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Common algorithms for computationally simulating Langevin dynamics must discretize the stochastic
differential equations of motion. These resulting finite-time-step integrators necessarily have several
practical issues in common: Microscopic reversibility is violated, the sampled stationary distribution
differs from the desired equilibrium distribution, and the work accumulated in nonequilibrium simulations
is not directly usable in estimators based on nonequilibrium work theorems. Here, we show that, even with
a time-independent Hamiltonian, finite-time-step Langevin integrators can be thought of as a driven,
nonequilibrium physical process. Once an appropriate worklike quantity is defined—here called the
shadow work—recently developed nonequilibrium fluctuation theorems can be used to measure or correct
for the errors introduced by the use of finite time steps. In particular, we demonstrate that amending
estimators based on nonequilibrium work theorems to include this shadow work removes the time-step-
dependent error from estimates of free energies. We also quantify, for the first time, the magnitude of
deviations between the sampled stationary distribution and the desired equilibrium distribution for
equilibrium Langevin simulations of solvated systems of varying sizes. While these deviations can be
large, they can be eliminated altogether by Metropolization or greatly diminished by small reductions in
the time step. Through this connection with driven processes, further developments in nonequilibrium
fluctuation theorems can provide additional analytical tools for dealing with errors in finite-time-step

integrators.
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L. INTRODUCTION

In the computational natural sciences, dynamic proper-
ties of a stochastic system are often calculated using simple
numerical integrators for Langevin dynamics [1],

dr = vdt, (1a)
dv =&dt— yvdt+1’2—’ydW(t), (1b)
m Bm

where the system is driven from equilibrium by a time-
dependent Hamiltonian JH{ (¢). In the simplest case of a
single stochastic particle, » and v are time-dependent
position and velocity, m is mass, f is force, 8 = 1/kgT,
kg is Boltzmann’s constant, T is the temperature of the
environment, vy is a friction coefficient (with dimensions of
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inverse time), and W(z) is a standard Wiener process. The
force is determined by the derivative of the potential
energy, f = —dJ{ /dr. For multidimensional, multipar-
ticle systems, r, v, f, and dW are vectors, and m is a
diagonal matrix.

In order to simulate Langevin dynamics on a digital
computer, it is necessary to adopt some approximate algo-
rithm that divides time into discrete steps [2]. However,
most such schemes have an inherent problem: Even with a
time-independent Hamiltonian, they do not preserve the
canonical equilibrium distribution determined by J{ nor
do they satisfy microscopic reversibility. (By reversibility
we mean that the probability of sampling a particular
trajectory starting from equilibrium is equal to the proba-
bility of sampling the trajectory’s time reversal, reversing
velocities if necessary.) We show that these pathologies
arise because discrete-time-step integrators of Langevin
dynamics can be viewed as simulations of artificial driven
nonequilibrium dynamics. This perspective has the advan-
tage that the complications generated by this unwanted but
inevitable breaking of time-reversal symmetry can be
understood, and remedied in a controlled and systematic
fashion, with insights from nonequilibrium statistical ther-
modynamics [3-6].

We can appreciate some of the problems inherent in
finite-time-step Langevin dynamics by first considering
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the zero-friction limit, y = 0, with a time-independent
Hamiltonian, where Langevin dynamics reduces to deter-
ministic Newtonian dynamics. A simple, popular integra-
tor for Newtonian dynamics is the velocity Verlet
algorithm [7,8],

v(n + %) =v(n) + % ]%n)’ (2a)
rin+1)=rn) + Atv(n + %) (2b)
v(n+1)=v(n+%)+%f(n7+1). (2¢)

Because of the finite time step, the trajectories generated
by this algorithm are inaccurate: They do not faithfully
follow the precepts of Newtonian mechanics. Also, the
actual energy of the system is not conserved, but rather it
fluctuates from one time step to the next. However, the
velocity Verlet integration scheme is symplectic (in that the
Jacobian of the transformation from old to new positions
and velocities is unity, and therefore the phase-space vol-
ume is conserved [9]), which ameliorates some problems
due to the finite time step. For example, although a finite-
time-step symplectic integrator does not conserve the en-
ergy of the system Hamiltonian, it does conserve the
energy of a shadow Hamiltonian, which is close to the
desired Hamiltonian if the time step is not too large [2,10].
For sufficiently small time steps, this conservation of the
shadow Hamiltonian prevents long-term drift in the system
Hamiltonian over the duration of the simulation.
Essentially, a finite-time-step dynamics performs work on
the system, over and above any work due to intentional
perturbations from a time-dependent Hamiltonian [6]. We
can imagine this finite-time-step integration scheme in the
following way. At the beginning of each time step, we first
perturb the system Hamiltonian such that it becomes the
shadow Hamiltonian, changing the energy of the system.
The symplectic integrator then updates the position and
velocity [Eq. (2)], perfectly preserving the shadow energy
of the shadow Hamiltonian. We then switch the Hamiltonian
back to the original one, again perturbing the energy. The net
change in the energy of the system during this time step is
due to work performed on the system by perturbing back and
forth between the system and shadow Hamiltonian. We can
determine this shadow work (also known as error work [6] or
an effective energy change [11]) during each time step by
measuring the difference in energy using the system
Hamiltonian, so we do not need to know the form of the
shadow Hamiltonian. This shadow work is distinct from any
protocol work applied to the system due to explicit, time-
dependent perturbations of the system Hamiltonian. Note
that Markov-chain Monte Carlo (MCMC) simulations do
not generate shadow work [12] because the dynamics sat-
isfies detailed balance explicitly, which ensures that the
trajectories are microscopically reversible [13] and that the

appropriate equilibrium ensemble is preserved for a time-
independent Hamiltonian [2].

Discretizations of continuous-time Langevin dynamics
are essentially a combination of deterministic and stochas-
tic dynamics, and, as a result, they suffer from a combina-
tion of problems. With a finite time step, the deterministic
parts of the dynamics tend to pump energy into the system in
the form of shadow work, driving the system away from
equilibrium, whereas the stochastic parts of the dynamics
relax the velocities back toward the equilibrium Maxwell-
Boltzmann distribution, removing energy from the system
in the form of heat. It follows that, even for a system with a
Hamiltonian that is explicitly time independent, a finite-
time-step Langevin dynamics has an effective Hamiltonian
alternating between the system Hamiltonian and the shadow
Hamiltonian, and thus actually simulates a driven, nonequi-
librium system, with a net energy flow. Microscopic time-
reversal symmetry is broken, and in general we cannot
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FIG. 1. Time line for the Langevin integrator (3). The part labels
(a)—(g) correspond to the substeps of Eq. (3). The stochastic
substep (3a) randomizes the velocity, transferring heat between
the system and environment, while the Hamiltonian is fixed and
the position unchanged. We then switch from the system to the
shadow Hamiltonian, performing shadow work on the system.
Substeps (3b) and (3c) update the velocity and then the position
according to the symplectic dynamics of the shadow Hamiltonian,
exactly conserving the energy. We next switch back to the system
Hamiltonian (performing shadow work), and in (3d) update the
system Hamiltonian from H (n) to H (n + 1), according to
the prescribed protocol A. This action performs protocol work
on the system. We switch back to the shadow Hamiltonian (doing
shadow work), symplectically update position and then velocity
(3e) and (3f), and then restore the system Hamiltonian (again
performing shadow work). Finally, we conclude with another
velocity-randomization substep (3g).
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determine the steady-state, nonequilibrium distribution.
These difficulties may be circumvented by reducing the
time step but at the cost of increasing the computational
effort required to simulate the same interval of time; this is
hardly a satisfactory resolution of the problem.

