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Abstract Molecular dynamics simulations rely on integrating the classical (Newtonian)
equations of motion for a molecular system and thus, sample a microcanonical (constant-
energy) ensemble by default. However, for compatibility with experiment, it is often desirable
to sample configurations from a canonical (constant-temperature) ensemble instead. A modi-
fication of the basic molecular dynamics scheme with the purpose of maintaining the temper-
ature constant (on average) is called a thermostat algorithm. The present article reviews the
various thermostat algorithms proposed to date, their physical basis, their advantages and their
shortcomings.
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molecular dynamics

nuclear magnetic resonance

stochastic dynamics

Kronecker delta symbol or Dirac delta function
Heaviside step function

Boltzmann’s constant

instantaneous potential energy

instantaneous kinetic energy

Hamiltonian

energy (thermodynamical)

enthalpy

Hill energy

Ray enthalpy

temperature (instantaneous)

temperature (thermodynamical)

reference temperature (heat bath)

IB = (kg To)_l

volume (instantaneous)

volume (thermodynamical)

pressure (instantaneous)

pressure (thermodynamical)

number of particles (n-species, instantaneous)
number of particles (n-species, thermodynamical)
chemical potential (n-species, instantaneous)
chemical potential (n-species, thermodynamical)
system linear momentum

system angular momentum

box linear momentum

box angular momentum

number of internal degrees of freedom
number of geometrical constraints

number of external degrees of freedom

mass of atom i

real velocity of atom i

peculiar velocity of atom i

force on atom i

momentum of atom i

stochastic force on atom i

friction coefficient of atom i

velocity scaling factor

timestep

temperature relaxation time

collision frequency (Andersen thermostat)
relaxation time (Berendsen thermostat)
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“mass” of the time-scaling coordinate (Nosé-Hoover thermostat)
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INH effective relaxation time (Nosé-Hoover thermostat)

L extended-system Lagrangian (Nosé-Hoover thermostat)
H, extended-system Hamiltonian (Nosé-Hoover thermostat)
E, extended-system energy (Nosé-Hoover thermostat)

1

Introduction

Classical atomistic simulations, and in particular molecular dynamics (MD) simu-
lations, have nowadays become a common tool for investigating the properties of
polymer [1] and (bio-)molecular systems [2, 3, 4, 5, 6, 7]. Due to their remarkable
resolution in space (single atom), time (femtosecond), and energy, they represent a
powerful complement to experimental techniques, providing mechanistic insight into
experimentally observed processes. However, direct comparison with experiment re-
quires that the boundary conditions imposed on the simulated system are in adequa-
tion with the experimental conditions. The term boundary condition is used here to
denote any geometrical or thermodynamical constraint enforced within the whole
system during the simulation. One may distinguish between hard and soft boundary
conditions. A hard boundary condition represents a constraint on a given instanta-
neous observable, i.e. it is satisfied exactly at any timepoint during the simulation.
A soft boundary condition represents a constraint on the average value of an observ-
able, i.e. the corresponding instantaneous value is allowed to fluctuate around the
specified average. The definition of a soft boundary condition generally also requires
the specification of a timescale for which the average observable should match the
specified value. There exist four main types of boundary conditions in simulations:

1. Spatial boundary conditions include the definition of the shape of the simulated
system and the nature of its surroundings. In molecular simulations, one typi-
cally uses either: (i) vacuum boundary conditions (solute molecule surrounded
by vacuum); (ii) fixed boundary conditions (solute-solvent system surrounded
by vacuum, e.g. droplet [8, 9, 10, 11, 12, 13, 14, 15]); (iii) periodic boundary
conditions (solute-solvent system in a space-filling box, surrounded by an infi-
nite array of periodic copies of itself [ 16, 17]). In the two former cases, the effect
of a surrounding solvent can be reintroduced in an implicit fashion by a modifi-
cation of the system Hamiltonian. Typical modifications are the inclusion of: (i)
solvation forces accounting for the mean effect of the solvent [18, 19, 20, 21];
(i1) stochastic and frictional forces accounting for the effect of collisions with
solvent molecules [22, 23, 24, 25, 2]; (iii) forces at the system boundary to mim-
ick a system-solvent interface [8, 9, 10, 11, 12, 13, 14, 15]. Spatial boundary
conditions are hard boundary conditions, because they apply strictly to all con-
figurations during a simulation.

2. Thermodynamical boundary conditions include the definition of the n + 2
thermodynamical quantities characterizing the macroscopic state of a (mono-
plastic) n-component system (for systems under vacuum boundary conditions,
only n 4+ 1 quantities are required because the volume is not defined while
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the thermodynamical pressure is zero). These quantities can be selected form
pairs of extensive and intensive quantities including: (i) the number of particles
(N = {N; | i = l...n}) or chemical potential (4 = {u; | i = 1...n}) of all
species; (ii) the volume V or pressure P; (iii) the energy E (or a related ex-
tensive thermodynamical potential) or temperature 7. The selected set of n + 2
quantities, together with their reference (macroscopic) values, define the thermo-
dynamical ensemble that is sampled during a simulation (Table 1). By default,
MD simulations sample microstates in the microcanonical (NV E) ensemble. By
applying specific modifications to the system Hamiltonian or equations of mo-
tion, it is possible to maintain instead a constant temperature, pressure or chemi-
cal potential for the different species (or any combination of these changes). The
thermodynamical boundary conditions involving extensive quantities should be
treated as hard boundary conditions, while those involving intensive quantities
should be soft.

