.?»%5 For example, A = B = |i)(i|]. When
A = |i)(i|, in general [e=PH Ay # [A]ln[e PH]y based
upon Eq. 30. Hence, one needs to write down the gen-
eralized Kubo-transformed time correlation function as
in Eq. 14. On the other hand, one can follow the same



procedure to obtain the normal mode representation of
C’Lj\g(t) (see Eq. 39) as

o =3 [ae [P [aa [ aple" de Bl

(104)
as well as the exact procedure outlined in the previous
section by making the Matsubara approximation (via
discarding the £IV-M] and integrating out the non-
Matsubara modes), reaching to the following expression

of C’X‘g (t) (see Eq. 59 for a comparison)

aNaM/dQM/d'PM/dQ/dP

w e BHM (P, Q) —i0m (Prr,Qur)) 105)

ChE () =
LM
X F”(QMaqv p)e [B]N

In the above equation, I';; is I' in Eq. 63 projected on
i) (i] as follows

1 2(K+1)N _on

I'i(Qum,a,p) = N v ¢ " (106)
k-1
xzm[n — SDMu (Ri(@a) x i)
N
X H (Cy — M (Rl'(QM))}
U=k
(K+1)N on N
= 2717]\, Tre|: Z| l];! Cl ’L] (Rl(QM)):|

where the property of trace ensures each term inside Tr,
are identical, hence we can replace the bead average by
the last equality. The Matsubara Liouvillian £!*! is same
as expressed in Eq. 70, and Z;; is the quantum partition
function expressed in Eq. 66.

Following the same procedure of discarding the imag-
inary 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 corre-
lation function

ONEP (4) = al;RiM d’P/dQ/dq/dp

xe MY (PQT, (Q, q, p)etnr (Bl y. (107)

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

NZ/MW”“%~AMM+—>

N |:21C+

NZ

where the detailed proof is provided in the Supporting
Information.

—# (@ +pi) ([Qk]? + [pil? - Zﬂ - (108)
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Alternatively, one could also use the mapping relation
) (7| — d;[di to obtain

N
N 1 i Ap s Ay

2

5% 2+ [puf? — 7). (109)

k:l

The above estimator is used in the original NRPMD
approach,® which has been theoretically justified®® as
well as in MV-RPMD approach for excited state dynam-
ics (which has been derived based on the property of

Wigner transform).®® In fact, CLAQ (t) is equivalent to the
NRPMD population time-correlation function,®*°® when
using Eq. 109 for the estimator of the population at time
t, with the exception that the expression of I';; is ob-
tained using the Wigner representation for the mapping
variable in the current theory, whereas in NRPMD, it
is obtained by using a simple integral of both mapping
positions and momentum.®® Our derivation explains the
success of the original NRPMD approaches for simulating
the population auto-correlation functions.?*

VIll. NON-EQUILIBRIUM TIME-CORRELATION
FUNCTION

Despite the fact that RPMD was originally developed
for equilibrium quantum dynamics simulations, recent
theoretical progress has demonstrated that both RPMD
and CMD can provide accurate non-equilibrium dynam-
ics upon photo-excitation.”® Thus, we conjecture that
NRPMD is also capable to accurately describe the non-
equilibrium TCF, and we will explicitly prove this.

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

pis(t) = 0t 1g) (e~ R,

where the initial density operator 5(0) is often expressed
as a tensor product of the electronic and nuclear DOF as
p(0) = |i)(i| @ LePHo where Z = Tr[e~#H0], and Hy is
the ground state Hamiltonian

Tr[p(0)en (110)

. p?

Hy = o + Uy(R), (111)

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

The initial density 5(0) is evolved under the influence
of the total Hamiltonian H (Eq. 1). The reduced density
matrix element can also be expressed as the following
TCF

Cap(1) (112)

1 7o Lfe A i
pij(t) = = gTr[e_BHOAeﬁHtBe_ﬁHt]



where A = |i)(i| is the initially occupied electronic state,
and B = |i)(j|. Because A and Hy commute, [A, Hy] = 0,
hence

1 /P A
Cal= 55 /O dNTx[e~ (BN je=>o B(p)]

1 [P : by
= — d\Tr[e~(B=MHo = Ho A B (¢
55 [ ()

B X
= foﬁd)‘ . %Tr[e_BHOAB(t)]

Thus, one can rewrite the time correlation function
Cap(t) in Eq. 112 into the Kubo-transformed time-
correlation function C¥p(t) as follows

=Cap(t)

1 /8 S
pij(t) = ?ﬁfo dATr[e~(F=NHo Je=Ao i Ht Be—7 1),

(113)
The above TCF is not an equilibrium correlation func-
tion. Nevertheless, the Kubo-transformed structure al-
lows us to express it as the discrete version of the time-
correlation function as in Eq. 5.
Following exactly the same derivation we have outlined
in the previous sections, we can express CEB (t) in Eq. 113
without any approximation as follows

O‘N/dR/dP/dq/dp (114)
e~ P0] g et B,

where the Liouvillian £V has the same expression in
Eq. 24, and [e*ﬁHO]N has the same expression in Eq. 15
except that H is replaced by H,. There is no approxi-
mation in the above expression.

Further, to evaluate p;;(t), [Aly = & Xr,[Axlw
is the partial Wigner transformed projection operator
(along the mapping DOF) with the following expression

pij(t) =

[A]n

MW—NZ/Mwm“mw—wm%+§>

e oo

where we have used the overlap relation (qgli) =

2K+1

ke (a2 +

\/%ququqk and explicitly performing the stan-

dard Gaussian integral (see detailed derivation in Sup-
porting Information).

