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A unified thermostat scheme for efficient configurational sampling
for classical/quantum canonical ensembles via molecular dynamics
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Beijing National Laboratory for Molecular Sciences, Institute of Theoretical and Computational Chemistry,
College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China
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We show a unified second-order scheme for constructing simple, robust, and accurate algorithms for
typical thermostats for configurational sampling for the canonical ensemble. When Langevin dynam-
ics is used, the scheme leads to the BAOAB algorithm that has been recently investigated. We show
that the scheme is also useful for other types of thermostats, such as the Andersen thermostat and
Nosé-Hoover chain, regardless of whether the thermostat is deterministic or stochastic. In addition
to analytical analysis, two 1-dimensional models and three typical real molecular systems that range
from the gas phase, clusters, to the condensed phase are used in numerical examples for demon-
stration. Accuracy may be increased by an order of magnitude for estimating coordinate-dependent
properties in molecular dynamics (when the same time interval is used), irrespective of which type of
thermostat is applied. The scheme is especially useful for path integral molecular dynamics because
it consistently improves the efficiency for evaluating all thermodynamic properties for any type of
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thermostat. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991621]

. INTRODUCTION

Since the pioneering work of Fermi, Pasta, and Ulam
in 1955,! molecular dynamics (MD) has presented a use-
ful tool for investigating and predicting properties of a wide
variety of real systems in physics, chemistry, biology, materi-
als, environmental science, etc.>? Various thermostat meth-
ods*2* have been developed for constant temperature MD
simulations. Many cases of them deal with the canonical
ensemble where the number of particles (N), the volume (V),
and the temperature (7') are constant. Some prevailing ther-
mostats include the Andersen thermostat,” Langevin dynam-
ics H8:10,15,17,19-2224-26 Nosé-Hoover chain (NHC),0%12-14.27
etc. The Andersen thermostat’ mixes Newtonian dynamics of
the particles (of the system) with stochastic collisions with
a fictitious heat bath. When a particle is chosen to undergo
a collision, its momentum is reselected from the Maxwell-
Boltzmann distribution corresponding to the desired temper-
ature 7. Langevin dynamics offers another type of stochastic
thermostat, which is a combination of damping and random
perturbation based on Brownian dynamics.*810:15.17,19-22,24-26
For comparison, the NHC thermostat is deterministic and time-
reversible. NHC was developed by Martyna, Tuckerman, and
co-workers!>"14?7 from the original work by Nosé® and that
by Hoover.” It couples the equations of motion of the parti-
cles with additional, artificial coordinates and momenta in an
extended system approach.

The time interval (time stepsize) controls both the accu-
racy and efficiency of a MD simulation. While a too small
time interval reduces the sampling efficiency in the full phase
space, a too large one lowers the accuracy or even breaks down
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the propagation of the trajectory. The time interval depends
on both the system of interest and the integrator/algorithm
employed in the MD simulation. It is then both appealing
and challenging to develop integrators/algorithms that use
larger time intervals to improve the sampling efficiency while
maintaining the accuracy.

Most practical thermostat algorithms employ second-
order schemes because of its simplicity and efficiency. Higher
order schemes that factorize the time interval such as the
Suzuki-Yoshida decomposition framework?®=3! may in prin-
ciple improve the performance but more force calculations
are required. In addition, the Suzuki-Yoshida decomposition
framework does not perform better than second order schemes
when the time interval is large. Other higher-order factor-
izations such as the Suzuki-Chin factorizations’>¢ require
second-order derivatives or even higher order derivatives of
the potential energy surface. Unless the potential energy sur-
face or the force field is of some specific forms, it is often much
more demanding to obtain its second-order or even higher
order derivatives, regardless of whether analytical forms or
finite difference techniques are employed (for computing these
derivatives). So higher order schemes do not offer more eco-
nomic algorithms for general molecular systems. In the paper,
we focus on second-order schemes.

Because all structural properties and most thermodynamic
observables only depend on coordinate variables, it is often
more important to obtain an accurate sampling in the coordi-
nate space rather than in the momentum space. When MD is
used to perform the imaginary time path integral sampling in
the so-called path integral molecular dynamics (PIMD)>7-38 for
quantum canonical ensembles, since all thermodynamic prop-
erties depend only on the coordinates of the path integral beads,
it is crucial to faithfully sample the configurational distribu-
tion (of the path integral beads).?* Leimkuhler and Matthews

Published by AIP Publishing.
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have recently proposed an efficient MD algorithm (“BAOAB”)
for sampling the coordinate space with Langevin dynam-
ics for the canonical ensemble.?%22 More recently, we have
employed BAOAB to develop a simple and accurate algorithm
for accomplishing PIMD with the Langevin thermostat.?*
The purpose of this paper is to present a unified scheme
that leads to the BAOAB algorithm when Langevin dynam-
ics is used and that may also be applied to other thermostats
for efficient configurational sampling for the canonical ensem-
ble. Section II first briefly reviews several typical thermostats
such as the Andersen thermostat, Langevin dynamics, and
NHC. Section III presents three second-order schemes for the
thermostats. Section IV then shows the error analysis for the
thermostat algorithms in the harmonic limit and that for a gen-
eral system. Numerical examples are demonstrated in Sec. V,
where thermodynamic properties such as the average potential
energy and the average kinetic energy are computed as a func-
tion of the time interval.>* Conclusions and outlook follow in
Sec. VL.

Il. THREE TYPICAL THERMOSTATS
FOR MOLECULAR DYNAMICS

Assume the (time-independent) Hamiltonian of the sys-
tem H to be of a standard Cartesian form

H=p'M'p[2+U(x), 1)

where M is the diagonal “mass matrix” with elements {mj},
and p and x are the momentum and coordinate vectors, respec-
tively. N is the number of particles and 3N is the total number
of degrees of freedom. T is the temperature of the system.
(B=1/kgT with kg as the Boltzmann constant.) Below we
discuss three typical thermostats often used in MD simulations.

A. Langevin dynamics

Langevin dynamics®3:10-15:17.20-22.24-26 jq 5 type of ther-

mostat that employs stochastic dynamics to achieve the desired
temperature of the MD simulation. Equations of motion in
Langevin dynamics are

M~! P

X
N _BU(X) _ 2_7’ 125 . 2
(p) ox 7p+\/ﬁ M4 (1)

Here 1) (¢) is a vector. Its element ﬁ(.i) (#) is an independent
Gaussian-distributed random number with zero mean and unit
variance [(7 (1)) =0and (i7" (1) 73, ())) =6 (¢ — )], which
is different fjor each of three degrees of freedom (i.e., x, y, or z)
in the 3-dimensional space (i = 1, 2, 3), each particle (j = I,_N),
and each time step. The Langevin friction coefficient vy is the
same for all degrees of freedom (i =m) (Here we con-
sider y as a constant for simplicity. The friction is in general a
matrix.)

Equation (2) is often divided into three parts

x\ (Mlp 0 0
(3= ) | b ) g i)
S—— - 7

20,22,24-26,40

ox
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,/%7, and each of the three parts may be

solved “exactly.” The first part of the right-hand side
(RHS) of Eq. (3) for a time interval Ar is updating the
coordinate

with o =

X — X+ M !pAr. 4)
While the 2nd part of the RHS of Eq. (3) leads to
ou
—p- U@y, )

the solution to the third part [i.e., the Ornstein-Uhlenbeck (OU)

part] is
1 — e~ 2vt
pee?pt, /—eﬁ M/, ©6)

Here 1j is the independent Gaussian-distributed random num-
ber vector as discussed for Eq. (2).

The phase space propagators for the three parts are then
eLxB | LpAtand LT respectively. That is, the relevant
Kolmogorov operators are

Lop=—pM12P. %)
ox
au\ ap
ar=(5) & ©
9 10 dp
= . — 2 (ymZE).
Ltp ap (ypp) + 3 9p (7 ap) 9)

It is trivial to verify that the Boltzmann distribution in the
physical phase space

PBoltzmann (X9 P) = ZLN eXp [_ﬁ (pTM_lp/2 +U (X))] (10)

is a stationary state solution to the Fokker-Planck or forward
Kolmogorov equation
op

P _ro=0 11
Fr Lp=0, (11)

with the full Kolmogorov operator £ = L, + £, + Lr. That is,
Langevin dynamics is able to sample the canonical ensemble
(provided that it is ergodic).

B. Andersen thermostat

The Andersen thermostat’ is a type of thermostat that
uses stochastic coupling to impose the desired temperature
in the MD simulation. In the Andersen thermostat, each par-
ticle of the system stochastically collides with a fictitious
heat bath, and once the collision occurs, the momentum of
this particle is chosen afresh from the Maxwell-Boltzmann
momentum distribution. Times between collisions with the
heat bath are selected from a Poisson distribution, i.e., the
probability distribution is P(¢;v)=ve™’, where the colli-
sion frequency v specifies the coupling strength between
the particle and the heat bath. Between stochastic colli-
sions, the propagation of the MD trajectory is at constant
energy according to the Hamilton equations of motion or the
Newtonian laws of motion. Below we revisit the Andersen
thermostat.
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The collision step in the algorithm is often described as
follows:

Randomly select a number of particles to undergo a
collision with the heat bath. The probability that a particle
is selected in the time interval Az is vA¢ (more accurately,

|

- f 1
p¥ EM;/zﬁj, if p; < vAt (or more precisely pj < 1 - ef"At) (j = l,N).

Here pY” is the 3-dimensional momentum vector and M; is the
3 x 3 diagonal mass matrix for particle j. y; is a uniformly dis-
tributed random number in the range (0,1), which is different
for each particle (j = I,_N), and each time when Eq. (12) is

invoked. 0; is a 3-dimensional vector. Its element g (¢) is an
independent Gaussian-distributed random number with zero
mean and unit variance, which is different for each of three
degrees of freedom (i.e., x, y, or z) in the 3-dimensional space
(i=1, 2, 3), each particle (j = I,_N), and each invocation of
Eq. (12).