3. Experimentally derived boundary conditions are used to explicitly enforce agree-
ment between a simulation and some experimental result. These may be applied
to enforce, e.g., the reproduction of (average) electron density maps from X-ray
crystallography [27, 28, 29, 30], or the agreement with (average) interatomic
distances and J-coupling constants from NMR measurements [31, 32, 33, 30].
Since experiments always provide averages over a given time and number of
molecules, experimentally derived boundary conditions should be handled as
soft boundary conditions.

4. Geometrical constraints can also be considered as boundary conditions. A typ-
ical example is the use of bond-length constraints in simulations [34, 35, 36,
37, 38, 39], which represent a better approximation to the quantum-mechanical
behavior of high-frequency oscillators (hv > kpT) compared to the classical
treatment [40]. Since they are satisfied exactly at every timepoint during a simu-
lation, geometrical constraints represent hard boundary conditions.

The present article is concerned with one specific type of thermodynamical
boundary condition, namely the imposition of a constant (average) temperature dur-
ing MD simulations by means of thermostat algorithms. The simultaneous enforce-
ment of a constant (average) pressure [51, 52, 53, 54, 55, 46, 56, 57, 58, 59, 60,
61, 53, 62, 63, 64, 65, 66, 67, 68, 69, 70] or chemical potential [71, 72, 73, 74]
will not be considered here. The discussion is also restricted to systems under ei-
ther vacuum or periodic boundary conditions, i.e., isolated systems. This implies
that the Hamiltonian is time-independent, and invariant upon translation or rotation
of the whole system. This Hamiltonian may contain terms accounting for the mean
effect of the environment (e.g., implicit-solvation term), as long as it still satisfies the
above conditions. The only exception considered here (whenever explicitly stated) is
the possible inclusion of stochastic and frictional forces as applied in stochastic dy-
namics (SD) simulations, or of random collisional forces as applied in the stochastic-
coupling (Andersen) thermostat. Finally, it should be stressed that the inclusion of
geometrical constraints during a simulation affects the statistical mechanics of the
sampled microstates [75]. This is mainly because in the presence of such constraints,
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Table 1. The eight thermodynamical ensembles, and the corresponding independent and de-
pendent variables. Intensive variables are the chemical potential for all n species (u = {u; |
i = 1...n}), the pressure (P) and the temperature (7"). Extensive variables are the number of
particles for all species (N = {N; | i = 1...n}), the volume (V'), and the energy (E), enthalpy
(H = E+ PV),Hillenergy (L = E—>_ u;N;), or Ray enthalpy (R = E+ PV —>_ u;N;).
Note that grand-ensembles may be open with respect to a subset of species only (e.g., semi-
grand-canonical ensemble). The generalized ensemble is not a physical ensemble, because its
size is not specified (no independent extensive variable). Isothermal ensembles are discussed
in many standard textbooks. Specific references are given for the (less common) adiabatic
ensembles

Independent Dependent Ensemble

NVE uPT Microcanonical [41, 42, 43, 44, 45]
NVT uPE Canonical

NPH uvrT Isoenthalpic-isobaric [46, 47, 48, 45]
NPT uVH Isothermal-isobaric (Gibbs)

uVL NPT Grand-microcanonical [49, 45]

uvrT NPL Grand-canonical

uPR NvT Grand-isothermal-isobaric [50, 45]
uPT NVR Generalized

the kinetic energy of the system cannot be written in a configuration-independent
way (unless the constraints are exclusively involved in fully-rigid atom groups, e.g.,
rigid molecules). This restriction limits the validity of a number of equations pre-
sented in this article. However, many results are expected to remain approximately
valid for systems involving a small proportion of constrainted degrees of freedom,
and no attempt is made here to derive forms including explicitly the effect of geo-
metrical constraints.

2
Ensembles

An isolated system is characterized by a time-independent, translationally invariant
and rotationally invariant Hamiltonian. Integration of the classical equations of mo-
tion for such a system leads, in the limit of infinite sampling, to a trajectory mapping
a microcanonical (NV E) ensemble of microstates’. Assuming an infinite numerical
precision, this is also what a standard MD simulation will deliver.

The laws of classical mechanics also lead to two additional conserved quantities,
namely the linear momentum p;y of the system, and the angular momentum Ly, of

1 Thermodynamical ensembles are generally defined without the constraint of Hamiltonian
translational and rotational invariance, in which case the previous statement is not entirely
correct. In the present article, however, the terminology of Table 1 will be (loosely) retained
to encompass ensembles where this invariance is enforced. The statistical mechanics of
these latter ensembles must be adapted accordingly [76, 77, 78, 79, 80, 81]. This requires
in particular the introduction of a modified definition for the instantaneous temperature,
relying solely on internal degrees of freedom and kinetic energy (Sect. 3).
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the system around its center of mass (CM). In simulations under periodic boundary
conditions, the two quantities refer to the infinite periodic system. However, in this
case, if the linear momentum pp,, of the computational box is also conserved, the
corresponding angular momentum Ly, is not. This is because correlated rotational
motion in two adjacent boxes exert friction on each other, leading to an exchange
of kinetic energy with the other (internal) degrees of freedom of the system. Note
that the physical properties of a molecular system are independent of pyys. However,
they depend on Ly, because the rotation of the system leads to centrifugal forces.
For this reason, Ly, should be added to the list of independent variables defining the
ensemble sampled. Whenever Ly, is not given, it generally implicitly means that
Lsys = 0. The use of Lgys # 0 in simulations under periodic boundary conditions
(overall uniform rotation of the infinite periodic system) is actually impossible, be-
cause it would lead to non-periodic centrifugal forces. Finally, it should be specified
that the total energy E of the system is defined here so as to exclude the kinetic en-
ergy contributions corresponding to the overall translation and rotation of the system
(so that E is independent of pyys and Lyy;).