Similarly, [B]x = + Z;ivzl[Bk]w can be expressed as
N
= NZ/dAkeﬁpk "(qk— D)
9K+1
=% Z

|mm+%mm

w}

G - {([axli + ilp)i) ([axl; — ilpr];
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where G = e~ #(9:+PY) On the other hand, there are
other choices for the Wigner transform of operators. For
example, the population can be directly Wigner trans-
formed of &zdi as shown in Eq. 109, and the Wigner

transform of &zdj as

[Bly =

N
1 i AL Ak ATA Ak
NZ/MW“”%“ﬁWm“2>
- 32 3l
h

This estimator has been proposed in the original
NRPMD work®*5%. It has also been derived in the non-
equilibrium TCF with MV-RPMD.%®

Following the Matsubara approximation, we can de-
rive the corresponding expression of the density matrix
as follows

() = O =52 [ [Py [ da [ dp

we PBHM— leM)[

i+ [prlilpxl; — hoiz). (117)

et By, (118)

where the H); is expressed in eq. 61, 8y, is expressed in
Eq. 62, and the Liouvillian £ is 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 de-
rive the corresponding NRPMD expression of the reduced
density matrix as the final key result of this paper

Pt () = [ ap [ d [aa [ ap
e PHR" (PQ) 4] v efhrt[Bly, (119)

where HEP(P,Q) has the same expression as that in
Eq. 86, and the Liouvillian £RF is expressed in Eq. 87,
corresponding to the NRPMD Hamiltonian expressed in
Eq. 77. This is the NRPMD expression of the reduced
density matrix.

Thus, we explicitly show that NRPMD is capable to
simulate non-equilibrium TCF, explaining the recent nu-
merical success of using NRPMD to simulate the non-
equilibrium population dynamics.?® Similar numerical
success in simulating non-equilibrium TCF has also be
achieved in MV-RPMD.58

IX. CONCLUSION AND FUTURE DIRECTIONS

We present the non-adiabatic Matsubara dynamics,
a general framework for computing the time-correlation
function of electronically non-adiabatic systems. This
new formalism is derived based on the generalized Kubo-
transformed time correlation function, using the Wigner
representation for both the nuclear DOF and electronic
mapping variables.”* 76 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 generalization of the original (elec-
tronically adiabatic) Matsubara dynamics.®® The non-
adiabatic Matsubara dynamics has two complex phases,
one from the nuclear DOF and the other from the elec-
tronic DOF. By making a nuclear momentum transfor-
mation, one can derive an equivalent expression of non-
adiabatic Matsubara dynamics, which has a complex Li-
ouvillian and a complex momentum distribution. Further
making an approximation that drop 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 Mat-
subara dynamics. Interestingly, the initial distribution
of NRPMD coincides with that in the Mapping-Variable
(MV)-RPMD?7, whereas the NRPMD Liouvillian coin-
cides with the Liouvillian used in the originally proposed
NRPMD?* (which has a different initial quantum distri-
bution). Our theoretical derivations explain the numeri-
cal success of both of these previous approaches.?*>” We
have further proven that the NRPMD is capable to sim-
ulate non-equilibrium TCF, hence justifies such simula-
tions and explains the recent numerical success.?® At this
moment, we are not sure whether non-adiabatic Matsub-
ara dynamics preserves the quantum Boltzmann distri-
bution (QBD), except for the special limit when the elec-
tronic and nuclear DOF's are completely decoupled. Nev-
ertheless, we derived the condition under which the QBD
will be preserved by non-adiabatic Matsubara dynam-
ics. Interestingly, if non-adiabatic Matsubara dynamics
preserves the QBD, then NRPMD is also guaranteed to
preserve the QBD.

Let us also give more technical summaries of these
equations. In this work, we started from an exact for-

malism of generalized Kubo-transformed TCF C[N]()
(Eq. 28). Making the Matsubara approximation by
dropping the £IN=M] a5 well as integrate out the non-
Matsubara related terms, we have the non-adiabatic Mat-

subara TCF C [M]( t) (Eq. 59 or equivalently, Eq. 76).
Note that the exact non-adiabatic QBD is completely
governed by these Matsubara modes, and completely ir-
relevant to the non-Matsubara modes. Further, In the
Matsubara domain, & is effectively scaled as small as one
desired (Eq. 67 and Eq. 68), such that the Liouvillian can
be truncated to the linear order of the nuclear derivative
A without making any approximation. This is in contrast
to the Linearized path-integral approaches'®23 that of-
ten need to truncate the Liouvillian up to a certain order
of h. The Matsubara formalism, on the other hand, keep
all orders of A within the Matsubara modes and discard
all non-Matsubara modes.5%70

Further making the approximation that drops iﬁgM]
while pushes the [ dP,, integral to the real axis, and re-
place the Matsubara frequency with the ring polymer
normal mode frequency, one arrived at the NRPMD TCF
CNRP(t) (Eq. 86). The above connections are summa-
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rized as follows

Drop LIN=M] Drop lL

éC[M] éCNRP

Note that both the Matsubara approximation (by drop-
ping £IN=M] in Eq. 131-133) and the ring polymer ap-
proximation (by dropping i,C%M} in Eq. 75) are only re-
lated to the nuclear DOF, as these dropped term only
contain the nuclear derivatives. For non-adiabatic Mat-
subara dynamics and NRPMD, we have not make any
direct approximations in the mapping DOF. Thus, we
only expect an indirect influence of these error terms in
Liouvillian on the electronic mapping dynamics.