Use €727 to represent the phase space propagator for
the thermostat step at a time interval Af. Propagation of the
density distribution in the phase space p = p (x, p) for the col-
lision process can be characterized by the forward Kolmogorov
equation

ap

i Lrp=v [pMB (p)/ p(x,p)dp - p(x,p)] . (13)

Here pvp (p) is the Maxwell (or Maxwell-Boltzmann)
momentum distribution

3N/2 B
oms (p) = (5) M|~/ exp [—EpTM“p} . (14

Using Egs. (7), (8), and (13), one finds that the full Kolmogorov
operator £ = Lx+Lp+Lr for the Andersen thermostat satisfies

Lp=v

oM (P) / pX,p)dp - p(x, p)]

ap (oU\" ap
Taa-1
-pM —+|—] —. 15
P 0x (6)() 0x (15)
|
. Pi
X = —
mi
. aU pngn
b ox; O
y2Z0)
(i) ;
= 0;
2 ) Z0)
. P; T
n=— —kgT — —
) pn(l) mi b (0))
qu 0
. li-1 /j+1
p o =———kgT —
T Qi Qi1
2
pn(”
oo — MNHC-!
UMNHC QMNHC_I

— kgT
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1 — 772", If particle j is selected, its momentum is reselected
from a Maxwell momentum distribution at the desired temper-
ature T, while all other particles are unaffected by this collision.

Note that the explicit form for the collision step at a time
interval At can be expressed as

12)

(

It is straightforward to show that the Boltzmann distribution in
the physical phase space [Eq. (10)] is a stationary state solution
to the Fokker-Planck or forward Kolmogorov equation Eq. (11)
with the full Kolmogorov operator given by Eq. (15). That
is, the Andersen thermostat is able to generate the canonical
ensemble (if ergodicity is guaranteed), a well-known statement
from Refs. 3, 5, and 41.
Integration over time in Eq. (13) leads to

e“rp= (1-e™™) pus (p) / p(x,p)dp+e™" p(x,p).
(16)
Itis much more convenient to use Eq. (13) or Eq. (16) to present

the analytical analysis for the Andersen thermostat. Note that
when vAt is small, an approximation of Eq. (16) produces

"™ p = At pyig (P) / p(x,p)dp+ (1 —vAr) p(x,p),
a7

which corresponds to the conventional description for the
collision step in the Andersen thermostat.>>

C. Nosé-Hoover chain

Nosé-Hoover chain (NHC)®% 1271427 is a type of thermo-
stat that performs deterministic MD in an extended-system
approach to control the temperature in the simulation.

The equations of motion of NHC?’ read

(18)
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where Mygc pairs of additional variables {77(.'), p m}

(j = I,MNHC) in the so-called “Nosé-Hoover chain” are cou-

pled to each physical degree of freedom (i =1,3N >, and
the parameters Q1, . . ., Quyye are called the NHC thermostat
masses.'>!* An optimal choice for the NHC thermostat masses

suggested by Martyna, Tuckerman, and co-workers'>!# is

0 = kT e (7 =T, Mnnc) ., (19)

where Tnyc is the characteristic time of the system. It is
claimed in Ref. 12 that the choice of Tygc in NHC is much
less critical than that in the Nosé~Hoover method (i.e., Mnnc
=1 in NHC).

For the equations of motion in Eq. (18), the conserved
quantity is

3N MnHC P <z)

’_—pTM PHU®+ Y Y 2Q

i=1 j=1

+ kg Tr](’) (20)

Equation (20) is the Hamiltonian for an extended system. That
is, the real system is extended by addition of artificial degrees
of freedom. Note that Eq. (18) cannot be derived from the
Hamilton equations of motion from Eq. (20). Instead, Eq. (18)
is a kind of non-Hamiltonian dynamics, in which the phase
space volume of the extend-system is not preserved during
the propagation. The evolution of the phase space volume
satisfies

9 (X;, Po My pq,t)
dx.dp,dn,dp,, = dxodpodnydpy o

0 (Xo,Po’ 1flo’l)q,o)

! 0
= exp [ e X+ (9_p -p
3N Mnuc an(’) (9p77§i)
+  |at
X dxodpodnodpn,o. (21)

Here n= {n](l) L]’: 1, Mnuc,i= 1,3N} and p,= {pnj@ li

=1, Myuc,i = 1,3N}. Substituting Eq. (18) into Eq. (21)
leads to

3N MnHC

3N Mnuc
Z Z n(’)(t)+Z Z n(’)(O)},

(22)

3 (X6 P s Py)
3 (X0, Pos Mo» Py, 0)

or equivalently,

3N MnHC

IO

i=1 j=1

3N Myuc
= exp [Z > o

i=1 j=1

exp erdPtd"lthq,r

dxodpydnodpyo-  (23)

That is, the weighted phase space volume is conserved. The
microcanonical partition function can then be constructed by

J. Chem. Phys. 147, 034109 (2017)

using the weighted phase space volume [Eq. (23)] and the
conserved quantity [Eq. (20)], which produces

3N Mnnc 0 1
dxdpdnd ! M
/XpﬂpleP;;TI (21) p
3N MnuC p (:) ®
kgTn” | - 24
+U(X)+,-_le_zl 2Q + n; Cl, 24)
with C, a constant. Integration over 1 in Eq. (24) reaches
P I 70
Z = I@TVSNW /dxdpdp,I exp [—ﬁ (Ep M 'p
3N Mxnc pf_(i)
+U(x)+ — i, (25)
P

i=1 j=1

where V;, represents the volume of the 1-dimensional space for

each nj(.i) (j =1,Myuc,i =1,3N ) Integration over py further
leads to

c Mnc 3N/2
@B 2r QJ'
Z= 3NMypc—1 | |
kBTVq NHC j=1 B

X /dxdp exp [—,8 (%pTM_lp + U(X))], (26)

which is the product of the canonical partition function (of
the physical phase space) and a constant factor. That is, the
NHC thermostat in principle produces the exact canonical dis-
tribution for the system (provided that it is ergodic), as shown
in Ref. 42. Note that the auxiliary variables n are redundant
for the dynamics in NHC [i.e., Eq. (18)]. They are used in
the equations of motion only for monitoring the conserved
quantity, Eq. (20). The framework in Eq. (18) is known as
the “massive” thermostat,”’*> which is employed throughout
this paper. Similarly, one can couple a Nosé-Hoover chain to
each particle (the “local” thermostat) or couple it to the whole

system (the “global” thermostat).?’

lll. THREE TYPICAL THERMOSTAT SCHEMES

Numerical MD integrators for a time interval Af are
often consisted of a step for updating the coordinate
X(t+At) «x(@)+ M_lp () At, that for updating the momen-
tum p(t+At) « p(t) — U’ (x(¢)) At, and that for the ther-
mostat process that controls the temperature. Use exAt Lpht
and e£7™ to represent the phase space propagators for the
three steps, respectively. Here Ly, £, and Lr are the relevant

Kolmogorov operators For instance, Lxp = —pTM_lap and

Lpp = (%g ) 9 , where p is a density distribution in the phase
space.

Efficient thermostat MD integrators for a time interval Az
were often suggested to be of the form

LAt L£57e Ap

e ~e — eETAt/ZeﬁpAt/ZeﬁxAteﬁpAt/ZeLTArﬂ' (27)

That is, the thermostat step is applied for half an interval Az/2
before and after a whole step of the velocity Verlet algorithm
for constant energy MD is implemented. As the thermostat
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process is arranged at both the beginning and end of each
time interval, we note it as the “side” scheme. Such as the
NHC algorithm proposed by Martyna, Tuckerman, and co-
workers!>142744 and the Langevin dynamics algorithm pro-
posed by Bussi and Parrinello® fall into the category. The path
integral Langevin equation (PILE) thermostat recently devel-
oped by Ceriotti et al.?® also employed Langevin dynamics
in the “side” scheme for sampling the canonical distribu-
tion for PIMD. The numerical examples presented by Ceriotti
et al.’® demonstrate that in terms of sampling efficiency
PILE is comparable to the NHC algorithm of Tuckerman
et al.”’*>6 for PIMD. That is, Langevin dynamics is compa-
rable to NHC for sampling the quantum canonical ensemble
via PIMD when the “side” scheme is employed. For conve-
nience, when the “side” scheme is employed in the Andersen
thermostat, Langevin dynamics, and NHC, we denote the algo-
rithms “side-Andersen,” “side-Langevin,” and “side-NHC,”
respectively.

Close to the “side” scheme, another scheme was used even
earlier

End -
LAt ~ eﬁ Ar _ eﬁ,AteEpAt/ZeL‘XAteﬁpAtﬂ. (28)

e

That is, the thermostat process is applied after a whole step of
the velocity Verlet algorithm is implemented. As the thermo-
stat procedure is only used at the end of each time interval, we
note it as the “end” scheme. For example, the original algo-
rithm for the Andersen thermostat®> in 1980 employed the
“end” scheme. When the “end” scheme is used in the Andersen
thermostat, Langevin dynamics, and NHC, we denote the algo-
rithms “end-Andersen,” “end-Langevin,” and “end-NHC,”
respectively.
When the thermostat MD integrators are of the form

Middle
LAt ~ e[: At e[:],At/2e£xAl/2€ErAlel:xAt/Ze[:,,Af/Z’ (29)

e

i.e., the thermostat is arranged in the middle, we note it as
the “middle” scheme. It also leads to the velocity-Verlet algo-
rithm for constant-energy MD when the thermostat vanishes.
The “middle” scheme [Eq. (29)] has already been proposed
for the Langevin thermostat for MD? and for PIMD.?* It has
already been shown that Langevin dynamics with Eq. (29)
greatly improve the efficiency in sampling the coordinate
space in MD?? and in sampling the configurational distribu-
tion of path integral beads in PIMD.?* It is important to note
that the “middle” scheme may be generalized to other ther-
mostats for either MD or PIMD. When the “middle” scheme
is applied in the Andersen thermostat, Langevin dynam-
ics, and NHC, we denote the algorithms “middle-Andersen,”
“middle-Langevin,” and “middle-NHC,” respectively.

The thermostat algorithms in the three typical schemes
are described in detail in Appendix C.