Because the independent variables of the microcanonical ensemble are all exten-
sive, they should be strictly conserved (i.e., time-independent) during the course of
a simulation. The corresponding dependent variables, namely the chemical potential
U, the pressure P, and the temperature 7', are not conserved. In a non-equilibrium
simulation, these quantities may undergo a systematic drift. In an equilibrium sim-
ulation, the corresponding instantaneous observables (denoted by v, P, and 7°) will
fluctuate around well-defined average values u, P, and T. Two important comments
should be made concerning the previous statement. First, the instantaneous observ-
ables v, P, and 7 are not uniquely defined. The instantaneous temperature is gener-
ally related to the total kinetic energy of the system (Eq. (8)), and the instantaneous
pressure to the total virial and kinetic energy. However, alternative definitions are
available (differing from the above by any quantity with a vanishing equilibrium
average), leading to identical average values in equilibrium situations, but to differ-
ent fluctuations. Second, a microcanonical ensemble at equilibrium could equally
well be specified by stating that N, V, and E are conserved, and giving the val-
ues of u instead of N, P instead of V, or T instead of E (as long as at least one
extensive variable is specified). However, such a specification would be rather un-
natural as well as inapplicable to non-equilibrium situations. Furthermore, only the
natural variables for defining a given thermodynamical ensemble (Table 1) are ei-
ther time-independent or characterized by vanishing fluctuations in the limit of a
macroscopic system. Finally, it should be stressed that computer simulations can-
not be performed at infinite numerical precision. As a consequence, quantities which
are formally time-independent in classical mechanics may still undergo a numerical
drift in simulations. In microcanonical simulations, this is typically the case for E,
as well as pyys and Ly (vacuum boundary conditions), or py.x (periodic boundary
conditions).

Unfortunately, the microcanonical ensemble that comes out of a standard MD
simulation does not correspond to the conditions under which most experiments are
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carried out. For comparison with experiment, the following ensembles are more use-
ful, which involve one or more intensive independent variables (Table 1):

1. In the canonical ensemble (NVT), the temperature has a specified average
(macroscopic) value, while the instantaneous observable representing the total
energy of the system (i.e., the Hamiltonian ) can fluctuate. At equilibrium, the
root-mean-square fluctuations o of the Hamiltonian around its average value E
are related to the system isochoric heat capacity, cy, through [16]

2 2 2 2
= (#0) = H0kyr =ksT2ev . 1
OF < NVT (H)Nvr = kT cy (1)
The fluctuations o7 of the instantaneous temperature 7~ (defined by Eq. (8)) in a
canonical ensemble are given by [16]

2 _ |2 T L g
oT_<7" >er (Tyr = 2N T2, )

where Ny is the number of internal degrees of freedom in the system (Eq. (9)).
These fluctuations vanish in the limit of a macroscopic system, but are often
non-negligible for the system sizes typically considered in simulations.

2. In the isothermal-isobaric (Gibbs) ensemble (NPT), the pressure has (just as
the temperature) a specified average value, while the instantaneous volume V of
the system can fluctuate. At equilibrium, the root-mean-square fluctuations oy
of the instantaneous volume around its average value V are related to the system
isothermal compressibility, 7, through [16]

oy = (VAINpr = (V)pr = VksTBr . 3)

The root-mean-square fluctuations o of the instantaneous enthalpy H + PV
around its average value H are related to the system isobaric heat capacity, cp,
through [16]

ol = (H+ PV )Npr — (H 4+ PV)ipr = kpT*cp . 4)

Both the instantaneous temperature 7 and the instantaneous pressure £ will
fluctuate around their corresponding macroscopic values, the magnitude of these
fluctuations vanishing in the limit of a macroscopic system.

3. The grand-canonical ensemble (uV T) has a constant volume and temperature
(as the canonical ensemble), but is open for exchanging particles with a sur-
rounding bath. In this case, the chemical potential of the different species has
a specified average, while the instantaneous value N of the number of particles
can fluctuate. For a one-component system at equilibrium, the fluctuations oy
of the instantaneous number of particles around its average value N are related
to the system isothermal compressibility, S, through [16]

o2 = <N2> (NVZyy = N>V kg Thr . 5)

uvVT
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The root-mean-square fluctuations oy, of the instantaneous Hill energy H — u N
around its average value L are given by [16]

P (0= uN?) | = = Ny =k (aL eV T)) - ®
%

Three other combinations of variables are possible (Table 1), but the correspond-
ing ensembles [45] are of more limited practical relevance. The last combination
(generalized ensemble) is not physical, because its size is not specified (no indepen-
dent extensive variable). Note that although MD samples the microcanonical ensem-
ble by default, the basic Monte Carlo (MC; [82, 83, 84]) and stochastic dynamics
(SD; [22, 23, 24, 25, 2]) algorithms sample the canonical ensemble.