The main point of this paper is this interpretation of the
errors induced by discrete simulation of Langevin dynam-
ics in terms of a driven thermodynamic process. This
perspective forms a bridge between the study of numerical
integrators and the rapidly expanding field of nonequilib-
rium statistical mechanics, permitting the invocation of a
wide array of nonequilibrium work-fluctuation relations to
characterize and correct for biases in estimates of equilib-
rium and nonequilibrium thermodynamic quantities.

II. CONCRETE INTEGRATOR

We demonstrate the utility of this perspective for an
integration scheme that is explicitly time symmetric, that
cleanly separates the stochastic and deterministic parts of
the dynamics, and for which the deterministic parts are
symplectic and the stochastic parts are detailed balanced.
This construction allows a clean separation of the system’s
energy change into work, shadow work, and heat, simplify-
ing our analysis in terms of a driven nonequilibrium process.
Fortunately, integrators with these properties have received
recent attention [4,5,14-16]. As a concrete example, we
consider the integrator used by Bussi and Parrinello [11],
where we make the Hamiltonian update explicit:

v(n + %) = a v(n) + 1’1’8_’;1.7\f+(n), (3a)

v(n + %) = v(n + %) + % % (3b)
r(n + %) — rn) + Aztv(n " %) (30)

Hmn)— H@n+1), (3d)
rin+1) = r(n + %) + %v(n + %) 3e)
ofn+3) = oo+ 3)+ 510D (3D

2 m
v(n+1) = Jzz'u(n + %) + 1/1ﬁ_m“j\f(n +1). (g

Here, At is the time step by which the simulation clock is
advanced, f(n) is the force at position r(n) due to the
Hamiltonian H (n), a = exp(—yAt), and N " and N~
are independent, normally distributed random variables
with zero mean and unit variance (hence, when scaled by
(Bm)~'/2, distributed according to the equilibrium
Maxwell-Boltzmann velocity distribution). The first and
last substeps (3a) and (3g), are stochastic, Markovian, and
detailed-balanced (with respect to the canonical measure)
velocity randomizations, which leave the position

unchanged. The five middle substeps (3b)—(3f) constitute
the deterministic velocity Verlet integrator (2), with the
midpoint Hamiltonian update made explicit. The order of
substeps and the effective Hamiltonian switches are illus-
trated in Fig. 1. Note that the deterministic substeps (3b),
(3¢), (3e), and (3f) are each individually symplectic.

III. NONEQUILIBRIUM THERMODYNAMICS

A central relation of driven, nonequilibrium thermody-
namics [17-20] relates the microscopic irreversibility of
trajectories to the work W[X, A] performed on the system
during the forward protocol [21-23]:

P[X|A]
lnﬁ
P[X|A]
Here, X is a trajectory through phase space between time 0
and NAt¢, A represents a protocol for perturbing the system
(typically through the time dependence of the system
Hamiltonian), AF[A] is the difference in free energy
between the equilibrium distributions for the initial and
final values of the system Hamiltonian, and P[X|A] is the
probability of the trajectory, given the protocol and an
initial equilibrium ensemble. The time-reversed protocol
A (time-reversed trajectory X) retraces the same series of
perturbations (phase-space transitions) as the forward pro-
tocol A (forward trajectory X), but under time inversion
and hence in reverse. Subject to a protocol, a driven system
is microscopically reversible if the probability of a trajec-
tory and its time reversal are identical, and therefore the
work imposed by the protocol equals the change in free
energy [24].

It is straightforward to extend this fluctuation theorem to
mixed stochastic-deterministic dynamics, such as the
Langevin integrator, Eq. (3), provided that the individual
substeps satisfy this symmetry. It is for this reason that we
insist on a clean separation of the deterministic and sto-
chastic substeps.

The total work W = ¥, W is the sum of the contribu-
tions W from individual steps. The total change in en-
ergy AE during the step n—n+ 1 can be cleanly
separated into heat Q, protocol work W, and shadow
work W .q:

= BW[X’ A] - BAFeq[A] 4)

AE=0+W
= 0+ Wyor T Wepaas (5a)
Q = AE, + AE,, (5b)
Wi = AE,, (5¢)
Waa = AE, + AE, + AE, + AE/. (5d)

Here, AE,_, are the energy changes during the corre-
sponding substeps of Eq. (3). Heat is the energy exchanged
with the thermal environment, protocol work is the energy
change due to deliberate manipulation of the Hamiltonian
(i.e., the explicit time dependence of the system
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Hamiltonian), and shadow work is the energy change due
to alternation between the system and shadow
Hamiltonians, resulting from the finite time step of the
symplectic part of the integrator. The essential distinction
between heat and work is that heat flow is change of the
system energy due to change in the current distribution
over microstates, whereas work is change of energy due to
change in the equilibrium distribution over microstates.

The stochastic velocity randomization substeps obey
Eq. (4) since they are balanced, in that they preserve the
canonical equilibrium distribution [21]. The set of deter-
ministic velocity Verlet substeps also obeys Eq. (4), so long
as the total work includes the shadow work [3,6], since the
dynamics is symplectic and microscopically reversible
with respect to the shadow Hamiltonian [2,10]. Since
both the deterministic and stochastic substeps are
Markovian, it follows that we can safely intermix the two
dynamics, and (4) still holds.

It therefore follows that the Langevin integrator obeys
various derived relations of nonequilibrium statistical dy-
namics, such as the Jarzynski equality [25], fluctuation
relations [21,26], interrelations between path ensemble
averages [22,27] and various interrelations between dissi-
pation and time asymmetry [28-31]. Furthermore, by its
separation of protocol work and shadow work, the
Langevin integrator permits the separation of the respec-
tive contributions to microscopic irreversibility of deliber-
ate perturbation (physically meaningful) and the finite time
step (a discretization artifact). Notably, the statistics of the
protocol work alone systematically deviate from those of
the total work, and hence lead to biased inference when
using the machinery of nonequilibrium thermodynamics.
In Secs. VI and VII, we explicitly demonstrate this under-
appreciated point.