There are several interesting limits we would like to
discuss as well. (i) Under the limit that the system only

contains electronic subsystems, C,[qj\/g( t) and CYEP (¢) re-

duces to the same form of C’[ ]( t) (note that there are
still N copies of the mapping DOF for all formalisms),
which are all quantum mechanically exact. Hence, for
isolated electronic subsystem, both non-adiabatic Mat-
subara dynamics and NRPMD preserves the exact quan-
tum Rabi oscillations (where an explicit proof can be
found in Ref. 78). (ii) Under the single electronic state
limit (adiabatic limit), the non-adiabatic Matsubara for-
malism reduced to the original Matsubara dynamics.%70
(iii) Under the decoupled limit of the electronic and
nuclear DOF, non-adiabatic Matsubara dynamics rigor-
ously preserves QBD, and gives the exact dynamics for
the electronic subsystem, while only give an approxi-
mate dynamics for the nuclear subsystem (exact when
the potential Vj is purely harmonic.5%7° (iv) Under the
N = 1 limit, the NRPMD formalism reduced to Lin-
earized Semi-classical Initial Value Representation (LSC-
IVR) approach (with a classical nuclear distribution in-
stead of the Wigner distribution, see more explicit dis-
cussions in Appendix D).

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[M]( t)
makes this a challenging task, because the electronic
mapping DOFs also have N copies, which are required
to take the N — oo limit. However, one does not have
to use the same number of copies of the mapping DOF
and nuclear DOF, and this can be accomplished through
the mixed time-slicing technique®” which has been suc-
cessfully implemented in a recent work of NRPMD.5 By
using a finite number of the mapping resolution (Eq. 7
and Eq. 8), we expect to make the non-adiabatic Mat-
subara dynamics practical for system with a few nuclear
DOF and a few electronic states. Another direction is
using the non-adiabatic Matsubara dynamics framework
to theoretically derive other existing state-dependent
path-integral approaches, such as the non-adiabatic
CMD?® (through a mean field approximation”8¢ of the
non-adiabatic Matsubara dynamics), the coherent-state



RPMDS3 approach (through a new non-adiabatic Mat-
subara dynamics that uses the Husimi representation
for mapping variables and Wigner representation of nu-
clei), or the ring-polymer surface hopping approach%* 68
(through the recently discovered connections between the
quantum-classical Liouville equation (QCLE) and the
fewest switches algorithm®%10%). A third direction is to
theoretically explore whether non-adiabatic Matsubara
dynamics rigorously preserve quantum Boltzmann dis-
tribution (QBD). If so, then non-adiabatic Matsubara
will be a trajectory-based approach that can correctly de-
scribe electronic Rabi oscillations and preserve the QBD,
a method that is currently lacking.!%!

We hope that our current work provides a framework
and a new paradigm for accurate non-adiabatic quan-
tum dynamics approaches by interfacing the recent de-
velopment in the field of mapping dynamics [such as new
mapping representations'?? 19 as well as new estima-
tors (window functions'®"-1%8 and the identity trick!?)]
with the development of accurate nuclear quantum dy-
namics in the field of path-integral dynamics [such as
the Matsubara dynamics®® 72 and its approximations, in-
cluding CMD,*0:"3 RPMD,*3:4473 mean-field Matsubara
dynamics,®¢ quasi-CMD?7, Planetary model”®®® etc]. It
allows one to borrow recent developments from each sub-
field, and facilitate the merger of both sub-fields for de-
veloping more accurate non-adiabatic quantum dynamics
approaches.
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XIl. APPENDIX A: DERIVATION OF THE
LIOUVILLIAN

We provide the derivation of the exact Liouvillian £V
(Eq. 24) as well as the detailed expressions of the non-
Matsubara Liouvillian £IN =M (Eq. 53)
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We start by differentiating a time-dependent Wigner
transformed of a general operator A as follows

d -
ﬁ[A(t)]w

i

P AW

(120)
where [A(t)lw = [dDe#"P(R — %|A(t)|R + %) is the
Wigner transform of operator A(t) = enH Ae~ w8 H =
H2
2
corresponding momentum operator P. Further, V(f%) is
any general form of the potential energy operator.

Using the following equality of Wigner transform
of two operators™®* (0105w = [O1]we "M/2[0s)w
(where A in general is written as Eq. 20), one can rewrite
Eq. 120 as

+ V(R), with the nuclear position operator R and

L Al)lw = 1 IHA() — A(t)H]w (121)

h
= F((Hwe M AWDTw — [ABlwe 2 [H]w)
= L (Alwe M AD]w — [Hwe ™ [AD)]w)
= 2 Awsin()A(D)w,

where in the final step of Eq. 121 we have used the fact
that e~ "AM/2 = cos(Ah/2) — isin(Ah/2) and eM/2 =
cos(Ah/2) + isin(Af/2). Using Eq. 121 in Eq. 120 we
have

LAWlw = L8, A0 = LAWK (122
where the Liouvillian is
L= g[ﬁ]wsin(%) (123)

For the case where V is electronically adiabatic, one
can explicitly evaluate the detailed expression of the Li-
ouvillian. We first take the Wigner transform of the

Hamiltonian''0 as [H]w = dee%PD<R—%|fI|R+%> =
H(R,P) = £ 1 V(R). With Eq. 123 and [H]w, the Li-
ouvillian is expressed as

=2 {PQ + V(R)] sin(Anh)

h|2m 2
2 P? . (Anh)

“ham T\ 2

Anh
2

+ gV(R)sin(

- ) (124)

Anh _ ALR
5 T ® T
. . P2
.. and systematically acting these operators on the 5—

and the V(R) term, one reach to the well-known Wigner-

. . . Anh _
Using the Taylor expansion of sm(T) =

Moyal series”?:30:34 a5 follows
e__
P 0 o 0
=—— -V ssin (=== == 12
L= R (B)-sin (3 55 5p) (125)



Next, we derive the explicit expression of the Exact
Liouvillian of the non-adiabatic Hamiltonian in the gen-
eralized Kubo-transformed TCF which has the following
expression

N

Z % Hl w sin (ZA[), (126)
where A, is defined in Eq. 20, and [lfmw is the Wigner
transform of the MMST mapping Hamiltonian (Eq. 1) as-
sociated with the Iy bead, with the expression in Eq. 22.