Performing a MD simulation in an other ensemble than microcanonical requires a
means to keep at least one intensive quantity constant (on average) during the simula-
tion. This can be done either in a hard or in a soft manner. Applying a hard boundary
condition on an intensive macroscopic variable means constraining a corresponding
instantaneous observable to its specified macroscopic value at every timepoint dur-
ing the simulation (constraint method). Remember, however, that the choice of this
instantaneous observable is not unique. In contrast, the use of a soft boundary condi-
tion allows for fluctuations in the instantaneous observable, only requiring its aver-
age to remain equal to the macroscopic value (on a given timescale). Typical meth-
ods for applying soft boundary conditions are the penalty-function, weak-coupling,
extended-system and stochastic-coupling methods [85]. These methods will be dis-
cussed in the following sections in the context of constant-temperature simulations.
Although there are many ways to ensure that the average of an instantaneous quan-
tity takes a specified value, ensuring that the simulation actually samples the correct
ensemble (and in particular provides the correct fluctuations for the specific instan-
taneous observable in the given ensemble) is much more difficult.

3
Thermostat Algorithms

A modification of the Newtonian MD scheme with the purpose of generating a ther-
modynamical ensemble at constant temperature is called a thermostat algorithm. The
use of a thermostat can be motivated by one (or a number) of the following reasons:
(i) to match experimental conditions (most condensed-phase experiments are per-
formed on thermostatized rather than isolated systems); (ii) to study temperature-
dependent processes (e.g., determination of thermal coefficients, investigation of
temperature-dependent conformational or phase transitions); (iii) to evacuate the heat
in dissipative non-equilibrium MD simulations (e.g., computation of transport coef-
ficients by viscous-flow or heat-flow simulations); (iv) to enhance the efficiency of
a conformational search (e.g., high-temperature dynamics, simulated annealing); (v)
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to avoid steady energy drifts caused by the accumulation of numerical errors during
MD simulations?.

The use of a thermostat requires the definition of an instantaneous temperature.
This temperature will be compared to the reference temperature T, of the heat bath to
which the system is coupled. Following from the equipartition theorem, the average
internal kinetic energy K of a system is related to its macroscopic temperature 7'

through
1
K= (K)= szNdfT (7)

where kp is Boltzmann’s constant, Ny the number of internal degrees of freedom
of the system, and K its instantaneous internal kinetic energy. Defining the instanta-
neous temperature 7~ at any timepoint as

2

T =
kpNay

K, ®)

one ensures that the average temperature (7°) is identical to the macroscopic temper-
ature 7. This definition is commonly adopted, but by no means unique. For example,
the instantaneous temperature could be defined based on the equipartition principle
for only a subset of the internal degrees of freedom. It may also be defined purely on
the basis of configuration, without any reference to the kinetic energy [87, 88].

In the absence of stochastic and frictional forces (see below; Eq. (17)), a few
degrees of freedom are not coupled (i.e., do not exchange kinetic energy) with the
internal degrees of freedom of the system. These external degrees of freedom corre-
spond to the system rigid-body translation and, under vacuum boundary conditions,
rigid-body rotation. Because the kinetic energy associated with these external de-
grees of freedom can take an arbitrary (constant) value determined by the initial
atomic velocities, they must be removed from the definition of the system internal
temperature. Consequently, the number of internal degrees of freedom is calculated
as three times the total number N of atoms in the system, minus the number N, of
geometrical constraints, i.e.

Nyf =3N — N — N, . 9

The subtraction of constrained degrees of freedom is necessary because geometrical
constraints are characterized by a time-independent generalized coordinate associ-
ated with a vanishing generalized momentum (i.e., no kinetic energy). A more for-
mal statistical-mechanical justification for the subtraction of the external degrees of

2 A thermostat algorithm (involving explicit reference to a heat-bath temperature 7,) will
avoid systematic energy drifts, because if the instantaneous temperature is forced to fluctu-
ate within a limited range around Ty, the energy will also fluctuate within a limited range
around its corresponding equilibrium value. To perform long microcanonical simulations
(no thermostat), it is also advisable to employ an algorithm that will constrain the energy
to its reference value E° (ergostat algorithm [86]).
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freedom in the case of periodic boundary conditions can be found elsewhere [45].
A corresponding derivation for vacuum boundary conditions has, to our knowledge,
never been reported. When stochastic and frictional forces are applied, as in SD,
these forces will couple the rigid-body translational and rotational degrees of free-
dom with the internal ones. In this case all degrees of freedom are considered internal
to the system. Thus, Eq. (9) is to be used with N, = 0 in the presence of stochastic
and frictional forces, and otherwise with N, = 3 under periodic boundary conditions
or N, = 6 under vacuum boundary conditions. Similarly, the instantaneous internal
kinetic energy is defined as