IV. ERROR ANALYSIS FOR DIFFERENT
THERMOSTAT ALGORITHMS

A. Stationary state distribution for a harmonic
system for a finite time interval

Consider a harmonic system where the potential energy
function is

U = (X Xeq) A (X x0g) /2. (30)

J. Chem. Phys. 147, 034109 (2017)

Equation (8) then becomes

dp

Lyp = (x—xeq)TA%. (31)

n!

Equation (7) and the Taylor expansion e“4 = ¥ L (—pTM‘1
n=0

At%)n lead to a shift operator

e Nf(x) = f(x — M~ pAs). 32)
Similarly, one obtains

e“rg(p) = g (p+A (x - xoy) Ar). (33)
1. Andersen thermostat

Appendix A presents the derivation of the stationary state
distribution for a 1-dimensional harmonic system for a finite
time interval Az. Below we show the multi-dimensional case.

Here we adopt the strategy proposed in Appendix C of
Ref. 24. When the Andersen thermostat is used, the collision
process [Eq. (12) or Eq. (16)] leaves the Maxwell momentum
distribution unchanged, i.e.,

N R

(34)
Consider the density distribution
i 1 1 1 T
Side _ Twnr-1
Y _Z_NeXp[_ﬁ(Ep M p+§(x_xeq)
AP
x (1 —AM‘IT)A (x—xeq))], (35)

where Zy is the normalization constant. Using Eqs. (27) and
(31)—(34), it is straightforward to verify

LN pSide — Side (36)

Thatis, Eq. (35) is the stationary state distribution for the “side”
scheme.

Similarly, while the stationary state distribution for the
“end” scheme for the harmonic system is the same as Eq. (35),
ie.,

1 1 _ 1 T
PP = — exp [—,B (—pTM 'p+ —(x - xeq)

Zy 2 2
AP
X (1-AM™'=0)A (x=xe) |- (37)
that for the “middle” scheme is
: 1 1 Ar?
Middle T -1
= — -Bl=pM-A—
p ZNeXp[ﬁ(zp( 4) p
1 T
+§(x—xeq) A(x—xeq))] ) (38)

where ZN is the normalization constant.

When the time interval At is finite, both the “side” and
“end” schemes produce the exact momentum distribution but
not the exact configurational distribution in the harmonic limit.
For comparison, the “middle” scheme leads to the exact config-
urational distribution but not the exact momentum distribution
for the harmonic system.
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2. Langevin dynamics

When Langevin dynamics is employed as the thermostat,
the OU process [Eq. (6) or Eq. (9)] keeps the Maxwell momen-
tum distribution unchanged.?* That is, Eq. (34) also holds in
Langevin dynamics.?* It is then trivial to show that the Ander-
sen thermostat and Langevin dynamics approach the same
stationary state distribution in the harmonic limit, when the
same scheme is applied. The conclusion holds for any other
thermostats as long as they also keep the Maxwell momentum
distribution unchanged in the thermostat step.

3. Nosé-Hoover chain

We first consider that the exact phase space propagator
e“721 for the NHC thermostat part [Eq. (C17)] was available.
It is then straightforward to verify that the propagator for the
thermostat part [Eq. (C17)] keeps the Maxwell-Boltzmann dis-
tribution for both the physical momentum and the auxiliary
momentum variables unchanged, i.e.,

2
3N Myuc pn@
J

LAt
¢ /N
= 29

1 _
expy—pf EpTM 1p+
i=1

2
3N Mxuc P o)

20,
i=1 j=1 Q0

i=

1 -
= exp{-f|3p' M 'p+ (39)

The stationary state marginal distribution of the variables
(x, P. pn) for the harmonic system obtained by “side-NHC” is

2
3N MNHC p’#“
J

2
x(1—AM™! AT’)A (x — %) +Z Z 30

i=1 j=1
(40)

Here, Z,/ is the normalization constant. Integration over py in
Eq. (40) leads to the stationary state marginal distribution for
the physical phase space variables (x, p), which is the same as
Eq. (35). Similarly, the stationary state marginal distribution
of the physical phase space variables (x, p) for the harmonic
system obtained by “end-NHC” also leads to Eq. (35), while
that produced by “middle-NHC” is the same as Eq. (38).

Although the analytical solution for the exact phase space
propagator e“7* for the NHC thermostat part [Eq. (C17)] is
difficult to obtain, the multiple time scale scheme such as
the reference system propagator algorithm'3 (RESPA) and
a higher-order (than Ar?) factorization such as the Suzuki-
Yoshida decomposition framework?®3? and the optimized
Forest-Ruth-like algorithm*’ can be applied to the NHC ther-
mostat part to achieve effectively accurate numerical results.
Note that the higher-order (than A?) factorization is only used
for the NHC thermostat part, not for the physical degrees
of freedom. The numerical performance of NHC is in prac-
tice similar to that of Langevin dynamics or the Andersen
thermostat.
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B. Comparison between the “side” and “end” schemes
for a general system

‘We compare the accuracy of the “side” scheme [Eq. (27)]
to that of the “end” scheme [Eq. (28)] for a general system.
1. Andersen thermostat

We first consider the Andersen thermostat. Note that
Eq. (16) is an exact solution to Eq. (13), the Fokker-Planck
or forward Kolmogorov equation for the collision process in
the Andersen thermostat. We first prove the equality

eL:TAtp (po,o) — e[,TAt/ze[,TAt/zp (po’o) (41)

Here p(po;0) is an arbitrary probability distribution of pg at
time 0. The Kolmogorov operator L7 for the collision process
is defined in Eq. (13). The left-hand side (LHS) of Eq. (41)
can be expressed as

£ (py: 0) = / dpop (: A [py:0) p (0:0).  (42)

Here p (p; At [py; 0) is the conditional probability distribution
of p at time Ar given py at time 0. Equation (13) leads to

p (p;At[py;0) = e™6 (p — po) + (1 - e_VAI) omB (p), (43)

an exact solution for the Fokker-Planck or forward Kol-
mogorov equation

0
g, 44
5 Lrp (44)

for the collision process in the Andersen thermostat. It is then
trivial to show that

p(p; At [py; 0) = /p(P; At |py; At/2)p(py; At/2[po; 0)dpy,
(45)
which produces Eq. (41). It is then straightforward to verify

that the stationary state distribution of “side-Andersen” and
that of “end-Andersen” have the relation

PENG-ADS (y 1) — pLrAI/2 (Side-ADS (1) (46)

Because the Andersen thermostat does not change the marginal
distribution of x, “end-Andersen” and “side-Andersen” share
the same stationary state marginal distribution of the coordi-
nate

pEnd—ADS (X) — piidC—ADS (X) (47)
Integration over x in Eq. (46) produces

nd-ADS (p) = oLTA2

Pb Pp S (p). 48)

Implementing Eq. (16), one obtains

pI;nd—ADS (p) — evat/ZplS)ide—ADS (p) + (] _ e*VAt/Z) OMB (p)

(49)
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from Eq. (48). Rearranging Eq. (49) leads to

pISnd-ADS (P) - pus (p) = A2 [ pls’ide-ADS P) - Py (p)].

(50)
Taking the absolute value in Eq. (50), one finds
|PE™APS (p) - pe ()] = €22 |05 (p) — pwig (p)|-
(5D

Since the inequality e™//2 < 1 always holds, the sta-

tionary state marginal distribution of the momentum produced
by “end-Andersen” is not less accurate than that obtained by
“side-Andersen.”

Consider the averaged kinetic energy produced by “end-
Andersen”

1) L or o bn
F("MD) s = / S M P A p)dp. (52)

Substituting Eq. (49) into the RHS of Eq. (52) and performing
the integral, we obtain

%(pTM_lp>End»ADS - e_VAt%<pTM_lp>Side—ADS
3N
b (1-e) 35 (53)
or equivalently
|
3N/2
pl;nd-Lang (p) = _ _’Be_ym)] N/
X exp [—ﬁ
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U o 3N
‘§<p M p>End—ADS 28
1 3N
—vAt Tng-1
¢ §<p p)Side—ADS T 28|

(54)

Because the exact value of the averaged kinetic energy is
3N/2, Eq. (54) suggests that the averaged kinetic energy pro-
duced by “end-Andersen” is more accurate than that produced
by “side-Andersen.”

2. Langevin dynamics

Note that Eq. (6) is an exact solution for the OU pro-
cess for a finite time interval At. It is trivial to verify that
Eq. (41) also holds for Langevin dynamics. This suggests that
the stationary state distribution of “side-Andersen” and that of
“end-Andersen” have the relation

pEnd—Lang (x, p) — eETAt/2pSide—Lang (X, p) (55)
Since ¢72/2 in the Langevin thermostat does notr change
the marginal distribution of x, “end-Langevin” and “side-
Langevin” share the same stationary state marginal distribution
of the coordinate

pEnd-Lang (X) — piide—Lang (X) ) (56)
Integration over x in Eq. (55) produces

p]:;nd—Lang (p) — eﬁrAt/zplS)ide—Lang (p) (57)

or equivalently

_ Side-L.
Y (s / dpopp " (po)

(p— e pg) M (p— 7™ 2P0)] : (58)

Itis easy to verify that the difference between the marginal distribution of the momentum in Eq. (58) and the Maxwell momentum

distribution pymp (p) [Eq. (14)] is

End-L B wre Side-L
nd-Lang _ _ -1/2 ide-Lang
Pp (P) — pms (P) = [—271 - e‘“/Af)] (M| /dpo [Pp (Po)
_ A _
— pu (Po)] exp [——2 a _ﬁe_ym) (p—e/py) M! (p— e 21’0)] : (59)

Consider the absolute value | pﬁ

End-Lang _ <
lop" " (B) — e (p)] < [2ﬂ T

- -

where the equality holds if and only if p!s,ide'Lang (p) =

/ |op" " (p) = puis (p)| dp <

X exp [—

2 (1 —evAr)

nd-lang oy — pvs (p)|. Equation (59) leads to the inequality

B W Side-L
e—ym)] |M|_1/2/dpo |;Op1 % (po)

£ YAy (p - e_yAt/ZI’O)TM_l (P - e_ymﬂpo)] , (60)

2(1-e
pms (p). Integration of Eq. (60) over p produces

B 3N/2 oL
m] |M|‘1/2 /dpdpo |/Opl e (Po) — pMB (Po)‘

(p— e pg) M1 (p— e 2P0)] : (61)
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Integration over p in the RHS of Eq. (61) leads to the following
inequality

/ |op" " (p) - pvie (p)| dp
< / |lop " (p) - pws (@)|dp. (62)

where the equality holds if and only if piide'La“g )

= pms (p). That is, the stationary state marginal distribu-
tion of the momentum produced by “end-Langevin” is not
less accurate than that obtained by “side-Langevin.” (Here
we consider the absolute-value norm or the L' norm of
the difference between the Maxwell momentum distribu-
tion and the stationary state marginal distribution of the
momentum.)