Because L[Vl contains N mathematically identical
terms (labeled as [ € [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 [ for simplicity. With the operator
A = A® 4+ A™ defined in Eq. 20, one can rewrite Eq. 126
as

%[ﬁ]w -sin(

_2 2 . hAn hAe hAn . hAe
= #H]W {sm(zA )cos(iA ) +cos(§A )sm(§A )]
Explicitly expanding the terms related to the mapping
derivatives as cos(ZA°¢) = 1 — 1r?[A°]2 + O([A°]Y),
sin(ﬁf\e) = EAeJrO([Ae] ), and note that the Vo (R, q, p)
term inside the [H]w contains up to the second order of

p and q (see Eq. 23), such that VC[AG]” =0 for n > 3,
one can rewrite Eq. 127 exactly as follows

rltl —

B o + hAC)

(127)

£ :ﬁ l:m + Vo 2h Z sz pzpj +qiq; — 5ijh):|

7,7=1

X [sin(;if\“) (1 - g[/A\CP) + cos(gf\“) g[&c

Each term of Eq. 128 can be explicitly evaluated (see
the Supporting Information for details), resulting in the
ezact non-adiabatic Liouvillian as follows

(128)

i
! Z@gR 2[%(-@ + Vo(R,q, p)] sin (g%i)
ho
4—£[I)TV(R)?Cl - qTV(R)ep] cos ( —TD) (129)
+i[?gv(R)€q + egV(RW:,] sin (Z%i)

Adding a total of N mathematically identical terms to-
gether (each has the same expression of the above Liou-
villian £I1), we have £V expressed in Eq. 24.

Next, we explicitly express the error term of the Liou-
villian £IN=M] when applying the Matsubara approxima-
tion. The Matsubara approximation discards (N — M)
Non-Matsubara modes from Eq. 43, where the non-
Matsubara Liouvillian is expressed as follows

L£IN-M] M) _ CLNfM] Jrﬁy\uM] JrELN—M]’

(130)

— Nl _ gl
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where we have futher decomposing the non-Matsubara
Liouvillian in three terms. Using the following trigono-
metric identities

sin(a 4+ b) — sin(a) = 2 sin (g) cos (a + g)
cos(a + b) — cos(a) = —2 sin (a + g) sin (g),

we can express the non-matsubara Liouvillian as follow

(N-1)/2
B P_" 9 Pn 1o}
=M= 3 m 0" Eagn] (131)
n=(M+1)/2

_ % iY@+ UiN(Q,a,p)] Sin(g)cos (a+ g)

N
LV = 25 [BIV(RI(Q) Vo, — afV(RI(Q) V|

=1

xsin(a+ g)““(%)v (132)

ﬁLN M) _ Z {?T

l 1

Q))Va + VEV(R(Q) V]

X sin(%)cos(d + g), (133)
where the operators a and b are defined as
PO (Miw o 7 (134)
2N ne—Te1)/2 09, 0P,
b= 27v o az ai * 83 af - (135)
=(M+1)/2 TR e n

Note that the entire £V =M does not contain derivatives
with respect to the electronic mapping variables. Hence,
they do not have the direct influence on the electronic
dynamics.

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

To obtain the Quantum Boltzmann Distribution func-
tion under Matsubara limit in Eq. 59, we first write down
the total Boltzmann factor in normal mode representa-
tion as

(N 1)/2 N

BH _ _/dD/dA %N’PTLDT,’ He%plAl
n=—(N-1)/2 =1

<QI 1—*Al 1751 1|P€ ﬁNHP‘Ql+ 751 >a (136)

which is same as Eq. 41 and ¢* is previously defined in
Eq. 40. The expression in Eq. 136 is equivalent to Eq. 104



of the work by Hele and Ananth”®, but in normal mode
representation.

Next, we integrate out the non-Matsubara P. By
the construction of the Matsubara dynamics, there is
no functional dependency of non-Matsubara P modes
in operator B and thus, we can integrate out the non-
Matsubara P momenta, giving a product of Dirac delta
function in non-Matsubara D modes of the form

—(M+1)/2 (N-1)/2
X H / dP, e NPnDn
n=—(N-1)/2 n=(M+1)/2
—(M+1)/2 (N-1)/2
=@M IT < [ 6w,
n=—(N-1)/2 n=(M+1)/2

which helps to further integrate out the non-Matsubara
DIN=M] modes from Eq. 136. After integrating out the

non-Matsubara DV=M modes, [e=##]5 (Eq. 136) be-

comes

(e (Par, @, p) = (2wh) N1 / Dy / A

(M—-1)/2 N
% H eiNPuDn/h Hez‘pzAz/h
n=—(M-1)/2 =1

1 . N
X (qu—1 — QAlfl,ﬂf_l(Qpr)WD@*ﬁNHP

(137)

1
X |ql + iAla n;(Q7DM)>,
where [dDy = sz(f\é\;?{f /2 dDy that only includes
the Matsubara modes, whereas the Q,, contains all modes
(together with all @ dependent terms in the Liouvillian in
the TCF at this moment). Further, nli is now expressed
as

(N-1)/2 (M-1)/2
=Y, VNTWQ.+ ) me Dy,
=—(N-1)/2 n=—(M-— 1)/2

(138)

noticing that D,, only contains the Matsubara modes.
We further split the Boltzmann operator in Eq. 137
through a symmetric Trotter expansion under the N —
oo limit, noticing that |nF)(n| commutes with P (as
they belong to two different DOFs), and evaluating the

nuclear kinetic energy term % explicitly through the

standard path-integral technique (see SI for details). We
can then express Eq. 137 as follows
N/2
L ) (139)