IV. “EQUILIBRIUM” SIMULATIONS SAMPLE
PERTURBED DISTRIBUTIONS

It is common practice in the study of the equilibrium
properties of molecular systems to use a single finite-
time-step mixed stochastic and deterministic dynamical
simulation to sample from an equilibrium distribution.
However, this distribution departs from the true equilib-
rium distribution for the system Hamiltonian, a distribu-
tion that we can now understand as the steady state due to
driving by the finite time step. Thus a question of sig-
nificant practical interest presents itself: How far from
equilibrium 1is the effective nonequilibrium steady state
induced by this time discretization for a system with a
time-independent Hamiltonian? Since the explicit system
Hamiltonian is unchanging, no protocol work is per-
formed, and thus our analysis in this section focuses on
the shadow work alone. Practitioners commonly estimate
artifactual errors by monitoring some essentially arbi-
trary, yet easily measured, observable of the system,
such as the total energy. However, we can exploit recent

advances in nonequilibrium statistical dynamics to pro-
vide a principled characterization of how far the system
is driven from equilibrium [32].

The natural measure of this instantaneous distance that
the system has been driven away from equilibrium is the
difference between a nonequilibrium free energy [33,34]
Fpeq = (E) — TS and the corresponding equilibrium free
energy F, for the given Hamiltonian H. If the
Hamiltonian were held constant and the (previously
driven) system were allowed to relax to equilibrium, this
deviation from the equilibrium free energy would represent
the heat that would be lost to the environment, or equiv-
alently the maximum work that could be imparted to a
mechanically coupled system. For the perturbations im-
posed by the discrete dynamics, this nonequilibrium free-
energy deviation is approximated near equilibrium by [32]

AFneq = Fneq - Feq = %[<Wshad> - (tf - Z‘i)fPss]» (6)

where Wy,,q is the shadow work over the whole simulation,
P is the power (work per unit of time) once transients
have died off and the system has settled into a nonequilib-
rium steady state, and #; — £; is the total simulation time.
Normalizing this nonequilibrium free-energy deviation by
the size of the system (number of degrees of freedom)
provides a natural measure of how far from equilibrium
each degree of freedom is on average.

To estimate the nonequilibrium steady-state free-energy
deviation for a molecular system, we simulate cubic boxes
of TIP3P waters of various sizes, both with and without
constraints on the water O-H and H-H interatomic dis-
tances. (See the Appendix for simulation details.) Initial
coordinates and momenta are sampled from equilibrium in
an isothermal-isobaric (NPT) ensemble (that is, an
ensemble that maintains constant number of particles,
constant pressure, and constant temperature) at 1 atm and
298 K using the generalized hybrid Monte Carlo (GHMC)
integrator [16,35]. These initial conditions are simulated
for M steps with the Langevin integrator [Eq. (3)] at
constant volume (using a collision rate y = 9.1/ps) to
measure the nonequilibrium work to reach steady state,
followed by an additional M steps to measure the steady-
state power. We have determined that, for all systems and
time steps simulated, M = 1028 steps is sufficient to reach
steady state (see Fig. 4). We have also calculated the
associated statistical uncertainty according to Eq. (A2).

Because the system (a periodic water box) is homoge-
neous, it is possible to collapse all system sizes onto
universal curves describing the nonequilibrium free-energy
deviation per molecule as a function of time step for
unconstrained and constrained systems, respectively
(Fig. 2). For the unconstrained system, whose numerical
integration becomes unstable beyond At = 1.5 fs, the non-
equilibrium free-energy deviation AF,, rapidly rises as
the time step surpasses the typical time step employed for
flexible systems, Ar = 1 fs. For a system of 220 waters,
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FIG. 2. Nonequilibrium free-energy deviation for boxes of
TIP3P  water, normalized by number of waters.
Nonequilibrium free energies for various system sizes (220 to
3520 TIP3P waters) are shown for both unconstrained (left
curve) and constrained (right curve) simulations, normalized
by the number Ny, of waters in the system and the thermal
energy kgT. Error bars show 95% confidence intervals.
Gray lines show empirical fits of the form aAf*, with
a=1.23X10"2fs™* for unconstrained simulations and a =
9.97 X 107° fs~* for constrained simulations.

for example, AF,.q = 11.4 £ 0.2kgT at At =1 fs. For
constrained water boxes, however, AFneq reaches this
magnitude only at large time steps—here, Ar = 5 fs, not
far from the stability limit at 6 fs and well beyond 2 fs, the
standard time step for biomolecular simulations.

Empirically, the nonequilibrium free-energy deviation
(AF,eq) for both unconstrained and constrained systems
appears to show a quartic dependence on the time step At
(Fig. 2, gray curves), such that

AFneq/NHZOkBT =~ aAt4, (7)

where the prefactor a depends strongly on whether con-
straints are employed; see the caption of Fig. 2. This trend
is consistent with earlier work observing the strong depen-
dence of Metropolization acceptance probabilities on time
step [36] and highlights how small reductions in time
step can rapidly reduce the deviations of the sampled
steady-state distribution from the desired equilibrium dis-
tribution defined by the system Hamiltonian pg,(x) o
exp[—BH (x)], without unduly burdensome computa-
tional cost. We detail in Sec. VI some methods that correct
for these nonequilibrium perturbations. Even in the
absence of correction procedures, the above calculation
represents a thermodynamically meaningful determination
of the deviation from the desired equilibrium sampling
associated with the continuous Langevin equation of mo-
tion, as a function of simulation parameters.

V. MULTIVARIATE FLUCTUATION THEOREM

We seek an analytical framework that describes the
correlation between the shadow work (performed by inte-
gration) and the protocol work (due to explicit Hamiltonian
changes). We want this framework to provide a generic
method to characterize the effect that shadow work has on
the distribution of protocol work, and specifically on the
time-reversal symmetry [Eq. (4)] that protocol work would
satisfy in its absence. Furthermore, we want this frame-
work to suggest systematic techniques to correct for these
distorting effects. We propose such a framework through
the generalization of work-fluctuation theorems to the
context of two sources of work. These results, although
formulated specifically for our situation of explicit and
artifactual work, are entirely general to situations involving
any two sources of work.

Rearrangement of Eq. (4) and splitting the work into two
distinct work contributions W, W, gives

P[X|A] = P[X|A]ePMXATFWIXAI-AFG[AT} - (g)
Multiplication by delta functions of the two works,
S(Wi[X, A] — Wyo) 6(Wo[X, A] — Wipaq), and integration

over all trajectories produces what we refer to as the multi-
variate fluctuation theorem:

P A (Wprot’ Wshad)

= ( rot shad e ) (9)
e,B W W AFy .
1 /~\( prot’ shad)

This is a special case of the generalized detailed fluctuation
theorem for joint probabilities of Garcia-Garcia et al.
[37,38]. Equation (9) gives an expression in terms of the
excess work Wy + Wiaq — AF for the ratio of the
joint-probability distributions over protocol and shadow
works realized during the forward and reverse protocols,
respectively.