Consider the averaged kinetic energy produced by “end-
Langevin”

1 _ 1 _ _
M) [ 3 R e (6

Substituting Eq. (58) into Eq. (63) and performing the integral,
we obtain

A _ —yAtl Tng-1
§<p M p>End-Lang =e §<p M p)Side—Lang
3N
VA L
+ (1 e ) 5 (64)
or equivalently
1/ 70 3N
‘§<p M p>End—Lang_ﬁ
1 3N
_ YAt 2 [ Tag—1 o
=¢ 2<p p)Side—Lang Zﬂ ’ (65)

That is, the averaged kinetic energy produced by “end-
Langevin” is in principle more accurate than that produced
by “side-Langevin.”

In summary, when either the “side” or “end” scheme
is employed, as long as the thermostat process maintains
the Maxwell momentum distribution even when At is finite,
the exact momentum distribution is approached in the har-
monic limit, regardless of the time interval Az (as long as
the matrix 1 — AM™! AT’Z is positive-definite). More interest-
ingly, when such a thermostat process is applied to a general
system, it is proved that both the “side” and “end” schemes
lead to the same configurational distribution, while the “end”
scheme in principle produces a more accurate momentum dis-
tribution than the “side” scheme does. As the “side” scheme
is more symmetrized than the “end” scheme, one would
expect that the former should perform better than the lat-
ter. Our analysis, however, reveals that the “end” scheme is
superior to the “side” scheme in sampling the whole phase
space.

The same conclusions could be drawn for NHC when the
numerical solution for the exact phase space propagator ¢“74!
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for the NHC thermostat part [Eq. (C17)] is effectively accurate.
This is also verified by the numerical examples in Sec. V.

V. NUMERICAL EXAMPLES
A. Classical canonical ensembles via MD
1. Simulation detail

We perform numerical tests for several typical systems.
The two 1-dimensional models are a harmonic potential
U (x) = mw*x%/2 (with the mass m=1 and the frequency
w=1) for the inverse temperature S=38 and a quartic poten-
tial U (x) = x*/4 (with the mass m=1) for B =38. Note that
the second model contains no harmonic term. So it presents a
good example to test numerical behaviors of an algorithm in
the anharmonic region.

Three typical real systems are also investigated. The first
example is the H,O molecule with the accurate potential
energy surface developed by Partridge and Schwenke from
extensive ab initio calculations and experimental data.*® As
the explicit form of the PES is available, that of the force
can be expressed. The MD simulations are performed for T’
= 100 K. The time interval ranges from ~0.24 fs to ~2.66 fs
(10 ~ 110a.u.) or to the value that breaks down the propagation
of the thermostat. After equilibrating the system, 20 trajecto-
ries with each propagated up to ~1.2 ns are used for estimat-
ing the energies. The second molecular system is (Ne);3, a
Lennard-Jones (LJ) cluster. The parameters of the system are
described in Ref. 49. The MD simulations are performed for T
=14 K. The time interval ranges from 1 fs to 80~82 fs. After the
system is equilibrated, 20 trajectories with each propagated up
to ~1 ns are used for estimating the energies. The third exam-
ple is liquid water, a condensed phase system. We employ the
POLI2VS—a flexible, polarizable-type force field for liquid
water developed by Hasegawa and Tanimura.”® MD simula-
tions are carried out at 7 = 298.15 K with the liquid density
p1=0.997 g-cm™ for a system of 216 water molecules in a
box with periodic boundary conditions applied using the min-
imum image convention. After equilibrating the system, 20
MD trajectories with each propagated up to ~100 ps are used
for estimating thermodynamic properties. The time interval
is from 0.1 fs to 1.6 fs or to the value that breaks down the
propagation of the thermostat.

Both the average potential energy and the average kinetic
energy are computed.>® Each of these thermodynamic proper-
ties is plotted as a function of the time interval At. In principle,
as At is small enough, the same converged results should be
obtained for all schemes and for all thermostats.

2. Results and discussions

a. Comparison between the “side” and “end” schemes. We
first compare the performance of the “side” scheme to that of
the “end” scheme, where the Andersen thermostat, Langevin
dynamics, and NHC are employed as the thermostats. We study
classical canonical ensembles via MD. The first three systems
(the harmonic oscillator, the quartic potential, and the H,O
molecule) are employed for demonstration. While the MD
results for the average potential energy are shown in Fig. 1,
those for the average kinetic energy are depicted in Fig. 2.
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FIG. 1. MD results for the average potential energy using different time inter-
vals. (a) The harmonic potential at 8 = 8 [unit: atomic units (a.u.)]. (b) The
quartic potential at 8 = 8 (unit: a.u.). (c) Average potential energy per atom
(U(x))/ (Natomkg) (unit: Kelvin) for HyO at T = 100 K. The unit of the
time interval is a.u. in panels (a) and (b), while that is femtosecond (fs) in
panel (c). Statistical error bars are included. The interval is increased until the
propagation of the thermostat fails.
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FIG. 2. As in Fig. 1, but for MD results for the average kinetic energy
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The MD results in Figs. 1 and 2 are consistent with our ana-
Iytical analysis for the “side” and “end” schemes in Sec. IV.
For the harmonic system, both the “side” and “end” schemes
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produce the same results for either the kinetic or poten-
tial energy. For general systems, the “end” scheme leads
to more accurate results for the kinetic energy than the
“side” scheme does, while both schemes produce the
same results for the potential energy, irrespective of which
type of thermostat is employed. The numerical results in
Figs. 1 and 2 agree well with our analysis presented in
Sec. IV.

Because the “side” and “end” schemes in principle gen-
erate the same configurational distribution, below we only
compare the “side” and “middle” schemes.

b. Comparison between the “side” and “middle” schemes.
We first study the two 1-dimensional models. Figure 3(a) com-
pares the algorithms for the 1-dimensional harmonic poten-
tial. In agreement with our previous analysis in the harmonic
limit, the “middle” scheme produces an accurate average
potential energy value that is insensitive to the time inter-
val At, while the “side” scheme does progressively worse
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FIG. 3. MD results for the average potential energy using different time inter-
vals. (a) The harmonic potential at 8 = 8. (b) The quartic potential at 8 = 8.
Atom units (a.u.) are used. Statistical error bars are included. The time interval
is increased until the propagation of the thermostat fails.
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as Ar increases. Figure 3(b) then depicts the results for
the 1-dimensional quartic potential. It also shows that the
“middle” scheme is more accurate and more robust than
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the “side” one, regardless of which type of thermostat is
employed.

We then investigate the three typical molecular systems.
The first system is the H,O molecule. Figure 4(a) shows that
all algorithms approach the same results as the time interval
is decreased. This agrees with the fact that the algorithms are
in principle equivalent as the time interval approaches zero.
The fully converged result is obtained at Ar = 0.24 fs. As
the time interval increases, the deviation from the converged
result for the “side” scheme is about an order of magnitude
(or more) larger than that for the “middle” scheme, regardless
of which type of thermostat is used. The absolute deviation
of the average potential energy per atom (U (X))/(Naomks)
for the “middle” scheme is less than ~0.05 K at Ar = 0.48 fs
and less than 0.27 K at Ar = 2.18 fs. For comparison, the
same property for the “side” scheme increases from ~0.9 K
at At = 0.48 fs to more than ~63 K at At = 2.18 fs. The
three types of thermostats produce similar results in either
scheme.

The second molecular system is the cluster (Ne)s.
Figure 4(b) depicts performances of different integrators for
simulating (Ne);3. All the integrators approach to one another
as the time interval decreases. While the absolute deviation
of the average potential energy per atom (U (X))/(NaomkB)
from the converged result for the “middle” scheme is ~0.04 K
at Ar=30 fs and ~0.14 K at Ar=70 fs, that for the
“side” scheme is ~0.18 K at Ar=30 fs and ~1 K at
At =70 fs.

The third example is liquid water. As presented in
Fig. 4(c), all integrators lead to the same converged result
(within the statistical error) when the time interval Ar < 0.2 fs.
The “middle” scheme is more robust than the “side” one.
While the “side” scheme fails when the time interval At is
greater than ~1.46 fs, the “middle” scheme still performs well
until ~1.6 fs. The absolute deviation of the average poten-
tial energy per atom (U (X))/(Nayomkp) produced by the “side”
scheme is as large as ~34 K at the time interval At = 1.4 fs.
For comparison, the same property calculated by the “mid-
dle” scheme is ~2 K at Ar = 1.4 fs and less than ~2.7 K at
At ~ 1.6 fs.

While Figs. 3 and 4 of the paper demonstrate the MD
results for the average potential energy for the five systems,
Figs. 5 and 6 show the MD results for the average kinetic
energy for the same systems. While the “middle” scheme
is superior to the “side” scheme in sampling the coordinate
space, the momentum distribution produced by the “mid-
dle” scheme is less accurate than that obtained by the “side”
scheme.

The results in Figs. 1-6 suggest that the “end” scheme is
the best of the three ones for sampling the momentum space,
while the “middle” scheme demonstrates the best performance
for sampling the coordinate space.

B. Quantum canonical ensembles via PIMD

As discussed in Appendix D, all thermodynamic prop-
erties depend on the configurational sampling of the path
integral beads in the PIMD simulations. Because the
“side” and “end” schemes in principle generate the same
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configurational distribution, both schemes in principle pro-
duce the same results for any thermodynamic properties for
quantum canonical ensembles. So we only compare the “side”
and “middle” schemes.