2’/TﬂNh2
N .

nDn o H e%PzAL
=1

— 2 Vot )+ Vo ()]

=) (Pars @t p) — (27) V) (

(M 1)/2 v
/dDM/dA ew NP
n=—(M-1)/2
Xexp [—ﬁNW(m_l - W?)Q} e
N
ﬁTNI:Ve(nl_)+V

1 A NS 1
X<ql*1 - iAl71|'P€ (m )],P‘ql + §Al>7
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Applying the well known trigonometric identities,%?"°

one can explicitly evaluate (1, ; —7;")? term as follows

iy =) (140)
(M-1)/2 D
=4 Z (VNQ,sing, + \/N?_”cosfn)Q
n=—(M~—1)/2
(N-1)/2
+ (6Nh)2 Z QN(QZ + QQ—n)r
n=(M+1)/2
where &, = 5F. Note that the first sum includes all

Matsubara modes and the second sum includes all non-
Matsubara modes. Using the relation in Eq. 140, the
quantum Boltzmann operator in Eq. 139 becomes

3 N/2
[eiﬂH]N(PMa Qﬂ qQ, p) = (27Th)(N7M) (277;11Vh2 >

x/d’DM ||

(141)

Xexp{— 2N(Qi—l—an)}
n=(M+1)/2
m

xexp[ 2,BN(5 PE

(M-1)/2
Z (\FQ,L sin&, + \F

n=—(M—1)/2

2 cos fn)Q]
N

N .
xexp{ @Z[Vo(nl_)JrVO(nfr)]} ./dAHG%pzAz
=1

=1

1 5 (1 )+ Ve ()] 1
x{q_1 — §A171|pe—%6w[ve(m J+VmOIP|q, + §Az>.

Note that under the limit N — oo, the Gaussian func-
tion that involves D_,, term have the following form

27 3h?

mN? -1
28h2 cos’ anQ—n:| = ‘mN2 [Cosgn} '6(D—n)

Using the properties that [ f(z + a)d(z)dz =
a) [ 6(z)dx, we can move all terms related to the po-

exp [—

tential, including exp[—AxVo(7)] and exp|— B Ve (n7)]
related terms outside the dD; integral (and set D_,, =0
for n* terms in Eq 138), resulting in
m N/2
> (142)

e~ (Pars @ p) — (27) N (

27‘(’6th
(N-1)/2
xe—ﬁNEfilv‘)(R”exp[—m > 2N(Qi+Q2n)}
2 n=(M+1)/2
(M-1)/2
xI'(q,p, Q) x H /dD ¢# NPnDn
n=—(M-1)/
2m

. (Qn sin(€_,) + §Dn cos(gn)> 2} .

XeXpl:_N/BNh



where we have explicitly write down each integral for the
Matsubara D,, mode, R; = Zgl]i__l&\/f_l)ﬂ VNT,,Q,, and
we have defined the following mapping integral as

N
I'(q,p. Q) E/ dAHe%plAl

=1

1 . - . 1
><<ql,1 - §Al,1|P6_BNVe(RZ)P‘ql + §Al>

(143)

We explicitly integrate out [dD,, in the last line of
Eq. 142 (by denoting &, = nw/N) as follows

I, = / D, exp [%NPnDn

(vt )|
—oxp [ - 5 Qe exp [~ ZmﬁiNg d
m cos?&, Bnh

2m
m siné, - cos&, - Q,nDn} .
Noticing that the Gaussian term inside the above f dD,,
integral is

X exp [N

m cos &, . Bnh 9
. Bnh
~ 6(Dn - Z‘mcos2 én Pn)

which again allows dD,, integral to be evaluated through
steepest descent fashion, resulting in

- BN 2 2tan &n
X exp { n h2 Q2 sin fn} (146)

where C,, = \/7/4 /Nﬁj’v”h2 COS; fn

Because the dD,, integral is in the Matsubara do-
main, we can further simplify the expression by taking
the Matsubara limit (N — oo and n € M < N), re-
sulting in cos?¢, — 1, sin?¢, ~ O((£)?) — 0, and
tang, — &, = nw/N. Thus, the final expression of the
thermal Boltzmann operator in Eq. 142 is expressed as

2 2 (N-M)/2
e "M 5y(Pr.Q,q,p) = (ﬂ) o= BN T, Vo(R1)
BN
mB (N=1)/2
X exp { N IN(Q% + QQ_n)] (147)
n=(M+1)/2

XF(q,p,Q)-exp[—ﬁ%} exp{ ( )Q 7)]

In addition, one can solve the electronic mapping inte-
gral in Eq, 143. Recall that P = ), |4)(i| is the projec-
tion operator in SEO mapping subspace, and the overlap

(144)

i————P
mcos2 &, "
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with electronic states is expressed as

(i =3 el

Using Eq. 148 one can re-express I' as follows

(148)

2N
" (r NIC/Q H/dAl (@1 —A1/2)"

X M(Ri(Q)).(qi + Ay/2)e” # (AT Artarai—ip;

I'(Q,q,p) =

A (149)

Rearranging the prefactors of Eq. 149 and grouping terms
associated with A; (using cyclic property of trace), we

have
2V 1 CvN (qFaspTon) T
F(Q:% p) = ﬁme 1=1q; A +P; P1 H/dAl
x Tre {(qz + A/2).(a — Ay/2)" M(RZ(Q))}
X 67%(1A 'Lp) (150)

Analytically performing the integration over A; (which
is a standard gaussian integral) leads to the final form of
I'(Q,q,p) as follows