N
1 . 2
K = sziri , (10)
i=1
where the internal (also called peculiar) velocities 1; are obtained from the real
atomic velocities ¢ by excluding any component along the external degrees of free-
dom?. These corrected velocities are calculated as

r! if No=0
IVER R vl v 1 if No=3 , (11
7 =ty — Loy (0%) Ly x (0 —xgy) if Np =6
where r{.;, is the coordinate vector of the system center of mass (CM), L¢,, the
system angular momentum about the CM, and I-,, is the (configuration-dependent)
inertia tensor of the system relative to the CM. The latter quantity is defined as

N
Iey(@®) = mi (ti —rem) ® (r —rem) (12)

i=1

where a ® b denotes the tensor with elements x, v equal to a,b,. Application of
Eq. (11) ensures that

N
> miki =0 for N, =3o0r6 (13)
i=1
and (irrespective of the origin of the coordinate system)
N
> mirix i =0 for N, =6. (14)
i=1
Equation (13) is a straightforward consequence of the definition of r{.,,. Equa-
tion (14) is proved by using @(.,, x (r{ —r¢,,) = ¥/ — 1, where o7, =
I 111/1 (r?) Ly, is the angular velocity vector about the CM. Thus, the linear and an-

gular momenta of the internal velocities vanish, as expected.

3 Tt is assumed that the velocities 1"? are already exempt of any component along possible
geometrical constraints.
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Because the instantaneous temperature is directly related to the atomic internal
velocities (Egs. (8) and (10)), maintaining the temperature constant (on average)
in MD simulations requires imposing some control on the rate of change of these
velocities. For this reason, thermostat algorithms require a modification of Newton’s
second law*

i) = m;'Fi(r) . (15)

In the present context, this equation (and the thermostatized analogs discussed be-
low) should be viewed as providing the time-derivative of the internal velocity r;
defined by Eq. (11). In turn, ¥; is related to the real atomic velocity r{ through the
inverse of Eq. (11), namely

I if No=0
I P it No=3 (16)
t; + 15y, + 10,00 L, x 00 —1%,,) if N,=6
where rg,, and L, are constant parameters determined by the initial velocities
r?(0). This distinction between real and internal velocities is often ignored in stan-
dard simulation programs. Many programs completely disregard the problem, while
others only remove the velocity component along the external degrees of freedom for
the computation of the temperature (but do not use internal velocities in the equations
of motion). However, as discussed in Sect. 4, this can have very unpleasant conse-
quences in practice. In the following discussion, it is assumed that the equation of
motion (Eq. (15) or any thermostatized modification) is applied to the internal veloci-
ties defined by Eq. (11), while the atomic coordinates are propagated simultaneously
in time using the real velocities r{ defined by Eq. (16).
The prototype of most isothermal equations of motion is the Langevin equation
(as used in SD; see Sect. 3.2), i.e.

i (1) = m7 ' Fi(t) — i (0% (1) +m7 'R (1) (17)

where R; is a stochastic force and y; a (positive) atomic friction coefficient. Many
thermostats avoid the stochastic force in Eq. (17) and use a single friction coefficient
for all atoms. This leads to the simplified form

i (1) = m7Fi(t) — y (OF: (1) . (18)

In this case, y loses its physical meaning of a friction coefficient and is no longer
restricted to positive values. A positive value indicates that heat flows from the sys-
tem to the heat bath. A negative value indicates a heat flow in the opposite direction.
Note that if Eq. (18) was applied to the real velocities r{ (as often done in simulation
programs) instead of the internal velocities r;, the linear and angular momenta of the
system would not be conserved (unless they exactly vanish).

4 It is assumed that the forces F; are exempt of any component along possible geometrical
constraints.
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Any algorithm relying on the equation of motion given by Eq. (18) is smooth
(i.e., generates a continuous velocity trajectory) and deterministic’. It is also time-
reversible if y is antisymmetric with respect to time-reversal®.

Practical implementations of Eq. (18) often rely on the stepwise integration of
Newton’s second law (Eq. (15)), altered by the scaling of the atomic velocities after
each iteration step. In the context of the leap-frog integrator’ [89], this can be written

I (t—l— Azt) = A(t; At ¥, (t—l— Azt)
, At "
= A(t; At) |:r,-(t— 5 ) +m; Fi(t)At} , (20)

where A(z; At) is a time- and timestep-dependent velocity scaling factor. Imposing
the constraint® A(r; 0) = 1, one recovers Eq. (18) in the limit of an infinitesimal
timestep Az, with

;A —1 DA
y(t):—Alim A(t; At) __ai(z, 1)

= . 21
1—0 At 0(Ar) lA’=0 @h

Note that for a given equation of motion, i.e., a specified form of y (¢), Eq. (21) does
not uniquely specify the scaling factor 1(¢; At). It can be shown that Eq. (20) retains
the original accuracy of the leap-frog algorithm if the velocity-scaling factor applied
to atom i is chosen as [90]

2 X
y2(t)  y(OF (t)} (An? . (22)

ii(’;At):l‘V(t)AH[ 2 T 2mii)

From a thermodynamical point of view, some thermostats can be proved to gen-
erate (at constant volume and number of atoms) a canonical ensemble in the limit of
infinite sampling times (and within the usual statistical-mechanical assumptions of
equal a priori probabilities and ergodicity). More precisely, some thermostats lead to
a canonical ensemble of microstates, i.e., microstates are sampled with a statistical

5 The advantages of deterministic algorithms are that (i) the results can be exactly re-
produced (in the absence of numerical errors), and (ii) there are well-defined conserved
quantities (constants of the motion). In the case of Eq. (18), the constant of the motion is

t

C:(K(t)+(Ll(t)+2/ dt K@)y (1) . (19)
0

6 Considering a given microstate, time-reversibility is achieved if the change dt — —dt

(leading in particular tor — r, ¥ — —r, and ¥ — ¥) leaves the equation of motion for the
coordinates unaltered (while the velocities are reversed). Clearly, this condition is satisfied
for Eq. (18) only if the corresponding change for y isy — —y.