We apply the two schemes to PIMD simulations for study-
ing the (quantum) canonical ensemble for liquid water at the
state point 7 = 298.15 K and p; = 0.997 g cm™>. The same
force field (POLI2VS) is used.”® P = 48 path integral beads
are employed for simulating 216 water molecules in a box
with periodic boundary conditions applied using the mini-
mum image convention. After the system approaches equilib-
rium, 8 PIMD trajectories with each propagated up to ~50 ps
are used to evaluating thermodynamic properties. The time
interval for PIMD ranges from 0.1 fs to 0.75 fs or to the
value that breaks down the propagation of the thermostat.
The staging transformation*#6! of path integral beads is
employed.
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As presented in Fig. 7(a), all algorithms (in the two
schemes) lead to nearly the same result for the primitive esti-
mator for the average kinetic energy per atom at the time
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FIG. 7. PIMD results using different time intervals for liquid water at 7 =
298.15 K. (a) The average kinetic energy per atom (pTM"1p> / (2NatomkB)
(unit: Kelvin). The primitive estimator is used. (b) Absolute difference
between the primitive and virial estimators (unit: Kelvin). (c) The averaged
potential energy per atom (U(X)) / (Natomkg) (unit: Kelvin). Statistical error
bars are included.
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interval Ar = 0.1 fs. As suggested in Ref. 24, the difference
AE\i, between the result of the primitive estimator and that of
the virial estimator®” is a reasonable quantity for measuring
the behavior of the PIMD integrator. Figure 7(b) shows that
the difference AEyi, is close to zero at Ar = 0.1 fs. While the
difference AEy;, for the “middle” scheme is less than 0.8 K
at Ar = 0.2 fs and less than 1.4 K at Ar = 0.6 fs, that for
the “side” scheme is already larger than 19 K at Az = 0.2 fs
and around ~180 K at Ar = 0.6 fs. Figure 7(c) demonstrates
that the average potential energy per atom obtained by the
“middle” scheme agrees well with that produced by the “side”
scheme within the statistical error bar at the time interval At
= 0.1 fs, regardless of which thermostat is used. While the
absolute deviation (from the converged result at Ar = 0.1 fs)
for the “middle” scheme is less than ~3 K at Az = 0.6 fs, that for
the “side” scheme is already greater than 37 K at Ar = 0.6 fs.
Comparing to the “side” scheme, the “middle” scheme reduces
the error by about an order of magnitude for the same time
interval.

VI. CONCLUSION REMARKS

As demonstrated in Figs. 1-7 for the numerical tests in the
two 1-dimensional models and three typical real molecular
systems that range from the gas phase, clusters, to the con-
densed phase, different thermostats show similar numerical
performance behaviors in evaluating thermodynamic proper-
ties when the same scheme is applied. The three typical ther-
mostats (the Andersen thermostat, Langevin dynamics, and
NHC) are comparable to one another when the same scheme
is employed. The conclusion may be generalized to other types
of thermostats for the canonical ensemble.

It is then often a matter of taste or of convenience to
choose a type of thermostat in a simulation. While the Ander-
sen thermostat and Langevin dynamics are stochastic, NHC is
deterministic and time-reversible. Although all algorithms in
principle lead to the same converged results as the time interval
At approaches zero, the scheme of choice is particularly impor-
tant in terms of accuracy as a function of the (finite) time inter-
val. The average kinetic energy (per degree of freedom) is often
used for estimating how well the temperature is controlled by
the thermostat algorithm, i.e., <pTM’1p>/3NkB =T. In this
regard, the “side” or “end” scheme seems to perform well in
controlling the temperature in the simulation. This is perhaps
why the “side” or “end” scheme has earlier been implemented
in many different thermostat algorithms. While the “middle”
scheme appears to do worse in controlling the temperature in
the simulation, it actually performs better for configurational
sampling for the canonical ensemble—it increases the time
interval of the propagation from a factor of 4~5 to an order
of magnitude for achieving the same accuracy. Because most
thermodynamic properties depend on configurational sam-
pling in MD simulations and all thermodynamic properties
do so in PIMD simulations, the “middle” scheme [Eq. (29)]
offers a simple, robust, efficient, and accurate approach for
a thermostat, regardless of whether it is stochastic or deter-
ministic. That is, the original work on Langevin dynamics for
MD?° and that for PIMD?* may be generalized to other types of
thermostats.
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In summary, we suggest that the “middle” scheme should
be considered for use in MD and PIMD simulations for canon-
ical ensembles (and even more generally, isothermal-isobaric
ensembles, grand canonical ensembles, etc.), regardless of
which type of thermostat is preferred to implement. Since it is
straightforward to integrate the code for the “middle” scheme
for any typical thermostats in simulation packages, we expect
that the results that we present in the paper will encourage
others to use the “middle” scheme as well as to study systems
of their interest.

Finally, we note that in the paper we have not used
any multiple time scale techniques for physical degrees
of freedom. Multiple time scale techniques may certainly
be employed for the physical degrees of freedom in all
the schemes when they improve the efficiency while not
losing much accuracy. The “middle” scheme is still expected
to perform better than other schemes for configurational
sampling. [For instance, it has already been demonstrated
when RESPA!? is used for Eq. (D23) for PIMD.?*] We
also note that some more sophisticated thermostats with
isokinetic constraints [e.g., the isokinetic Nosé-Hoover
RESPA (INR) method,’*>* Nosé-Hoover-Langevin (NHL)
method,> stochastic-isokinetic Nosé-Hoover RESPA (SIN(R))
method>®] have been recently developed, especially with the
multiple time scale technique such as RESPA!3 for physi-
cal degrees of freedom of systems that have different time
scales. We also note that in the paper we have not used
the SHAKE>"/RATTLE>® algorithms for systems with con-
straints for bond lengths or angles, for which additional care
should be taken care of (e.g., see Ref. 59). It will certainly
be interesting to investigate the “middle” scheme and other
ones with holonomic and/or isokinetic constraints in future
work. %

SUPPLEMENTARY MATERIAL

See supplementary material for more discussion on
Appendix A and on optimal thermostat parameters. Please see
Secs. S1 and S2.
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APPENDIX A: STATIONARY STATE DISTRIBUTION
OF THE ANDERSEN THERMOSTAT FOR A FINITE
TIME INTERVAL

Consider a 1-dimensional harmonic system where
Eq. (30) becomes
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2
Ux) = A(x = xeq) /2. (A1)

When the time interval At is finite, the full Kolmogorov opera-
tor for the Andersen thermostat is broken down into three parts
L=Ly,+ L+ Ly with

dp
Lop=A(x—xp) =, A2
pP (x xq) ) (A2)
Lop=-22, (A3)
m 0x
and
Lrp=v [PMB ) / pdp - p] . (A4)

Use the “middle” scheme [Eq. (29)] as the example.
Define the following densities

pno @.p) = (£4) " po (x.p)
Pt (x,p) = 22 p, 6 (x, p)
Pn2 (x,p) = 522 p, 4 (x, p) (AS)
Pn3 (x.p) = €N py s (x, p)
Pna (x,p) = 522 p, 5 (x,p),
which leads to
P10 (6, p) = €742 p, 4 (x,p). (A6)
We introduce the notation
(O = /pn,i x,p)O(x,p)dxdp,i=0,...,4, (A7)

where O(x, p) is a physical property of interest. For example,
the mean coordinate displacement and the mean momentum
can be expressed as

g}i-li-)l ,0 = ( <x szeq >n+l,0 ) =

>n+1,0

/ P10 (5, p) (x = Xeg ) dxdp
/ Pn+1,0 (x,p) p dxdp
(A8)

Substituting Eq. (A6) into Eq. (A8) and then performing the
integral lead to

<x - xeq> 4
D= Aty =AP). (a9
<p>n 4 A7<x - xeq>"’4
with
A = : At ° . (A10)
1 -A— 1
2
Similarly, one could obtain
é'(l) A(l) (( 1)
é«(l) A(l) {(l)
(A11)

1 1 1
l l 1

°n,l
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with
(A12)

(A13)

Define A; = A{PALVAVAVA!Y. Egs. (A9) and (A11) then
lead to

Lo = Aidyo (A14)
or equivalently
4,0 = Aldg- (A15)

Because the spectral radius of matrix A is less than 1 (see the

supplementary material), we have
{r(llg — 0 as n— co. (A16)

Analogously, the evolution of the second-order moment
vector

@ _ 2 a )
Eno = (<(x —Xeq) >n,0’<(x —Xeq)p>n,0,<p >n,0) (A17)

satisfies
gr(j—)l 0= A(Z){(Z)
{(2) (2) é«(2)
{2 =AY + b, (A18)
4’1(122) A(2) 4(2)
2 _ (2) ()
§nl é/n 0°
where
10 0 | A A2
A m 4m?
@ _| -A— 1 O @ _
A= 2 . Ay = At |
PRy D Al9
4 00 1 (AI9)
1 0 0
T
AP =0 0 |, b2=(0,0,%(1—e“’m)) :
O 0 e—VAt
Define A, = APAPAPAPAP and by = APAPDb, so that
we obtain
(g = a3 . (x20
Rearranging Eq. (A20) leads to
~ ~ -1~
o (1-5) B =R [ (1-2) TR:] . a2
or equivalently,
8- (- A2) b, = A} [4(2) (1- Az) ] (A22)
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It is easy to verify that the spectral radius of matrix A, is

less than 1 (see the supplementary material), so we may show
- \-le

(r(l’zg - (I - Az) by as n — oo. Using Eq. (A19), we obtain

the explicit expression
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stationary state distribution. Higher-order moments are

necessary. We denote the kth order moment vector as
T
k=j .
év(k) = (<(x—xeq) jp/> ,Jj= Ok) , the evolution of
n,0

which satisfies

1 m AA2\
{fg ( 0.2 = ) as = co. (A23) k K) & (k) & (k) A (K) o () o (K k) 4 (k
:BA ﬁ 4ﬁ ng.)l 0 A( )A( )A( )A( )A( )[( ) A(l )A(2 )bk,n (A24)
With the mean value [Eq. (A16)] and the second-order
moments [Eq. (A23)], it is not sufficient to obtain the with
J
1 kAt ( At )
At e 1
_A7 1 2m 2171 vy
AW = : , AP = o, AP = _ : (A25)
‘ At K A
— —-vAt
_AE . —A& 1 om e
2 2 1
bi, = 10,0 <(x—x )k_2> @(l—e_"m) '
N s s eq n,2 ﬁ B .
Here by, ,, is related to the lower-order moments { *~2) {flkz 4), and soon. Define Ay = A(]k) A(Zk)Agk)A(Zk)A(lk) and f)k,” = A(lk)A(zk) bix
The general formula for Eq. (A24) is then
(M= ApeP s Z A7 (A26)