N
_9Nn 1
r@ap) = oo F [T - M (@) ]
I=1
(151)
where ¢ = 250 with Gy = YN (@af + pipl).
Further, C; = (q; + ip;) x (q — ip;)T, and Z is the
(K x K) identity matrix. Note that C; — 1T can be in-
terpreted as the reduced density matrix associated with
the lyn bead. In addition, M;;(R;(Q)) is the matrix of
electronic Boltzmann operator as follows M;;(Ri(Q)) =
(ile~ BnVe(Ri(Q )|5), where V,(Ry(Q)) is the state depen-
dent potential operator.
Using the above results, we have the following thermal-
Boltzmann operator

2mm

. (N-M)/
e "] 5 (Pn,Q,q,p) = <5N> (152)
(M-1)/2

H e_ﬁ%-e
n=—(M—1)/2
(N-1)/2

> VNTLQ. | ]
=—(N—-1)/2

(N—-1)/2
m
Ep>

n=(M+1)/2

1B PnQ—n

XF(Q>q7 p) :
N
S

xexp[ - W2N(Q% + Q%n)}

Substituting Eq. 152 into Eq. 58 we get,

C%]()fjvlgloof]v/dQ/dPM/dq/dp (153)
(M

x A(Q)le ] 5(Q,Par,a,p)e T B(Q).



Under the Matsubara limit M — oo, while M < N, one
recognises that the Gaussian part of the non-Matsubara
normal modes in [e=?H] 5 (P, @, q, p) are nascent Dirac

delta functions (by noticing the expression of w, in
Eq. 35) as follows

lim exp
M—oo

< 2mN?sin’(nw/N)Q?
M<KN

) a0, s

Thus, we can further integrate out the non-Matsubara Q
modes from Eq. 152 (based on a steepest descent argu-
ment), leading to the following effective changes inside
the nuclear coordinate integral

(N-1)/2

eXP{ﬂNéVo( Z

n=—(N-1)/2

n.0.)

— exp[—BUéM](QM)] (155)

where UO (QM) is defined in Eq. 61, as well as

N N

1
Tr, {H(cl—Qz)Mij (g)] — Tre {H(cl—
=1 1=1
(156)
for the I' related term. Because these quantities only de-
pend on Matsubara mode Qj;, we can move them outside
the integral of the non-Matsubara modes

x A(Qur)[e M) 5

(N=1)/2 e o)

X H /dQndQ n€ B0 e Ben(Qn+Ql ",
n=(M+1)/

where Gaussian integral in the last line of the above equa-
tion can be analytically performed, resulting in the con-
stant aps in Eq. 60. The final results of C’KLQ (t) is ex-
pressed in Eq. 59.

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

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

P2 Lok
= G+ )+ 3 Vil = Ho+ Ve, (159

where V;; is a constant thus 0V;;/OR = 0. This case
also include two limits (1) electronically adiabatic system
(V. = 0) or (2) there is only electronic subsystem (7" +
Vo = 0).

%I)Mz‘j (QM)}
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For the electronic-nuclear decoupling case, the exact
thermal Boltzmann operator is

/dDHe*PlDl

1 A 1
x(Rj—1 — §Dz—1|6 AvHo| R, + iDl>

e~y = (159)

where the electronic part I'(q, p) becomes

o(K+1)N 5 N

SRS Tre{H(Cz - ;I)M}, (160)

=1

I'(q,p) =

with Gy = >/ (quaf + pipf). Further, C; = (q +
ipy) X (q; —ipy) T, Z is the (K x K) identity matrix and

M = (ile=PNVe|j).

The exact Liouvillian in Eq. 24 becomes

L) :i{ﬂg—vo(m)?sm@ 77 )( 61)
=1

m 8Rl h 2 aRl 8Pl
1
+ﬁ[plTV?Ql - q’lrvepl}}a

where the nuclear Liouvillian (the first term) and the
electronic Liouvillian (the second term) are completely
decoupled. The detailed balance condition LIV[efH] g =
0 leads to

N
Z ir PIVV T — qfVV,, I =0, (162)

for the electronic
L[ dD T, ex PP Ry
1D;)} = 0 for the nuclear DOF.

Under the same decouple limit, the non-adiabatic Mat-
subara Liouvillian becomes

subsystem, and
%Dl,1|€_BNHO |Rl +

M- " -
M) _ ( le P 0 oulM (@) 3
——(M—l)/2 m 09, 09, 0P,

1
% Z P; vem - q;rvepz)v

and the Hamiltonian ]EIM becomes

(M-1)/2 2

~ P,

-y 2
=—(M-1)/2

3

+ UM - %hﬂl“(q, P)

Hence the non-adiabatic Matsubara Liouvillian becomes
the separable Matsubara Liouvillian for the nuclear DOF
(first line) and the mapping Liouvillian for the isolated
electronic DOF (second line). Comparing with the exact
Liouvillian in Eq. 161, one can see that the electronic
part of the Liouvillian is also exact in £M! for this special
case.



Then we can show that under such decoupled limit,
non-adiabatic Matsubara dynamics preserves the QBD
as follows

LMV (Par,Qur,q,p)

N
1
= LMIH (P, Qur) + ; 7T P nglr - q’lTV?plr(pa q

:O’

where we have wused Eq. 162, as well as
E[M]HM(’PM,QM) = 0 (which can be easily veri-
fied by acting £M! on Hp;(Pu,Qa). Hence, we
proved that under the decoupling limit, non-adiabatic
Matsubara dynamics preserves the QBD.

XV. APPENDIX D: CONNECTIONS TO LINEARIZED
PATH-INTEGRAL APPROACHES

We would like to connect the current formalism
of ng\g(t) with previously developed linearized path-
integral approaches. Most of these approaches are based
on the Wigner representations for the mapping and nu-
clear DOF, which can be formally viewed as various ap-
proximate forms of N =1 case of Cg\g(t). Since they are
extensively used to compute density matrix dynamics, we
will mainly focus our discussion on the non-equilibrium
correlation function (Eq. 112). On the other hand, the
following discussions on Liouvillian are also valid for the
thermal-equilibrium time-correlation function (Eq. 14).