Equation (9) can be trivially extended to arbitrary de-
compositions of the total work, where each component
corresponds to a group of individual work steps. It thus
represents a generalization of the work-fluctuation theorem
[22] to contexts with multiple sources of work. Several
other modified fluctuation theorems can be derived from
Eq. (9) that modify a standard fluctuation theorem for one
of the works with an exponential average over the other
work. For example, in Sec. VI, we derive a Jarzynski
equation modified by the presence of shadow work
[Eq. (12)], and, in Sec. VII, we derive a similarly modified
integrated transient fluctuation theorem (ITFT) [Eq. (15)].

VI. RECOVERING EQUILIBRIUM STATISTICS
FROM NONEQUILIBRIUM SIMULATIONS

Now that we are equipped with our new interpretation of
finite-time-step Langevin dynamics as a driven nonequi-
librium process even in the absence of an explicit driving
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force, nonequilibrium thermodynamics affords various
approaches for recovering true equilibrium properties of
the system.

One approach is to maintain the simulation at equilib-
rium by incorporating Monte Carlo moves that condition-
ally accept or reject candidate trajectory segments or single
time steps, for example, by using the Metropolis criterion
Pyecept = min(1, exp{— BWp,q}) [39]. In order to maintain
detailed balance, the velocity must be inverted if the

proposed state is rejected [12], which may lead to in-
creased correlation times. Applied to single time steps,
this is essentially the idea behind the generalized hybrid
Monte Carlo (GHMC integrator [12,35], and when applied
to trajectory segments, this is the idea behind work-bias
Monte Carlo [40] and nonequilibrium-candidate Monte—
Carlo [41] simulations. In either case, Metropolization
results in an MCMC process that samples the true equilib-
rium distribution.

(@) (b)
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FIG. 3. Ignoring shadow work in Langevin simulations leads to systematic errors in inference of both equilibrium and nonequilibrium
statistics. Results are from Langevin simulations of 10® independent realizations of a quartic potential U = 1 — Xmin)* uniformly
translating with velocity 1/2, starting from equilibrium, with unit temperature, mass, spring constant, and friction coefficient. Standard
errors are smaller than symbol size. The y axes for (b) and (d) are the same as those for (a) and (c), respectively. (a) Error in free energy
calculated from the Jarzynski equality (10a) as a function of position of the quartic potential, neglecting shadow work (circles) and
including shadow work (X s), for Az of 1/4 (red) and 1/8 (blue). The exact change in free energy is zero. The error in the naive Jarzynski
estimator (circles) is entirely captured by the correction term — In{e ™ #%swa) 1 (+ signs) from Eq. (12), as can be seen by the agreement of
these symbols to within statistical error. (b) Semilog plot of error in the Jarzynski estimate of free energy after the quartic potential has
moved to r = 2.5, as a function of time-step length, neglecting shadow work (circles) and including shadow work (X s). Also shown is
the correction term from Eq. (12) (+ signs). (c) Ratio of left-hand side and right-hand side of the ITFT as a function of position of the
quartic potential, neglecting shadow work [circles, Eq. (15)] and including shadow work [X s, Eq. (13)], for Az of 1/4 (red) and 1/8
(blue). The error in the naive ITFT ratio is entirely captured by the correction factor (e"BV"'m)Wpml <0/ (e BWoma )me ~o (+ signs), as can be
seen by the agreement of these symbols to within statistical error. (d) Semilog plot of the ITFT ratio after the quartic potential has moved
to r = 2.5, as a function of time-step length Az, neglecting shadow work (circles) and including shadow work ( X s). Also shown is the
correction factor (e AWor)y, o /(e PWom)y, o (+ signs).

prot prof
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Another approach to recovering equilibrium statistics is
to perform a Monte Carlo sampling of trajectories [42,43],
generating an ensemble of trajectories based on the proba-
bility associated with the Boltzmann-weighted work over
the entire trajectory, exp{— BW.q}- This approach allows
both accurate equilibrium statistics and realistic dynamics,
albeit at a potentially high computational cost.

Instead of sampling equilibrium trajectories, we can
alternatively apply nonequilibrium relations, such as the
Jarzynski equality [25] and path ensemble averages
[22,27,44,45], to directly recover equilibrium properties
from the statistics of a driven system, essentially by re-
weighting trajectories by exp{—8W,.}, where it is impor-
tant that the work includes both the protocol work and the
shadow work. Note that the initial configurations must be
sampled from the correct equilibrium ensemble, which can
be accomplished with a standard MCMC process, or with
one of the approaches discussed above, such as generalized
hybrid Monte Carlo.

We now demonstrate the importance of including the
shadow work by using the Jarzynski equality to estimate
changes in free energy in a simple model system. The
Jarzynski equality [25] relates the change in equilibrium
free energy, resulting from some perturbation of the sys-
tem, to the exponential average of the work incurred
during many realizations of the system response to that
perturbation,

BAFeq = ln<eiﬁw>/\

= — In{e AWpror T Waa)) ,

(10a)
(10b)

In the second line, we have explicitly split the effective
thermodynamic work into protocol and shadow work.
Here, angled brackets with subscript A indicate expecta-
tions over trajectories starting in the equilibrium distribu-
tion for the initial value of the Hamiltonian J{ (0) and
integrated according to Eq. (3), with the Hamiltonian
evolving according to A. Although standard Langevin
integrators are used in myriad multidimensional contexts,
in Fig. 3 we examine the shadow-work contribution in a
simple one-dimensional system to suggest the ubiquity of
the issues raised here. In particular, we consider a particle
in thermal contact with the environment, subject to a
quartic potential that is initially stationary and then trans-
lated at a constant velocity. The exact change in free energy
is zero. When one uses only the protocol work (neglecting
the shadow work), the Jarzynski estimate of free energy
empirically shows a systematic error that scales roughly as
A#? [Figs. 3(a) and 3(b), circles]. Using the total thermo-
dynamic work (including the shadow work) eliminates this
error, and the Jarzynski estimator gives the correct change
of free energy [Figs. 3(a) and 3(b), Xs]. In Fig. 3, standard
errors are calculated from 10® independent simulations and
are smaller than the symbol size.

We can understand the origin of this error by analyzing
our estimator in terms of the multivariate-fluctuation

theorem [Eq. (9)] derived above in Sec. V. Rearranging
Eq. (9), decomposing the joint probability into the mar-
ginal and conditional probabilities,

PA(_Wprov _Wshad) = PA(_WprOt)P]\(_Wshadl - Wprot)»
(1)

and integrating over the shadow work, we find that, when
ignoring the contributions of shadow work, the Jarzynski

estimator of the free energy Bﬁeq = — In(e” A%t} has
a systematic bias from the true change in free energy
BAF, that is a function of the distribution of shadow
works:

BAF,, = BAF,, — In(e™AWau) . (12)

Empirically, the correction term — In{e™#Wsua) 1 [Figs. 3(a)
and 3(b), + signs] reproduces the error in the Jarzynski

estimator without shadow work, BAF.