Use mathematical induction. Assume that the limits of the lower-order moments

o

i
lim £ = ((BLA) (G — DI, 0,

holds for all j < k. So by = lim lN)k,,, exists and
n—oo

0’

Bk = (k) 5 (k) 1 A[z
AYAS10,0,(k—-3)!!
b2 k=3 BA  4Bm

2 T
) ﬂ(l—e"m),...), for even k

g(" 2 {(k 4), .. exist when n — oo, and

for odd j
: T
AA 2\J/2 A27
%—4—;) G—-D!), forevenj ( )
for odd k
(A28)

B

It is straightforward to verify that the spectral radius of matrix Ay is less than 1 (see the supplementary material). We may then

prove that the limit of Eq. (A26) exists as n — oo and is

lim g“? (I Ak)

n—oo

It is easy to show that

07

_ k/2
y= ((BLA) (k- 1)!!,0,...,0,(

is a solution to linear equations (I - Ak) y = by. Because of

the non-singularity of matrix I — Ay, Eq. (A30) is its unique
~ -1

solution that is equivalent to (I - Ak) bi, which gives the

value of the RHS of Eq. (A29). In accordance to the princi-

ple of induction, Eq. (A27) holds for all j > 1. With all kth
order moments, it is straightforward to construct the moment

(A29)
for odd &
T
AN\ A30
= 48 ) (k-1 , forevenk ( )
generating function
g(z1,20) = nh—>n;lo <eZI(X—Xeq)+Zzp>n’0
2 2\ 2

Zz AAt
= exp 1 (ﬂ__) . (A3D)

ZBA B 4B
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which does exist and is equal to that of the Gaussian distribu-
tion

4 1 B 2 Bp*
Middle
= —oxp|-LA(r 1) - :
P Zn P’Xp[ 7A(x =) 2m (1 — AAZ2 [4m)

(A32)

where Zy is the normalization constant. That is, Eq. (A32) is
the stationary state distribution of “middle-Andersen.”

It is straightforward to follow the same procedure to show
that either “side-Andersen” or “end-Andersen” produces the
stationary state distribution

ide n 1 18 AAt2 2 Bp2
psd =pEd=—exp [——A(l———) (x—xeq> Sl

(A33)

where Zy is the normalization constant.

The above procedure may also be used to obtain the
stationary state distribution for Langevin dynamics for the one-
dimensional harmonic potential [Eq. (A1)]. Leimkuhler and
Matthews employed a different approach to get the mean and
the second-order moments of the stationary state distribution
for Langevin dynamics for a one-dimensional harmonic poten-
tial when the time interval is finite,?” but they did not compute
higher-order moments, neither did they show the form of the
stationary state distribution.

APPENDIX B: OPTIMAL COLLISION FREQUENCY
FOR THE ANDERSEN THERMOSTAT

Consider A = mw?, that is, Eq. (A1) becomes

U () = meo?(x - xeq) /2. (B1)

|
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The propagation of the density distribution in the phase space
can be expressed by

dp pop dp
E _%8_ + ma)z(x xeq)%
+v|pms (p) / pdp - p] : (B2)

Assume that the conditional density distribution function
P=p(x,p;t|xo,po;0) is a solution to Eq. (B2). Although
the explicit expression of p(x,p;t |xo,po;0) is difficult to
obtain, we directly analyze the coordinate displacement square
autocorrelation function, which can be expressed by p as

(0 = xeg) (x0 = 2)")

2 2
= /PO (x0,p0) p(xo - xeq) (x - xeq) dxodpodxdp,
(B3)

where the initial condition satisfies the Boltzmann distribution
that is a stationary state distribution for Eq. (B2), i.e.,

2
P
ﬂ(l) _ﬁ[%mwz(xo_xeqﬁ"'ﬁ
e .

00 (x0,po) = B (B4)
T

Consider the time derivative of Eq. (B3), i.e.,

2 {30 ) (0 5))
= / po(xo,l?o)(;—f (xo - xeq)2 (x - xeq)zdedpodxdp.
(BS)

Substituting Eq. (B2) into Eq. (B5) and using integration by
parts, we obtain

2 {60 - 2) (x-x)’)

2{(c0 - x) (x0 —xeg) p0). (O

m

Similarly, it is straightforward to verify

(50 = xeg)” (30 = 220) 0) = - (5O = 520 P0)) = {(4(0) = ) (x 0 = )7
(50 = xe0) ¥ (0= 2) P ) (B7)

and
0

ot

51 (5@ =x) P 0) = =200 (s 0 = v0)” (+ O = 300) PO) + 3~ (1O =) PP 0). B

Equations (B6)—(B8) then form a closed set of first-order linear ODE, expressed in a compact form as

% =Ayx+b, BY)

where

20 = G002 O O = (5O = 30)” (¥ = 5e0) ) (800 = 5eg) (0 = 2) O (O = 3) (r)))T,

b= (0,0,—

(B10)

(B11)
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and the linear coefficient matrix

0 2/m 0
A= (—mw2 -V l/m).

0 =—2mw? —v

(B12)

Solving the ODE [Eq. (B9)] with the initial value given by

(B13)

3 1\
*O =\ g gz )

one obtains

1(1) =M [A7'D +2(0)] - A7"b, (B14)

The characteristic time of the potential energy autocorrelation

function
©(UO)U (1)) - (U

(U?y-(UY?

Tyy = dt (B15)

can be shown as

TyU = %/O‘X’ [(,Bmwz)z)(l (r) - 1] dr.

Substituting Eq. (B14) into Eq. (B16), we obtain the explicit
expression for the characteristic time of the potential autocor-
relation function for the one-dimensional harmonic potential

[Eq. (BD)]
v 2
w=s (5

The smaller the 7y, the more efficiently the Andersen ther-
mostat explores the potential energy surface and samples the
configurational space. When

(B16)

(B17)

VP = 2w, (B18)
the characteristic correlation time 7y reaches its minimum
value

mm ADS ‘/_/w (B19)

Similarly, the characterlstlc time of the Hamiltonian autocor-
relation function for the one-dimensional harmonic potential
[Eq. (B1)] may be shown as

v 2
= —+ - B20
T = s (B20)
When
y = v\ = 2V, (B21)
Tyy reaches its minimum value
mm ADS ‘/_/(1) (B22)

The procedure above also offers a useful approach to
derive the characteristic correlation time for other stochastic
thermostats. For instance, in addition to the Andersen thermo-
stat, the approach may be applied to Langevin dynamics.

It is interesting to compare the minimum value of the
characteristic time of the potential or Hamiltonian autocorrela-
tion function for the Andersen thermostat to that for Langevin
dynamics for the harmonic potential [Eq. (B1)]. The latter
may also be derived from a different approach presented in
Appendix A of Ref. 24 or from other different approaches.®!->
The minimum characteristic time of the potential or Hamilto-
nian autocorrelation function for Langevin dynamics>*26-01.62
is
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in, La L
Lmin. Lang min, Lang __ = 1/w.

e = Tyy (B23)

The minimum value in Eq. (B19) or Eq. (B22) for the
Andersen thermostat is only V2 times of that in Eq. (B23)
for Langevin dynamics. That is, in terms of sampling effi-
ciency, the Andersen thermostat is comparable to Langevin
dynamics.

The analysis for the harmonic system may apply to general
systems. As demonstrated in numerical examples in Section S2
of the supplementary material, for general systems, the optimal
value of the collision frequency of the Andersen thermostat is
about V2 times of that of the friction coefficient of Langevin
dynamics.

APPENDIX C: NUMERICAL ALGORITHMS
FOR THE THERMOSTATS

1. Andersen thermostat

In the conventional algorithm for the Andersen thermo-
stat,” the collision process is applied after a whole step of
the velocity Verlet algorithm is implemented.> That is, the
phase space propagator ¢“" employs the splitting in the
“end” scheme [Eq. (28)]. The “end-Andersen” algorithm for
propagating the MD trajectory through a time interval At
is

, At
p—p-U (X)7
X — x+M'pAt (C1)

At
p—p- U’(x)?

e A A AT AR U=TN).

Here p(i), M;, u;, and 0; are the same as discussed for Eq. (12).
Note that both y; and 0; are different for each invocation of
Eq. (C2).

When the “side” scheme [Eq. (27)] is used, the “side-
Andersen” algorithm for propagating the MD trajectory
through a time interval At reads

. 1 Y
p? 1/EM;/Zej, if gi< 1-e>?2  (j=T.N), (C3)

At
Pep-UX
X — x+M'pAr (C4)

At
pe—p- U’(X);

p? \/%M}”ej, if wi<1-e? (j=1,N),
(C5)
where y; is a uniformly distributed random number between
0 and 1 and 0; is a 3-dimensional Gaussian-distributed ran-
dom number vector as discussed for Eq. (12). Note that both
u; and 0; are different for each invocation of Eq. (C3) or
Eq. (CY).
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Similarly, when the “middle” scheme [Eq. (29)] is imple-
mented, the “middle-Andersen” algorithm for propagating the
MD trajectory through a time interval At is then

V.Y
pep-UMS

X <—X+M_lp—
2
X 1 —
p0><—\/;M}/20j, if yi<l-e™ (j=T,N), (C7)
At
X x+M"p—
R (C8)
P<p- Ul(X)?

where both y; and 0; are different for each invocation of
Eq. (C7). Here p¥), M, y; and 0; are the same as discussed
for Eq. (12).