7 The implementation of thermostats will only be discussed here in the context of the leap-
frog integrator. However, implementation with other integrators is generally straightfor-
ward.

8 An algorithm with A(¢; 0) # 1 would involve a Dirac delta function in its equation of
motion.
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weight proportional to e #™ where f = (kpT,)~". In this case and in the absence
of geometrical constraints, expressing the Hamiltonian in Cartesian coordinates as
H(r,p) = U(r) + K(p), U being the potential energy, the probability distribution
of microstates may be written

o~ PHED) BUD)  —BK D)

p( ’ p) fdrfdp e—PH(.,p) fdr e—BU() fdp e—BK(p) (23)
Integrating this expression over either momenta or coordinates shows that the dis-
tribution is also canonical in both configurations (i.e., configurations are sampled
with a statistical weight proportional to e #%) and momenta (i.e., momenta are sam-
pled with a statistical weight proportional to e “#%). In Cartesian coordinates, such a

canonical distribution of momenta reads
—AK(p) 3N —p2m)~' P, 3N
e e 4
pp(P) = — o2 = L i) (24)
[ dpe=F%K® i [dpiy e PO

in

where Eq. (10) was used together with p; = m;¥;. Noting that p(s;,) = m; p(pi.)
and evaluating the required Gaussian integral, this result shows that internal veloci-
ties obey a Maxwell-Boltzmann distribution, i.e., the velocity components 7, appear
with the probability

N\ 1/2 ,
Pliin) = (ﬁzm) R 25)
T

Note that the above statements do not formally hold in the presence of geometrical
constraints, but are generally assumed to provide a good approximation in this case.
Some other thermostats only generate a canonical ensemble of configurations, but
not of microstates and momenta. This is generally not a serious disadvantage for the
computation of thermodynamical properties, because the contribution of momenta to
thermodynamical quantities can be calculated analytically (ideal-gas contribution).
Finally, there also exists thermostats that generate distributions that are canonical
neither in configurations nor in momenta.

From a dynamical point of view, assessing the relative merits of different ther-
mostats is somewhat subjective’. Clearly, the configurational dynamics of a system
will be affected by the timescale of its instantaneous temperature fluctuations, and a
good thermostat should reproduce this timescale at least qualitatively. However, the
direct comparison between experimental thermostats (e.g., a heat bath surrounding

9 An objective question, however, is whether the thermostat is able to produce correct time-
correlation functions (at least in the limit of a macroscopic system). Since transport coeffi-
cients (e.g., the diffusion constant) can be calculated either as ensemble averages (Einstein
formulation) or as integrals of a time-correlation function (Green-Kubo formulation), at
least such integrals should be correct if the thermostat leads to a canonical ensemble. When
this is the case, it has been shown that the correlation functions themselves are also correct
at least for some thermostats [91, 86].
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a macroscopic system, or the bulk medium around a microscopic sample of matter)
and thermostats used in simulations is not straightforward. The reason is that exper-
imental thermostats, because they involve the progressive diffusion of heat from the
system surface towards its center (or inversely), lead to inhomogeneities in the spa-
tial temperature distribution within the sample. On the other hand, the thermostats
used in simulations generally modify instantaneously and simultaneously the veloc-
ities of all atoms irrespective of their locations, and should lead to an essentially
homogeneous temperature distribution.

One may nevertheless try to quantify the timescale of the temperature fluctuations
to be expected in a thermostatized simulation. This timescale can be estimated based
on a semi-macroscopic approach [55]. Consider a system characterized by an average
temperature 7, in contact with a heat bath at a different temperature 7,. By average
temperature, it is meant that the quantity 7 is spacially-averaged over the entire
system and time-averaged over an interval that is short compared to the experimental
timescale, but long compared to the time separating atomic collisions. The difference
between 7~ and 7, may result, e.g., from a natural fluctuation of 7~ within the system.
From macroscopic principles, the rate of heat transfer from the heat bath to the the
system should be proportional to the temperature difference 7, —7 and to the thermal
conductivity x of the system. Thus, the rate of change in the average temperature can
be written (at constant volume)

T(t) = ¢ E(t) = ¢ [T, — T(0)) (26)
with the definition
=&V Bt (27)

where ¢, is the system isochoric heat capacity, V the system volume, and ¢ a dimen-
sionless constant depending on the system shape and on the temperature inhomo-
geneity within the system. For a given system geometry (e.g., spherical) and initial
temperature distribution (i.e., 7 (x, 0)), a reasonable value for ¢ could in principle be
estimated by solving simultaneously the flux equation

Jx, 1) = =k VT (x,1), (28)
where J(x, t) is the energy flux through a surface element perpendicular to the direc-
tion of the vector, and the conservation equation

oT(x,1)

—_— _1 .
or Ve, V- J(x, 1) . (29)

Eq. (26) implies that, at equilibrium, the natural fluctuations of 7~ away from 7,
decay exponentially with a temperature relaxation time (7, i.e.