The correction factor y = (¢~ #%wa)1 is analogous to
the correction factor that appears in the Jarzynski equality
with feedback [46]. Curiously, the correction to the
Jarzynski estimator is solely a function of the shadow-
work distribution, and, in particular, does not explicitly
depend on correlations between the shadow work and the
protocol work.

VII. CORRECTING NONEQUILIBRIUM
FLUCTUATION THEOREMS

In addition to these errors for equilibrium estimators
during simulations with an explicitly time-independent
Hamiltonian, ignoring the contribution of shadow work
leads to systematic errors in estimates of nonequilibrium
quantities when the Hamiltonian is explicitly time depen-
dent: The simulated system is actually subject to a different
Hamiltonian than the system one, and thus the probability
distribution of protocol works does not obey the relevant
time-reversal symmetry (4). We quantitate this time-
reversal asymmetry by examining violations of the ITFT
[47], which for time-symmetric protocols relates the ratio
of the probabilities of realizing a negative and a positive
total work, respectively, to the exponentially weighted total

work, conditional on the total work’s being positive:
P(”tot<0) - BW,
_~ Ot 7 = tot . 13
P(Wy, > 0) (e >Wm>() (13)

This relation follows directly from Eq. (4).
Manipulating Eq. (9) to a similar form produces
P (Wprot < 0)

__ r= = ~BWior . 14
P(Wprot > 0) <e >met>0 ( )

For this relation to hold, the work in the exponential
must be the foral work, not the protocol work that appears
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elsewhere in the equation. When one ignores the shadow
work and measures only the protocol work, the ratio of the
left-hand side and right-hand side,

P(Wpoe < 0)
B [ 09
prot

departs from unity to the extent that the protocol-work
fluctuations do not obey the relevant time-reversal symme-
try that the total-work fluctuations do. Departure
from unity in Eq. (15) quantifies the violation of the
nonequilibrium time-reversal symmetry obeyed by a
proper thermodynamic work encompassing all energy
changes unrelated to the heat.

Figures 3(c) and 3(d) show that, for the simple system
described in Sec. VI, the protocol work alone (circles) does
not obey the nonequilibrium fluctuation relation required
of a thermodynamic work (with an error that empirically
scales with the square of the time step), but the sum of the
protocol and shadow works ( X s) does obey it. The cor-
rection factor (e*'Ble)mePO/ (e AWy, _ (4 signs)

prot

reproduces the error in the ITFT ratio neglecting shadow
work. Thus, ignoring the shadow work and using the pro-
tocol work rather than the total work produces systematic
biases in estimators of nonequilibrium quantities (such as
the nonequilibrium free energy [32] or the nonequilibrium
energetic efficiency [48]).

VIII. EPILOGUE

For Hamiltonian dynamics, a finite-time-step symplec-
tic integrator conserves a shadow Hamiltonian and is
microscopically reversible. But, as we have seen, for
Langevin dynamics, discretization of the dynamics leads
(even for a time-independent Hamiltonian) to a mixed
deterministic-stochastic nonequilibrium dynamics, which
preserves the equilibrium distribution of neither the sys-
tem nor the shadow Hamiltonian and which is not time-
reversal symmetric. However, we can measure the work,
heat, and shadow work, and thereby separate the respec-
tive contributions to time-reversal symmetry breaking of
the finite time step and deliberate perturbation. This
procedure allows us to apply results from nonequilibrium
thermodynamics to characterize in a thermodynamically
meaningful way the error produced by finite-time-
step integration and to correct for such errors to recover
equilibrium and nonequilibrium properties of the
system.

While we focus in this paper on work distributions, we
note that discrete integrators can also introduce artifacts
into other aspects of a system’s dynamical evolution, for
example, producing erroneous free-particle diffusion co-
efficients and uniform force-field terminal drifts. These
artifacts can be mitigated through time-step rescaling, as
discussed in Ref. [49]. Where measurements of work and
heat are not required, correct statistics of nonequilibrium

trajectories through phase space can be recovered using
the Metropolis-adjusted geometric Langevin algorithm of
Bou-Rabee and Vanden-Eijnden, which under reasonable
conditions on the potential energy is pathwise convergent
to the distribution of trajectories for the continuous
equations of motion [50].
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APPENDIX: SIMULATION DETAILS

We carried out simulations using the OpenMM GPU-
accelerated molecular-simulation toolkit [51,52] (develop-
ment revision r3314). Cubic water boxes of various sizes
(220, 440, 880, 1760, and 3520 waters) were created using
the OpenMM Modeller tool and parametrized with TIP3P
water [53] using the OpenMM Forcefield tool. In con-
strained simulations, we used the analytical SETTLE algo-
rithm [54] to enforce the constraints on water O-H and H-H
interatomic distances. This Langevin integrator maintains
second-order accuracy [16] when constrained by the
RATTLE algorithm [55], which should produce results iden-
tical (to within machine precision) to SETTLE. We truncated
Lennard-Jones interactions at 9 A and added an analytical
long-range dispersion correction [56] to account for inter-
actions beyond this cutoff. We handled electrostatics using
the reaction-field algorithm [57] with an identical cutoff
using an exterior dielectric of 78.5.
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We sampled initial configurations and momenta from an
equilibrium NPT ensemble at 1 atm and 298 K with the
generalized hybrid Monte Carlo (GHMC algorithm [16,35]
using a time step of 0.5 fs. We controlled pressure using a
Monte Carlo molecular-scaling barostat with a proposal
size automatically determined during equilibration
[58,59]. After initial equilibration for 250000 steps, we
sampled configurations and momenta every 10 000 GHMC
steps and subjected them to Langevin simulation [Eq. (3)]
at fixed volume using a collision rate of 9.1/ps. We inte-
grated these initial conditions for a total of 4096 steps
using a variety of different time steps from 0.25 fs to
7 fs, with the accumulated shadow work after 2" steps
stored (n =0, 1, ..., 12). The limit of stability was deter-
mined by the largest time step that did not generate infinite
cumulative work values in 4096 time steps in any sample;
the limit was determined to be 2 fs for unconstrained
simulations and 6 fs for constrained simulations.