We begin by writing down the non-equilibrium time-
correlation function in Eq. 114 with N =1 as follows

dR/dP/dq/dp (164)

X[A]w[ ~BHo) et [ Blw,

chl(t) =

where [Alw = [dAeiPA(q — Zi)(ila + 2) and
[e ﬁHO lw = deeIPD<R— D/2|e=PvHo|R + D/2), and
the Liouvillian is

%
£l = i% — %[VO(R) + Ve(R,q,p)]sin (Z@(;@gP)
—>
HPTV(R)V 4 — qTV(Rﬁp]% cos (g%%) (165)

<_
1 ]
The expressions of ng(t) and the above Liouvillian £[!]
are in principle exact, which give rise to the exact quan-
tum dynamics. Note that the mapping variables ¢;, p; are
in the order of O(v/h) (because [p;, ¢;] = ik, hence there
is an 1/2h term in the MMST Hamiltonian in Eq. 4).

Of course, one can make approximations to £, For

(163)

)]
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example, if one truncate all terms up to O(h) as follows

2 2
1 h 8 1
7 (5@573) 7 TOM), (167)

and drop the third line in £ which corresponds to a
term that is in the order of O(h°), the Liouvillian £ is
reduced to the following form

[1] Pg 2 53

LSC 7ﬁ_ﬁ[VO(R)+VvE(R7qa )]aRaP

+%[pTV(R)?q - qTV(R)ep] + O(ho)’

(168)

which is the Liouvillian used in the Linearized Semi-
classical Initial Value Representation (LSC-IVR) ap-
proach. Note that the error for the first line in Ly g¢ is
O(h?), and the error for the second line in L1sc is O(h).
However, the dropped term (the third line) in £ corre-
sponds to a term of O(hY). This ultimately determines

the accuracy of L1 o to be up to O(RY).
On the other hand if one choose to truncate LM up to

the linear order of nuclear operator A® = ;R 55, which
is commonly referred to the mixed quantum-classical
(MQC) Liouville approximation,’* then £ reduces to

the following
%
0

OR P

1] P 0 2
NQC = BR Rl
F VRV~ VRV,

h ?T 8 8 A
SVIV(R)V g+ VI V(R) V] +O(A?
which was first derived in the Possion Bracket Mapping
Equation (PBME) approach.25#! Note that the last term
scales as O(hY). Hence the accuracy of EMQC is in princi-
ple up to O(h). However, the last term was not straight-
forward to evaluate.®' Hence, in the common PBME ap-

Vo(R) + Ve(R, q, p)] (169)

proach this term is often dropped, and 441%0 is used in
the PBME calculation. Later, it was shown®"®3 that this
term can be equivalently expressed as

DR IR+ T V()T )L 0

ngr T

S[VIV(R)Vq+ aRaP (170)
K V(R 0
_;2(lc+4)h(qﬂqﬂ+pzp3 25”) 9R 0P

Explicitly including this term and using ‘CBI]QC for QCLE
(which is referred to as the non-Hamiltonian PBMES3)
indeed improves the accuracy of the population dynamics
in spin-boson problems.®3 Note that under the Matsub-
ara limit, this term can be make as small as needed (see
Eq. 71)

If one wants to continue to improve the accuracy of
the Liouvillian, the next term to include will be O(h)



comes from the quadratic term in the cos expansion in
the second line of £I'). Retaining this O (%) term one can
write the following non-Hamiltonian (NH) Liouvillian

%
cll :%% - %[VO(R) +Ve(R,q, p)](;fp (171)
+%[pTV(R)?q —q"V(R)V,)
2 5%
—g[pTV(R)?q - qTV(R)?p]%%
h 3 3 2
VIRV o+ VIRV | o+ O0).

Note that because of the approximation used in QCLE
(truncating up to O(A,), the third term in EE]H does not
show up in QCLE. Also, for the spin-boson model (with ¢
and A as the parameters), the state dependent potential
matrix V(R) = ¢R -0, + A - 0, is purely linear, hence
the third in E{\IH act on V(R) gives strictly zero results.
For a general problem, however, both the third and the
forth term should be included to fully account the terms
of O(h).

Of course, the form of the Liouvillian is not the only
factor that could influence the results of C’E}B(t). For
the population dynamics, how to approximate [A]W and

[B]W will also significantly influence the accuracy of these
approximated methods.'%° For example, when computing

pii(t) = Tf[ﬁ(o)e%m|j><j|e_%m]. The standard LSC-
IVR approach!%!® corresponds to

CLSC (1) al/dR/dP/dq/dp
x [[7) (i) vy le Ao eLise )Gl v

and the standard PBME approach?®8! corresponds to

CEBME(5) 91 /dR/dP/dq/dp

x[[i) (il]w [e 2oy e iset [afa;)w.