T(t) =T, + [T(0) — T,] =7 " . (30)

Note that on a very short timescale (i.e., of the order of the time separating atomic
collisions), the instantaneous temperature 7 (¢) is also affected by important stochas-
tic variations (see Sect. 3.2). Only on an intermediate timescale does the mean effect
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of these stochastic fluctuations result in an exponential relaxation for 7 (¢). However,
because stochastic variations contribute significantly to the instantaneous tempera-
ture fluctuations, a thermostat based solely on an exponential relaxation for 7 (¢)
leads to incorrect (underestimated) temperature fluctuations (see Sect. 3.5).

To summarize, although assessing whether one thermostat leads to a better de-
scription of the dynamics compared to another one is largely subjective, it seems
reasonable to assume that: (i) thermostats permitting temperature fluctuations are
more likely to represent the dynamics correctly compared to thermostats constrain-
ing the temperature at a fixed value; (ii) thermostats with temperature fluctuations
are more likely to represent the dynamics correctly when these fluctuations occur
at a timescale (measured in a simulation, e.g., as the decay time of the temperature
autocorrelation function) of the order of (7 (Eq. (26)), and when the dynamics is
smooth (continuous velocity trajectory). These differences will be more significant
for small systems, where the temperature fluctuations are of of larger magnitudes (the
corresponding root-mean-square fluctuations scale as N~!/2, see Eq. (2)) and higher
frequencies (the corresponding relaxation times scale as N~!/3, see Eq. (27)).

A summary of the common thermostats used in MD simulations, together with
their main properties, is given in Table 2. The various algorithms are detailed in the
following sections.

3.1
Temperature in the Monte Carlo Algorithm

Although the present discussion mainly focuses on thermostatized MD, the simplest
way to generate a thermodynamical ensemble at constant temperature is to use the
MC algorithm [82, 83, 84]. This algorithm does not involve atomic velocities or
kinetic energy. Random trial moves are generated, and accepted with a probability

p = min{e #2Y 1} 31)

depending on the potential energy change AT associated with the move and on
the reference temperature 7. Following this criterion, moves involving rigid-body
translation and, under vacuum boundary conditions, rigid-body rotation are always
accepted because they do not change the potential energy. For this reason, the corre-
sponding degrees of freedom are external to the system. Note also that under vacuum
boundary conditions, the centrifugal forces due to the rigid-body rotation of the sys-
tem, which would be included in a MD simulation, are absent in the MC procedure.
Therefore, MC samples by default an ensemble at zero angular momentum. It can be
shown that the ensemble generated by the MC procedure represents (at constant vol-
ume) a canonical distribution of configurations. The modification of the MC scheme
to sample other isothermal ensembles (including the grand-canonical ensemble [92])
is possible. Modifications permitting the sampling of adiabatic ensembles (e.g., the
microcanonical ensemble [92, 93, 94]) have also been devised. The MC procedure is
non-smooth, non-deterministic, time-irreversible, and does not provide any dynami-
cal information.



120 Philippe H. Hiinenberger

Table 2. Characteristics of the main thermostat algorithms used in MD simulations. MD:
molecular dynamics (generates a microcanonical ensemble, only shown for comparison); MC:
Monte Carlo (Sect. 3.1); SD: stochastic dynamics (with y; > O for at least one atom; Sect. 3.2);
A: MD with Andersen thermostat (with a > 0; Sect. 3.3); HE: MD with Hoover-Evans ther-
mostat (Sect. 3.4); W: MD with Woodcock thermostat (Sect. 3.4); HG: MD with Haile-Gupta
thermostat (Sect. 3.4); B: MD with Berendsen thermostat (with At < 73 < 00; Sect. 3.5);
NH: MD with Nosé-Hoover thermostat (with 0 < Q < o0o; Sect. 3.6). MD is a limiting case
of SD (with y; = 0 for all atoms), A (with « = 0), B (with 73 — ©0), and NH (with Q0 — oo,
y (0) = 0). HE/W is a limiting cases of B (with tg = At) and is a constrained form of NH. HG
is also a constrained form of NH. Deterministic: trajectory is deterministic; Time-reversible:
equation of motion is time-reversible; Smooth: velocity trajectory is available and continuous.
Energy drift: possible energy (and temperature) drift due to accumulation of numerical errors;
Oscillations: possible oscillatory behavior of the temperature dynamics; External d.o.f.: some
external degrees of freedom (rigid-body translation and, under vacuum boundary conditions,
rotation) are not coupled with the internal degrees of freedom. Constrained % no kinetic en-
ergy fluctuations; Canonical in H: generates a canonical distribution of microstates; Canonical
in U: generates a canonical distribution of configurations. Dynamics: dynamical information
on the system is either absent (——) or likely to be unrealistic (—; constrained temperature
or non-smooth trajectory), moderately realistic (4; smooth trajectory, but temperature fluc-
tuations of incorrect magnitude), or realistic (4++; smooth trajectory, correct magnitude of
the temperature fluctuations). The latter appreciation is rather subjective and depends on an
adequate choice of the adjustable parameters of the thermostat