0.1 Time step (fs) 220 HZO flexible
o 0.50
0.75
c 0.08 ° 1.00 e
N o 125 -
Otl - — -
> 0.06 _ -
Z e
g Let
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3
Q
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0.06 | B

Lot
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-
0.02 ﬁﬁﬂ?ﬂ'ﬁ

Shadow work / (NH2 o kBT)

0&0—9— e — — . . . . . .
0 05 1 15 2 25 3 35 4 45 5
Simulation time (ps)

To estimate, using Eq. (6), the nonequilibrium free
energy of the steady-state ensemble sampled by discrete
Langevin integration, we used the average accumulated
shadow work after M steps as the work to switch into
steady state, while we used the average dissipated power
in the next M steps as an average steady-state power:

AFeq = L Worndorme — Wy—am)crmc - (A1)
Here, the (-)gumc notation denotes averages computed
over Langevin simulations initiated from GHMC-sampled
initial configurations and momenta. Through analysis of
M =2"forn=0,1,..., 11, we found that the steady-state
power, and hence the estimated nonequilibrium free en-
ergy, converged after M = 1024 steps (see Fig. 4), so we
used this value for all subsequent analysis.

We estimated the squared uncertainty in the nonequilib-
rium free energy as

0.1r Time step (fs) 220 H,O constrained
e 050
1.00
o 0.08 | ° 2.00
g ° 3.00
om
= 0.06
£
8
5004 _ —*
2 _ -
] —
< —
< —
= —
2002} - i
— o -
[ _ — —e
A% —o— — 2~ . . .
0 2 4 6 8 10 12
Simulation time (ps)
0.1p Time step (fs) 3520 HZO constrained
e 050
1.00
o 0.08 | ° 2.00
N L] 3.00
om
> 0.06
=
8 —
5 0.04r e
z _ -
Q —
< —~
E -
2 0.02f -
— L4 -
[ g - — —e
Oé.'; —o— — 2 — 1 1 1 1
0 2 4 6 8 10 12

Simulation time (ps)

FIG. 4. Convergence to steady state of Langevin simulations with a time-independent Hamiltonian. Shadow work accumulates at a
steady rate after M = 1024 steps. Each dashed line connects work values at 1024 and 2048 steps. According to Eq. (Al), the
nonequilibrium free energy is estimated as half the y intercept of the dotted line. Left column: unconstrained simulations; right
column: constrained simulations. Top row: 220 water molecules; bottom row: 3520 water molecules. Each simulation ran for 4096

steps. Error bars denote 95% confidence intervals.
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52

(AFyeq) = [var(Woy) + var(Wy_o)

— 2cov(Wo—pr, Wiy—am)1/(4Nes),  (A2)

where var(x) and cov(x, y) denote sample variances and
covariances over the measured set of work values, and N
is the effective number of uncorrelated samples after ac-
counting for the statistical inefficiencies by autocorrelation
analysis of sequentially sampled trajectory work values.
(See Sec. 2.4 of Ref. [60].)

(1]

(6]

(71

(8]

(9]

[10]

(11]

(12]

Paul Langevin, Sur la theorie du mouvement Brownien, C.
R. Acad. Sci. (Paris) 146, 530 (1908) [English translation:
On the Theory of Brownian Motion, Am. J. Phys. 65, 1079
(1997)].

Daan Frenkel and Berend Smit, Understanding Molecular
Simulation (Academic Press, San Diego, 2002), 2nd ed.
Manuel Athénes, A Path-Sampling Scheme for Computing
Thermodynamic Properties of a Many-Body System
in a Generalized Ensemble, Eur. Phys. J. B 38, 651
(2004).

Gilles Adjanor and Manuel Athénes, Gibbs Free-Energy
Estimates from Direct Path-Sampling Computations,
J. Chem. Phys. 123, 234104 (2005).

Gilles Adjanor, Manuel Athenes, and Florent Calvo, Free
Energy Landscape from Path-Sampling: Application to the
Structural Transition in Llyg, Eur. Phys. J. B 53, 47
(2006).

Wolfgang Lechner, Harald Oberhofer, Christoph Dellago,
and Phillip L. Geissler, Equilibrium Free Energies from
Fast-Switching Trajectories with Large Time Steps, J.
Chem. Phys. 124, 044113 (2006).

William C. Swope, Hans C. Andersen, Peter H. Berens,
and Kent R. Wilson, A Computer Simulation Method for
the Calculation of Equilibrium Constants for the
Formation of Physical Clusters of Molecules:
Application to Small Water Clusters, J. Chem. Phys. 76,
637 (1982).

Mark E. Tuckerman, Bruce J. Berne, and Glenn J.
Martyna, Reversible Multiple Time Scale Molecular
Dynamics, J. Chem. Phys. 97, 1990 (1992).

J.M. Sanz-Serna, Symplectic Integrators for Hamiltonian
Problems: An Overview, Acta Numer. 1, 243 (1992)
[published online 2008].

H. Yoshida, Construction of Higher Order Symplectic
Integrators, Phys. Lett. A 150, 262 (1990).

Giovanni Bussi and Michele Parrinello, Accurate
Sampling Using Langevin Dynamics, Phys. Rev. E 75,
056707 (2007).

Tony Lelievre, Mathias Rousset, and Gabriel Stoltz, Free
Energy Computations: A Mathematical Perspective
(Imperial College Press, London, 2010).

Richard C. Tolman, The Principles of Statistical
Mechanics (Oxford University Press, London, 1938).
Giovanni Bussi, Tatyana Zykova-Timan, and Michele
Parrinello, Isothermal-Isobaric Molecular Dynamics
Using Stochastic Velocity Rescaling, J. Chem. Phys. 130,
074101 (2009).

[15]

[16]

[17]

[18]

(191

(20]

(21]

(22]

(23]
[24]
[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

011007-10

Nawaf Bou-Rabee and Houman Owhadi, Long-Run
Behavior of Variational Integrators in the Stochastic
Context, SIAM J. Numer. Anal. 48, 278 (2010).

Tony Lelievre, Mathias Rousset, and Gabriel Stoltz,
Langevin Dynamics with Constraints and Computation
of Free Energy Differences, Math. Comput. 81, 2071
(2012).

Carlos Bustamante, Jan Liphardt, and Felix Ritort, The
Nonequilibrium Thermodynamics of Small Systems, Phys.
Today 58, 43 (2005).

B. Cleuren, C. Van den Broeck, and R. Kawai,
Fluctuation and Dissipation, C.R. Physique 8, 567
(2007).

Christopher Jarzynski, Equalities and Inequalities:
Irreversibility and the Second Law of Thermodynamics
at the Nanoscale, Annu. Rev. Condens. Matter Phys. 2,
329 (2011).

Richard E. Spinney and Ian J. Ford, in Nonequilibrium
Statistical Physics of Small Systems: Fluctuation
Relations and Beyond, edited by R. Klages, W. Just, and
C. Jarzynski (Wiley-VCH, Weinheim, 2013), Chap. 1, p. 3
[to be published; ISBN: ].

Gavin E. Crooks, Nonequilibrium Measurements of Free
Energy Differences for Microscopically Reversible
Markovian Systems, J. Stat. Phys. 90, 1481 (1998).

G.E. Crooks, Entropy Production Fluctuation Theorem
and the Nonequilibrium Work Relation for Free Energy
Differences, Phys. Rev. E 60, 2721 (1999).