2. Langevin dynamics

The Langevin thermostat algorithm proposed by Bussi
and Parrinello® in 2007 employs the splitting in the “side”
scheme [Eq. (27)]. The “side-Langevin” algorithm for prop-
agating the MD trajectory through a time interval Ar for
Eq. (27) becomes

1
P <—51P+52\/;M1/2~, (C9)

At
P—p-U®—

X « x+MpAr | (C10)
At
pep- U’(X);
~ ~ 1 1/2
p<Cip+ia EM , (C11)

where the coefficients ¢ = e ¥2/2 and Tr=4/1 —Ef. 1 is
the independent Gaussian-distributed random number vector
as discussed for Eq. (2). Note that ) is different for each
invocation of Eq. (C9) or Eq. (C11).

Similarly, the phase space propagator e may also
use the splitting in the “end” scheme [Eq. (28)]. The “end-
Langevin” algorithm for propagating the MD trajectory
through a time interval Az for Eq. (28) is

LAt

V.Y
pPep-UMT

X « x+M'pAt (C12)
A
p—p-U (X)7
1
p—cip +C2"EM1/2~’ (C13)
where the coefficients ¢; = ¢ and ¢; = /1 — ¢2. 7} is the

independent Gaussian-distributed random number vector as
discussed for Eq. (2), which is different for each invocation of
Eq. (C13).
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When the “middle” scheme [Eq. (29)] is implemented for
the phase space propagator, the “middle-Langevin” algorithm
for propagating the MD trajectory through a time interval Az
for Eq. (29) reads

At
pep-UMT

i (C14)
x<—x+M_1p7
1o
pecp+ce EM 1, (C15)
At
x<—x+M‘1p7
s (Cle6)

pep-UMG

where the coefficients ¢; and ¢, are the same as those
defined in Eq. (C13). As used in Eq. (C13), the inde-
pendent Gaussian-distributed random number vector §) is
different for each invocation of Eq. (C15). The “middle-
Langevin” algorithm was proposed earlier by Leimkuhler
and Matthews”® and also by Gronbech-Jensen and Farago.?!
Leimkuhler and Matthews have recently suggested that the
“middle-Langevin” is the most efficient Langevin dynamics
algorithm for configurational sampling?*?? of the canonical
ensemble.

3. Nosé-Hoover chain

For the equations of motion [Eq. (18)] of NHC, the three
relevant Kolmogorov operators are L, as in Eq. (7), £, as in
Eq. (8), and L7 defined as

3N (i) Myuc—1 p_a)

Tll 0 Mis1 0
E — __()+ __( [.)
r ; Q1 dp; b ]:21 Qj+1 9p,0 Py
J
MnHe Myuc P o)
. 0 n 0
- GV — - L, (C17)
JZ‘ / apnjgn ; Qj 6;7;’)
with G defined by
2
GV =Pyt
m; [
P (i=T.3N). (C18)
G _ v
Gj = Z —kBT (] = 2»MNHC) .

The relevant phase space propagator 72 for the L7 part for
NHC may not be exactly obtained because it involves nonlin-
ear differential equations that are difficult to solve analytically.
[For comparison, the exact expression for e~ for a finite
time interval Az in the Andersen or Langevin thermostat may
be analytically derived such that Eq. (34) is satisfied.] Nev-
ertheless, the numerical implementation of the phase space
propagator 72 for the NHC thermostat part may often be
effectively accurate. The multiple time scale technique such
as the reference system propagator algorithm'3 (RESPA) and
a higher-order (than Ar?) factorization such as the Suzuki-
Yoshida decomposition framework?®-3" may be used to guar-
antee the accuracy.”’ For instance, the equations of motion
for the L7 part of NHC for a finite time interval Az may be
expressed as”’
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Py —pyo + GY
MNyHC MNyHC
Pl 64
P, o < P _oCXp|— —
K Ui QOjr1 4

_ _ () Oa
p”;z) — pn;:) + Gj 7

P® — P exp pﬂj@] 6(t
(i i) -
i i Qj+1 4
(i)
(i) 0] p”j

N e+ ?j‘sa (j = I’MNHC)

Pnib
Di < piexp (—Q—éa

1

. ex _pﬂﬁ.r)lé_a
Pryfo = Py €XP Qi1 4

: ) () Ca
pn;z) — p”;,) + Gj 3
p"}?l 6_a
Oj41 4

pnm Al N0
MnuC MyHC

|-
ny e

Here, we use RESPA to divide an integration step for the
NHC thermostat into nggsps equal parts and implement
the Suzuki-Yoshida decomposition framework?*- to further
divide each part into ngy smaller parts with different weights
{wq}. The value of ngy depends on the order of the Suzuki-
Yoshida decomposition. Throughout our work, the sixth order
Suzuki-Yoshida factorization is employed. In this case, ngy =7
and

wi =wy =0.784513610477 560
woy = we = 0.235573 213359 357
w3 =ws =—1.177679984 178 87
Wy = 1 — W1 — Wy — W3 — W5 —Wg — W7

(C20)

The parameter 6, = —<—At is the time step size for the ath of

the ngy smaller parts. V(f\hen half a time interval Ar/2 is used
for the physical degrees of freedom, the parameter becomes

_ _Wa At
@ ngespa 2
The conventional algorithm for NH employs the

“side” scheme [Eq. (27)]. The “side-NHC” algorithm for
propagating the MD trajectory through a time interval Az is

C12, 14,27

o At
Eq. (C19) with 6, = W —, (C21)
NRESPA 2
At
p—p-U ’(x)7
X — x+M 'pAr (C22)
At
p—p-U (X)7
. Wo At
Eq. (C19) with ¢, = —. (C23)
NRESPA 2

Here, Egs. (C21) and (C23) share the same form as
Eq. (C19) except that the time step size for each smaller part

s — Wa g
I8 0q = nRespA 2"

Mnnuc 7

(j = Mync = 1.1)

(j =1,Mnuc — 1)

(@)
+ GMNHC 2
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0o

(CY = 1,Vl5y)

(k = Tnesea) (C19)

) =

da

When the “end” scheme [Eq. (28)] is used, the “end-NHC”
algorithm for propagating the MD trajectory through a time
interval At reads

At
p<—p- U’(x)g

X « x+M'pAr (C24)
At
p—p-U ’(x)7
Eq. (C19) with 64 = —2 Ar. (C25)

NRESPA

Similarly, when the “middle” scheme [Eq. (29)] is
implemented, the “middle-NHC” algorithm for propagat-
ing the MD trajectory through a time interval Ar is
then

LAt
pep-UMT

M (C26)
X—x+M 'p—,
2
Eq. (C19) with 64 = —2Ar, (C27)
NRESPA
A
X — X+ M‘lp?t
. (C28)

At
p—p- U’(x)7

When Mnyc = 1, NHC is reduced to the conventional
Nosé-Hoover thermostat, which is easier to implement but
more likely suffers the nonergodic problem.!? It is trivial to
obtain the Nosé-Hoover algorithms for the three schemes.
Some similar work was done for the Nosé-Hoover thermostat
by Itoh et al.®
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APPENDIX D: THERMOSTAT INTEGRATORS
FOR PATH INTEGRAL MOLECULAR DYNAMICS

Imaginary time path integral maps a quantum system onto
a classical ring polymer of “beads” (i.e., replicas of the sys-
tem) connected by harmonic springs.?”-64%5 Because fictitious
momenta could be assigned to the beads, MD can then be
employed to sample the path integral beads.*® This approach is
noted path integral molecular dynamics (PIMD), which offers
a convenient and effective way for sampling quantum statisti-
cal properties in complex real systems.?426:43:46.66.67 Quantum

J. Chem. Phys. 147, 034109 (2017)

1. Thermodynamic properties

Any thermodynamic property of the canonical ensemble
is of the general form

A 1 7~
(8) =77 (=*"8).
where Z = Tr [e_/m ] is the partition function and B is an

operator relevant to the specific property of interest. Equation
(D1) can be expressed in the coordinate space x, i.e.,

D)

. dx (x| e PHB |x
statistical effects (such as zero point energy and tunneling) <B> = [ dx(xle wy | >. (D2)
become important at low temperatures and/or in molecular J dx (x| e Ix)
systems that contain light atoms (e.g., hydrogen or helium). The denominator leads to
J
C xi=x p o \3P12
Z = [dxx|eP|x) = lim dx, [ dxy--- | dxp| —— IM|P/2,
P—oo 27T,8h2
P B P
o x)\T x| - £ .
X exp{ X Zl (i1 = %) M (i1 = %)] = 5 Zl U(xl)} (D3)
where xp;; = X; and P is the number of path integral beads. Similarly, the numerator of Eq. (D2) is
p g Y q
. < =x p \3NP2
/dx (x|eP"B|x) "= lim /dx1 /dx2 e /dxp — [M|P/?
P—oo 27Tﬁh2
p & B P
X exp {_2Bh2 Z [(Xi+1 -x)" M (xj41 — Xi)] -7 Z U (Xi)} B(Xy,...,Xp). (D4)
i=1 i=1
It is straightforward to show that the estimator B(xi,...,xp) €1 =x1,
for any coordinate dependent operator B (X) is G- DX +X . (D10)
_ j+1 1 .
p §=x-——— (=27
Bk xe) = 5 Y B(x). ®s) ! .
P = Its inverse transformation takes the recursive form
When B = 2pTM p is the kinetic energy operator, the =&, o1,
. .. 1 . - .
primitive estimator is =g+l X+ - ; El (J =2 P)
P
- NP P T
B(xy,...,xp)= 28 JZ_; 250 (Xj+l XJ) M (X/+1 X;)] Define "
= —. D12
(D6) wp i (D12)
and the virial version is Equation (D3) becomes
P 3NP/2
) N 1 U (x)) £1=x1 . P P,z/ / /
= —x* zZ =1 M d dgy--- | d
B(X1,...,xp) = X ZPZ (xj—x") | (D7) Jim \ M| & [ d& Ep

where x* can be the centroid of the path integral beads’>

,
Z (D8)

or X" can be any one of the P beads

- C

X' =x;, (D9)
with i fixed in Eq. (D7).
2. Staging path integral molecular dynamics
Consider the staging transformation of