(172)

(173)

where |j) (7] is the electronic projection operator and Ez}dj
is the corresponding operator in the mapping represen-
tation. Their Wigner transforms are

A\ 2fc+1 — LS (@P4p?) (2 2 h
[|J><]|]W— hocmiii T (Qj +pj _5)» (174)
i 1
[@}alw = o5 (a] + 9] — ). (175)

The numerical comparison between these two ap-
proaches has been extensively discussed in the recent
work,109:112.113 anqd the recent development on choosing
the identity operator'®®113:114 hag also shown to signif-
icantly improve the population dynamics, even just us-
ing a less accurate Liouvillian EE%C. Along the same
direction, one can use the mapping action variable’s
Wigner transform!'® to construct [A]lw and [Blw, and
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engineer various shapes of Window functions for these
estimators. 107108116 This idea has also lead to signifi-
cant improvement of the population dynamics.33

Finally, if one takes the N = 1 for the nuclear DOF and
N = 2 for the electronic mapping DOF, as well as making
the truncations in Eq. 166-Eq. 167 and dropping the last
term in Eq. 165, the exact Liouvillian £V reduces to the
partially linearized Liouvillian as follows

— =
Pa 2 2 0 0
Lpr, _M@_ﬁ[%(R)—i_l:Zl‘/e(R’ql’pl)]@a?

w —a"V(R)V,],  (176)

which is reminiscent of the Liouvillian used in the
Forward-Backward trajectory solution (FBTS) for the
QCLE?%27, and is also closely related to the equation of
motion in the Partial Linearized Density Matrix (PLDM)
path-integral approach.??!17:118 However, we have to
cautious to draw any further connections between the

correlation function OX\Q (t) in Eq. 114 and those in FBTS
and PLDM, as the latter two approaches use the co-
herent state representation for the mapping DOFs in-
stead 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. In addition, the recently proposed
two-oscillator mapping of PBME!!? also adapts the same
Liouvillian Lpy,, even though the two copies of the map-
ping variables are introduced through the mapping rela-
tion of the electronic states.

XVI. APPENDIX E: NUMERICAL TEST OF THE
NON-ADIABATIC RPMD

Finally, we provide preliminary numerical tests one the
non-adiabatic RPMD correlation function in Eq. 86. To
numerically compute it with a trajectory based approach,
we rewrite it as follows

CNRP(t) = O”;RiM d’P/dQ/dq/dp (177)

I'(Q,q,p)|-e ¢FrrB(Q),

F

I
where the initial distribution |I'(Q, q, p)| .e~BHY"(P.Q) jg
sampled by Monte-Carlo (based on a simple metropolis
algorithm), the dynamics is propagated by LRy through
a simple numerical integrator,®® and each trajectory is
weighted by a complex phase % However, we can fur-
ther take advantage of the pure real estimators for A and

B, as well as the Liouvillian Lg\g, to rewrite Eq. 86 as

:a];ZRgM/d'P/dQ/dq/dp

xsgn(Rel) - [Rel(Q, q,p)| - e PN PR 4(Q) - e

CNRP(

£y

'B(Q),
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where sgn(Rel") is the sign (plus or minus) of the real
part of I'.  The above expression is based on the fact
that Cz[gg] (t) is pure real and the ImI" part is completely
separated from the Rel’, and does not contribute to the
value of the ng\g(t). (Note that the ensemble average of
ImTI is 0, but ImI" for individual trajectory is not).

We adapt a commonly used model system that
contains one nuclear coordinate and two electronic

states®457
- p? 1 - e+ck A
H=—+-Muw’R? R 1
oM 2 Wi A —e—cR|’ (179)

where A is the electronic coupling, ¢ is the vibronic cou-
pling, and 2¢ is the energy bias between the two dia-
batic states. We choose a reduced unit system such that
M =h=1and w =8 =c=1. We choose N =8
beads for model I, and N = 6 beads for model II-IV.
A total of 10° trajectories are used for tight numerical
convergence, even though only 103 trajectories are good
enough to provide the basic trend.

Table I presents the parameters for all of the model
systems used in this paper. In particular, Model I is in
the adiabatic regime, where A > 87! Model II and III
are in the non-adiabatic regime, where A < 871; Model
IV is in the intermediate regime, where A ~ 87!, Model
IIT is an asymmetric case with finite diabatic energy bias
2¢, and the rest of the model systems are symmetric cases
with e=0.

I II I1I v
€ 0 0 1.5 0
A 10 0.10 0.10 1

TABLE I. Parameters (in a.u.) for model systems I-IV .

Fig. 1 presents the nuclear position auto-correlation
function computed from NRPMD (black) and the nu-
merical exact method (red) for Models I-IV. Model I in
Fig. 1a is in the adiabatic regime. In this case, NRPMD
goes back to the standard RPMD, and agrees with the ex-
act result due to the near Harmonic adiabatic potential.
Model IT in Fig. 1b 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 reasonably well compared to exact DVR
calculations at the longer time. Models III corresponds
to the asymmetric non-adiabatic regime (Fig. lc) with
diabatic energy bias 2¢ and model IV is in the intermedi-
ate regime. In this regime, NRPMD behaves reasonably
well.

We find that the numerical results obtained with the
current NRPMD formalism (for the current model sys-
tems) are not significantly different than those obtained

Crr(t)

Crr(t)

15 20

10
t (a.u)

FIG. 1. The Kubo-transformed nuclear position auto-
correlation function for model I-IV obtained from NRPMD
(black solid), MV-RPMD (blue dashed) and numerical exact
results (red dots). Results for Model I (symmetric, adiabatic)
are in panel (a), Model II (symmetric, non-adiabatic) are in
panel (b), Model III (asymmetric, non-adiabatic) are in panel
(c), and Model IV (symmetric, intermediate) are in panel (d).

from the original NRPMD,?* due to the same Liouvil-
lian used in both formalisms. On the other hand, the
correlation function obtained from MV-RPMD?®7 starts
to oscillate with a different frequency (see Fig 1b) com-
pared to the quantum result at a longer time, especially
for model II and III, even though it uses the same ini-
tial QBD for NRPMD. This might happen because of the
inter-bead couplings for mapping DOF in the Liouvillian
(Eq. 92), which starts to contaminate the physical fre-
quency of the system. The same behavior has also been
found for population related quantities.?” On the other
hand, MV-RPMD does preserve QBD for any arbitrary
number of beads N, whereas for a finite number of N,
NRPMD does not preserve QBD.54:55:95
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