G.E. Crooks, Excursions in Statistical Dynamics, Ph.D.
thesis, University of California, Berkeley, 1999.

Gavin E. Crooks, On Thermodynamic and Microscopic
Reversibility, J. Stat. Mech. (2011) P07008.

Christopher Jarzynski, Nonequilibrium Equality for Free
Energy Differences, Phys. Rev. Lett. 78, 2690 (1997).
Denis J. Evans and Debra J. Searles, Equilibrium
Microstates Which Generate Second Law Violating
Steady-States, Phys. Rev. E 50, 1645 (1994).

Gerhard Hummer and Attila Szabo, Free Energy
Reconstruction from Nonequilibrium Single-Molecule
Pulling Experiments, Proc. Natl. Acad. Sci. U.S.A. 98,
3658 (2001).

Pierre Gaspard, Time-Reversed Dynamical Entropy and
Irreversibility in Markovian Random Processes, J. Stat.
Phys. 117, 599 (2004).

Christopher Jarzynski, Rare Events and the Convergence
of Exponentially Averaged Work Values, Phys. Rev. E 73,
046105 (2006).

R. Kawai, J.M.R. Parrondo, and C. Van den Broeck,
Dissipation: The Phase-Space Perspective, Phys. Rev.
Lett. 98, 080602 (2007).

Edward H. Feng and Gavin E. Crooks, Length of Time’s
Arrow, Phys. Rev. Lett. 101, 090602 (2008).

David A. Sivak and Gavin E. Crooks, Near-Equilibrium
Measurements of Nonequilibrium Free Energy, Phys. Rev.
Lett. 108, 150601 (2012).

Robert Shaw, The Dripping Faucet as a Model Chaotic
System (Aerial Press, Santa Cruz, 1984).

Bernard Gaveau and L.S. Schulman, A General
Framework  for Non-Equilibrium Phenomena: The
Master Equation and Its Formal Consequences, Phys.
Lett. A 229, 347 (1997).


http://dx.doi.org/10.1119/1.18725
http://dx.doi.org/10.1119/1.18725
http://dx.doi.org/10.1140/epjb/e2004-00159-0
http://dx.doi.org/10.1140/epjb/e2004-00159-0
http://dx.doi.org/10.1063/1.2137698
http://dx.doi.org/10.1140/epjb/e2006-00353-0
http://dx.doi.org/10.1140/epjb/e2006-00353-0
http://dx.doi.org/10.1063/1.2162874
http://dx.doi.org/10.1063/1.2162874
http://dx.doi.org/10.1063/1.442716
http://dx.doi.org/10.1063/1.442716
http://dx.doi.org/10.1063/1.463137
http://dx.doi.org/10.1017/S0962492900002282
http://dx.doi.org/10.1016/0375-9601(90)90092-3
http://dx.doi.org/10.1103/PhysRevE.75.056707
http://dx.doi.org/10.1103/PhysRevE.75.056707
http://dx.doi.org/10.1063/1.3073889
http://dx.doi.org/10.1063/1.3073889
http://dx.doi.org/10.1137/090758842
http://dx.doi.org/10.1090/mcom/2012-81-280
http://dx.doi.org/10.1090/mcom/2012-81-280
http://dx.doi.org/10.1063/1.2012462
http://dx.doi.org/10.1063/1.2012462
http://dx.doi.org/10.1016/j.crhy.2007.04.015
http://dx.doi.org/10.1016/j.crhy.2007.04.015
http://dx.doi.org/10.1146/annurev-conmatphys-062910-140506
http://dx.doi.org/10.1146/annurev-conmatphys-062910-140506
http://dx.doi.org/10.1023/A:1023208217925
http://dx.doi.org/10.1103/PhysRevE.60.2721
http://dx.doi.org/10.1088/1742-5468/2011/07/P07008
http://dx.doi.org/10.1103/PhysRevLett.78.2690
http://dx.doi.org/10.1103/PhysRevE.50.1645
http://dx.doi.org/10.1073/pnas.071034098
http://dx.doi.org/10.1073/pnas.071034098
http://dx.doi.org/10.1007/s10955-004-3455-1
http://dx.doi.org/10.1007/s10955-004-3455-1
http://dx.doi.org/10.1103/PhysRevE.73.046105
http://dx.doi.org/10.1103/PhysRevE.73.046105
http://dx.doi.org/10.1103/PhysRevLett.98.080602
http://dx.doi.org/10.1103/PhysRevLett.98.080602
http://dx.doi.org/10.1103/PhysRevLett.101.090602
http://dx.doi.org/10.1103/PhysRevLett.108.150601
http://dx.doi.org/10.1103/PhysRevLett.108.150601
http://dx.doi.org/10.1016/S0375-9601(97)00185-0
http://dx.doi.org/10.1016/S0375-9601(97)00185-0

USING NONEQUILIBRIUM FLUCTUATION THEOREMS TO ...

PHYS. REV. X 3, 011007 (2013)

(35]

(36]

(37]

(38]

[40]

[41]

[45]

[46]

[47]

(48]

[49]

Alan M. Horowitz, A Generalized Guided Monte Carlo
Algorithm, Phys. Lett. B 268, 247 (1991).

A. Beskos, N.S. Pillai, G. O. Roberts, J. M. Sanz-Serna,
and A.M. Stuart, Optimal Tuning of the Hybrid Monte-
Carlo Algorithm, arXiv:1001.4460.

Reinaldo Garcia-Garcia, Daniel Dominguez, Vivien
Lecomte, and Alejandro B. Kolton, Unifying Approach
for Fluctuation Theorems from Joint Probability
Distributions, Phys. Rev. E 82, 030104 (2010).

Reinaldo Garcia-Garcia, Vivien Lecomte, Alejandro B.
Kolton, and Daniel Dominguez, Joint Probability
Distributions and Fluctuation Theorems, J. Stat. Mech.
(2012) P02009.

Nicholas Metropolis, Arianna W. Rosenbluth, Marshall N.
Rosenbluth, Augusta H. Teller, and Edward Teller,
Equation of State Calculations by Fast Computing
Machines, J. Chem. Phys. 21, 1087 (1953).

Manuel Atheénes, Computation of a Chemical Potential
Using a Residence Weight Algorithm, Phys. Rev. E 66,
046705 (2002).

Jerome P. Nilmeier, Gavin E. Crooks, David D. L. Minh,
and John D. Chodera, Nonequilibrium Candidate
Monte Carlo Is an Efficient Tool for Equilibrium
Simulation, Proc. Natl. Acad. Sci. U.S.A. 108, E1009
(2011).

Sean X. Sun, Equilibrium Free Energies from Path
Sampling of Nonequilibrium Trajectories, J. Chem.
Phys. 118, 5769 (2003).