Tuckerman et al. 2743461

P
X exp [—ﬁz [%M%EJTMJE/ + %U(Xj (E], e ,Ep))]},
j=1

(D13)
with the (diagonal) mass matrices given by
M, =0,
_ i - (D14)
M =LM (j=2P)
Define
1 &
6Gr.. &)= 5 D U(%EL..E). (D15

=
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It is easy to verify the chain rule

99 x99 _ 10,
I~ DO
% 2‘ ox, P ; (D16)
0 a_¢ —

a_gj 0x;

from Egs. (D10) and (D11). Employing the isomorphism strat-
egy proposed by Chandler and Wolynes,’” one can insert
fictitious momenta (py, . . . , pp) into Eq. (D13), which leads to

£1=x, p 3NP/2 P -172 P

1= P/2 Vi .

i }l‘;(m) e\ [l [ ([ Tasae,
j=1 j=1

-pp)] (D17)

|

X eXp [_ﬂHeff (Eh'--?EP;pl’- .
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with the effective Hamiltonian given by

P
1 o
Heﬁ(gl""’EP;pl"‘pr)=Z§ Mjlpj
=1
+Uesr (E1,...,Ep),  (DI8)
where
Ul }
Ugg B1.. Ep) = ) Sw0pS MG + ¢ 1. Ep). (D19)
=

The fictitious masses are chosen as
M, =M

L D20
M; = M; (B2

(=27)
such that all staging modes (&, . . ., Ep) will move on the same
time scale. The thermodynamic property, Eq. (D2), is then
expressed as

P -
f (rlldgjdp]) exp {—ﬁHeﬁ (E],...,Ep;pl,...,pp)}B(Xl,...,Xp)

One may sample (§;,...,Ep,P(»-..,Pp) in a molecular
dynamics (MD) scheme for evaluating the thermodynamic
property. That is, Eq. (D21) leads to

g = M; p;.
_ d¢ — (D22)
. 2 .
p:=—wsME-— (j=1,
J PR agj ( )
The equations of motion for (§j,...,Ep,py,...,Pp) in Eq.

(D22) must be coupled to a thermostat to ensure a proper
canonical distribution for (§,...,&p,P;,-..,Pp). Note that
only the configurational distribution of PIMD is important in
Eq. (D21) for evaluating thermodynamic properties.

It is often claimed in conventional PIMD algorithms that
it is more favorable to employ the decomposition of Eq. (D22)

(a)( M'p, ) g_¢ (i=17)

) (D23)
pj —a)PMjEj GE/
| S—— ?
because the harmonic force term —w2M;&; often varies much
more frequently than the force term —a—g. Note that the exact

solution to the first term of the RHS of Eq. (D23) is available?¢
(that is, the multiple time scale technique such as RESPA '3 is
applied). Our recent work,2* however, shows that

. o 0
§)_ (M ]P) 9
(pj')_( 0" +(_“’PM§/ 6;

———
o1
(M0p1)+ Uy (j = 1,P) (D24)
——

(D21)

f (/Ii_)ll d%,dpj) €xXp {—ﬂHeﬁ' (El, e ,Ep;pl, . ,pp)}

(

instead is a more accurate and more efficient decomposition
when the “middle” scheme is applied to the thermostat for
PIMD.

When the Langevin thermostat is employed, it has been
proved in Appendix C of Ref. 24 (and its supplementary
material®®) that Eq. (D24) leads to the exact configura-
tional distribution of the path integral beads in the har-
monic limit, while Eq. (D23) does not. It is trivial to show
that the conclusion can be extended to any thermostat as
long as the thermostat rigorously preserves the Maxwell
momentum distribution in its thermostat step. For exam-
ple, the Andersen thermostat has the same property when
the “middle” scheme is used for PIMD. When the NHC
thermostat part is effectively accurate, it is expected that
Eq. (D24) is also numerically more favorable when NHC
is used for thermostatting PIMD in the “middle” scheme.
(This is verified by the numerical results in Fig. 7 of the
paper.)

Although the staging transformation of the path integral
beads is used for demonstration, all conclusions hold for any
other types of transformations of the beads (such as the normal
mode transformation26->2-:68:69),

3. PIMD algorithms/integrators

The PIMD algorithms/integrators for the “middle,”
“side,” and “end” schemes share the same forms as their MD
counterparts as listed in Appendix C. That is, replace the classi-
cal Hamiltonian [Eq. (1)], the phase space variables (x,p), and
the mass matrix M by the effective Hamiltonian [Eq. (D18)],
(&1,...,&p,py»-.-,Pp), and {1\7[]-}, respectively. Similarly,
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the collision frequency v is replaced by {v(l) (l = ﬁ)} for the
P staging coordinate variables {El (l = I,_P)} in the Ander-

sen thermostat, the friction coefficient y by {y(l) (l = I,_P)}
in Langevin dynamics, and the characteristic time Tnpgc of
Eq. (19) by {#c (/= 1.P)} in NHC. When staging PIMD
is employed, the optimal values for friction coefficients

{y(l) (l = ﬁ)} are wp in the free particle limit, while those

for collision frequencies {v(l) (l = Z,_P)} are V2wp in the free
particle limit. It is trivial to extend the results to normal-mode
PIMD.

APPENDIX E: THERMOSTAT PARAMETERS

Table I lists the parameters in the three thermostats used
for MD simulations of the five systems in the paper.

The thermostat parameters of the first staging bead &;
in staging PIMD are the same as those in MD for all ther-
mostats (listed in Table I). The Langevin friction coefficients
for the rest P — 1 staging beads §; (l = ﬁ) are all chosen to be

¥ =wp, as suggested in our previous work.?* Similarly, while
the collision frequencies (in the Andersen thermostat) for the
P — 1 staging beads ; (l =2, P) are all chosen to be vV = wp
(around their optimal values vy = \/ia)p in the free particle

limit), the parameter fl(\f])_lc of Eq. (19) in NHC for those staging

beads &, (l = ﬁ) is w;l.

APPENDIX F: COMPARISON BETWEEN THE
VELOCITY AND POSITION VERLET ALGORITHMS
IN THE “MIDDLE” SCHEME

When the thermostat vanishes, the schemes presented in
the paper are reduced to the velocity Verlet algorithm for
constant energy MD that generates the microcanonical ensem-
ble. Alternatively, one may develop similar schemes using
the position Verlet algorithm instead. For instance, when the
position Verlet algorithm is employed instead of the veloc-
ity Verlet algorithm, the “middle” scheme is then changed
to

Middle
e[:At ~ eﬁ At — eﬁxAl‘/2eﬁpAt/ZeﬁTAte[:pAt/ZeﬁxAt/2. (Fl)

TABLE I. Parameters for different thermostats for the five systems in the
paper.

System v Andersen y Langevin %r?nl-lc NHC?
U(x) = mw?x22 1.4 au. lau. 0.125 a.u.
U(x) =x*/4 lau. 1 au. 0.125 a.u.
H,0 0.83 fs~! 0.68 fs~! 0.083 fs~!
(0.02 a.u.)® (0.0164 a.u.)® (0.002 a.u.)P
(Ne)3 0.001 fs~! 0.001 fs~! 0.0008 fs~!
Liquid water 0.005 fs~! 0.005 fs~! 0.002 85 fs~!

AMNpc = 4 coupling thermostats in each chain; nggspa = 1, ngy = 7 (the 6th order
Suzuki-Yoshida factorization, its order of accuracy is O(A1%)) for (Ne)3 and liquid water,
nRrespa = 4, ngy =7 for the one-dimensional harmonic and quartic model systems and
the H, O molecule.

7y or Ty is considered similar to 7icw when converting the parameters from atomic units
to ST units. [For example, see Eq. (B18) or (B21).]
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FIG. 8. MD results for the average potential energy using different time inter-
vals. (a) The harmonic potential at 8 = 8 (unit: a.u.). (b) The quartic potential
at B = 8 (unit: a.u.). (c) Potential energy per atom (U(x)) / (Natomkp) (unit:
Kelvin) for HyO at 7' = 100 K. The units are a.u. in panels (a) and (b), while
that of the time interval is femtosecond (fs) in panel (c). Statistical error bars
are included. The interval is increased until the propagation of the thermostat
fails.
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We note Eq. (F1) the “PV-middle” scheme. It is easy to verify
that, when the Andersen thermostat or Langevin dynamics is

employed, the stationary state distribution produced by the
“PV-middle” scheme for the harmonic system Eq. (30) is

O middle-Andersen
middle-Langevin
¢ middle-NHC

— 2 2
Ulk)=mo'x2| 2. PV-middle-Langevin

=8 2 .
07 [3‘ PV-middie-NHC
(@) ]
06 | .
~ 05F[ ]
=
& |
Eﬁ 04 L -
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2 03¢Ff R
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“ 02! A
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FIG. 9. Asin Fig. 8, but for MD results for the average kinetic energy using
different time intervals.
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pv-Middle _ | 1 ¢ AP
1Y =——exp|-f|zp (1-MTA—)M " 'p
Zy 2 4

+%(x —xeq)TA (x - Xeq))] .

That is, the “PV-middle” scheme also leads to the exact con-
figurational distribution in the harmonic limit, regardless of

any finite time interval Az (as long as the matrix 1 — M AATtZ
is positive-definite). Figure 8§ compares the MD results for the
average potential energy produced by the “PV-middle” scheme
to those given by the “middle” scheme. It is demonstrated that
the “middle” scheme performs better in configurational sam-
pling for anharmonic systems than the “PV-middle” scheme
does. The numerical performance of NHC is similar when the
NHC thermostat part is effectively accurate, as supported by
the results in Fig. 8.

In the harmonic limit, the “middle” scheme always under-
estimates the average kinetic energy, while the “PV-middle”
scheme overestimates it. Similar behaviors are observed in the
two anharmonic systems, as shown in Fig. 9 where the aver-
age kinetic energy is estimated by both schemes. In terms of
accuracy as a function of the finite time interval Az, the “mid-
dle” scheme is also superior to the “PV-middle” scheme in
sampling the momentum space.

Similarly, the position Verlet algorithm can be imple-
mented in other schemes (e.g., “side” or “end”) to construct
“PV-side” or “PV-end.” None of these PV-type schemes per-
forms better than the “middle” scheme for configurational
sampling, regardless of which type of thermostat is used.
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