Erding Atilgan and Sean X. Sun, Equilibrium Free Energy
Estimates Based on Nonequilibrium Work Relations and
Extended Dynamics, J. Chem. Phys. 121, 10392 (2004).
David L.D. Minh and John D. Chodera, Optimal
Estimators and Asymptotic Variances for Nonequilibrium
Path-Ensemble Averages, J. Chem. Phys. 131, 134110
(2009).

David L.D. Minh and John D. Chodera, Estimating
Equilibrium Ensemble Averages Using Multiple Time
Slices from Driven Nonequilibrium Processes: Theory
and Application to Free Energies, Moments, and
Thermodynamic Length in Single-Molecule Pulling
Experiments, J. Chem. Phys. 134, 024111 (2011).
Takahiro Sagawa and Masahito Ueda, Generalized
Jarzynski  Equality under Nonequilibrium Feedback
Control, Phys. Rev. Lett. 104, 090602 (2010).

Gary S. Ayton, Denis J. Evans, and Debra J. Searles, A
Local Fluctuation Theorem, J. Chem. Phys. 115, 2033
(2001).

David A. Sivak and Gavin E. Crooks, Thermodynamic
Metrics and Optimal Paths, Phys. Rev. Lett. 108, 190602
(2012).

David A. Sivak, John D. Chodera, and Gavin E. Crooks,
Time Step Rescaling Recovers  Continuous-Time

(501

[51]

(52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

011007-11

Dynamical Properties for Discrete-Time Langevin
Integration of Nonequilibrium Systems, arXiv:1301.3800.
Nawaf Bou-Rabee and FEric Vanden-Eijnden, Pathwise
Accuracy and Ergodicity of Metropolized Integrators for
SDEs, Commun. Pure Appl. Math. 63, 655 (2009).

Mark S. Friedrichs, Peter Eastman, Vishal Vaidyanathan,
Mike Houston, Scott LeGrand, Adam L. Beberg, Daniel L.
Ensign, Christopher M. Bruns, and Vijay S. Pande,
Accelerating  Molecular ~ Dynamic  Simulation on
Graphics Processing Units, J. Comput. Chem. 30, 864
(2009).

Peter K. Eastman, Mark S. Friedrichs, John D. Chodera,
Randall J. Radmer, Christopher M. Bruns, Joy P. Ku, Kyle
A. Beauchamp, Thomas J. Lane, Lee-Ping Wang, Diwakar
Shukla, Tony Tye, Michael Houston, Timo Stich,
Christoph Klein, Michael R. Shirts, and Vijay S. Pande,
OpenMM 4: A Reusable, Extensible Hardware
Independent Library for High Performance Molecular
Simulation, J. Chem. Theory Comput. 12 (2012) Articles
ASAP.

William L. Jorgensen, Jayaraman Chandrasekhar, Jeffrey
D. Madura, Roger W. Impey, and Michael L. Klein,
Comparison of Simple Potential Functions for
Simulating Liquid Water, J. Chem. Phys. 79, 926 (1983).
Shuichi Miyamoto and Peter A. Kollman, SETTLE: An
Analytical Version of the SHAKE and RATTLE Algorithm
for Rigid Water Models, J. Comput. Chem. 13, 952 (1992).
Hans C. Andersen, RATTLE—A Velocity Version of the
SHAKE Algorithm for Molecular-Dynamics Calculations,
J. Comput. Phys. 52, 24 (1983).

Michael R. Shirts, David L. Mobley, John D. Chodera, and
Vijay S. Pande, Accurate and Efficient Corrections for
Missing  Dispersion  Interactions in  Molecular
Simulations, J. Phys. Chem. B 111, 13052 (2007).

Tlario G. Tironi, René Sperb, Paul E. Smith, and Wilfred F.
van Gunsteren, A Generalized Reaction Field Method for
Molecular Dynamics Simulations, J. Chem. Phys. 102,
5451 (1995).

Kim-Hung Chow and David M. Ferguson, Isothermal-
Isobaric  Molecular ~ Dynamics  Simulations — with
Monte Carlo Volume Sampling, Comput. Phys.
Commun. 91, 283 (1995).

Johan Aqvist, Petra Wennerstrom, Martin Nervall, Sinisa
Bjelic, and Bjgrn O. Brandsdal, Molecular Dynamics
Simulations of Water and Biomolecules with a
Monte Carlo Constant Pressure Algorithm, Chem. Phys.
Lett. 384, 288 (2004).

John D. Chodera, William C. Swope, Jed W. Pitera, Chaok
Seok, and Ken A. Dill, Use of the Weighted Histogram
Analysis Method for the Analysis of Simulated and
Farallel Tempering Simulations, J. Chem. Theory
Comput. 3, 26 (2007).


http://dx.doi.org/10.1016/0370-2693(91)90812-5
http://arXiv.org/abs/1001.4460
http://dx.doi.org/10.1103/PhysRevE.82.030104
http://dx.doi.org/10.1088/1742-5468/2012/02/P02009
http://dx.doi.org/10.1088/1742-5468/2012/02/P02009
http://dx.doi.org/10.1063/1.1699114
http://dx.doi.org/10.1103/PhysRevE.66.046705
http://dx.doi.org/10.1103/PhysRevE.66.046705
http://dx.doi.org/10.1073/pnas.1106094108
http://dx.doi.org/10.1073/pnas.1106094108
http://dx.doi.org/10.1063/1.1555845
http://dx.doi.org/10.1063/1.1555845
http://dx.doi.org/10.1063/1.1813434
http://dx.doi.org/10.1063/1.3242285
http://dx.doi.org/10.1063/1.3242285
http://dx.doi.org/10.1063/1.3516517
http://dx.doi.org/10.1103/PhysRevLett.104.090602
http://dx.doi.org/10.1063/1.1385158
http://dx.doi.org/10.1063/1.1385158
http://dx.doi.org/10.1103/PhysRevLett.108.190602
http://dx.doi.org/10.1103/PhysRevLett.108.190602
http://arXiv.org/abs/1301.3800
http://dx.doi.org/10.1002/cpa.20306
http://dx.doi.org/10.1002/jcc.v30:6
http://dx.doi.org/10.1002/jcc.v30:6
http://dx.doi.org/10.1021/ct300857j
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1002/(ISSN)1096-987X
http://dx.doi.org/10.1016/0021-9991(83)90014-1
http://dx.doi.org/10.1021/jp0735987
http://dx.doi.org/10.1063/1.469273
http://dx.doi.org/10.1063/1.469273
http://dx.doi.org/10.1016/0010-4655(95)00059-O
http://dx.doi.org/10.1016/0010-4655(95)00059-O
http://dx.doi.org/10.1016/j.cplett.2003.12.039
http://dx.doi.org/10.1016/j.cplett.2003.12.039
http://dx.doi.org/10.1021/ct0502864
http://dx.doi.org/10.1021/ct0502864