MD MC Sb A HE W HG B NH
Deterministic —+ — - - + + + + +
Time—reversible  + — - — + + + _ +
Smooth + - + — + + + + +
Energy drift + - - - + — — — _
Oscillations - - - - — — — — +
External d.o.f. + + — — + + + + +
Constrained K - - - - + + + - —
Canonical in H — - + + — — - — +
Canonical in U - + + + + + - - +
Dynamics ++ - 4+ - — — — + 4t
Eqn. of motion 15 17 41 46 51 52 57 78,719

3.2
Temperature Relaxation by Stochastic Dynamics

The SD algorithm relies on the integration of the Langevin equation of motion [22,
23,95,96,97, 98, 99, 100] as given by Eq. (17). The stochastic forces R; (t) have the
following properties'": (i) they are uncorrelated with the velocities ¥(’) and system-
atic forces F;(¢') at previous times ¢’ < t; (ii) their time-averages are zero; (iii) their
mean-square components evaluate to 2m;y;kpT,; (iv) the force component R;, (¢)

10 More complex SD schemes can be used, which incorporate time or space correlations
in the stochastic forces. It is also assumed here that the friction coefficients y; are time-
independent.
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along the Cartesian axis u is uncorrelated with any component R, (¢") along axis v
unless i = j, u = v, and ¢’ = ¢. The two last conditions can be combined into the
relation

(Riy ()R (1)) = 2m;yikpTy0;;0,,0(1" — 1) . (32)

It can be shown that a trajectory generated by integrating the Langevin equation
of motion (with at least one non-vanishing atomic friction coefficient y;) maps (at
constant volume) a canonical distribution of microstates at temperature 7.

The Langevin equation of motion is smooth, non-deterministic and time-
irreversible. Under vacuum boundary conditions and aiming at reproducing bulk
properties, it may produce a reasonable picture of the dynamics if the mean effect
of the surrounding solvent is incorporated into the systematic forces, and if the fric-
tion coefficients are representative of the solvent viscosity (possibly weighted by
the solvent accessibility). If SD is merely used as a thermostat in explicit-solvent
simulations, as is the case, e.g., when applying stochastic boundary conditions to a
simulated system [101, 11, 12], some care must be taken in the choice of the atomic
friction coefficients y;. On the one hand, too small values (loose coupling) may cause
a poor temperature control. Indeed, the limiting case of SD where all friction coef-
ficients (and thus the stochastic forces) are set to zero is MD, which generates a
microcanonical ensemble. However, arbitrarily small atomic friction coefficients (or
even a non-vanishing coefficient for a single atom) are sufficient to guarantee in
principle the generation of a canonical ensemble. But if the friction coefficients are
chosen too low, the canonical distribution will only be obtained after very long sim-
ulation times. In this case, systematic energy drifts due to accumulation of numerical
errors may interfere with the thermostatization. On the other hand, too large values
of the friction coefficients (tight coupling) may cause the large stochastic and fric-
tional forces to perturb the dynamics of the system. In principle, the perturbation of
the dynamics due to stochastic forces will be minimal when the atomic friction co-
efficients y; are made proportional to m;. In this case, Eqs. (17) and (32) show that
the root-mean-square acceleration due to stochastic forces is identical for all atoms.
In practice, however, it is often more convenient to set the friction coefficients to a
common value y. The limiting case of SD for very large friction coefficients (i.e.,
when the acceleration ¥; can be neglected compared to the other terms in Eq. (17))
is Brownian dynamics (BD), with the equation of motion

(1) =y, 'm7 F () + R (0] (33)

Although the magnitude of the temperature fluctuations is in principle not af-
fected by the values of the friction coefficients (unless they are all zero), the timescale
of these fluctuations strongly depends on the y; coefficients. In fact, it can be
shown [54] that there is a close relationship between the friction coefficients in SD
(used as a mere thermostat) and the temperature relaxation time (7 in Eq. (26). Con-
sider the case where all coefficients y; are set to a common value y . Following from
Egs. (8) and (10), the change A7 of the instantaneous temperature over a time inter-
val from ¢t = 0 to At can be written
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2 At . N At . )
AT = ki Nas /o dtK(t) = ksNas ;mi/o dtv;(r) - 1; (1) . (34)
Inserting Eq. (17), this can be rewritten
2 N At At
AT = ks Ny Z {/O dt [Fi(t) — ymi¥;(t)] - £ (1) +/0 dt (35)

i=1
x R;(¢) - |:I",‘(O) +/t dt’ I:mi_lF,‘(t/) —1;(t) +ml._1R,~(t’)]:|] .
0

Using Eq. (32) and the fact that the stochastic force is uncorrelated with the velocities
and systematic forces at previous times, this simplifies to

N At
AT — kBJZVdf ; { /O dt [Fi(1) - 15(r) — ymiF2(0)]
At t
+m,~_]/ dt R; () / dr’ Ri(t/)}
0 0

2 N At )
= di [Fi(t) - ¥i (1) — y mi¥;
kBNdf;/O FIFS (1) - #(0) — y mid2 ()]

+ 6Nd_f1 NyT,At . (36)
This expression can be rewritten'!
N
AT 2
= Fi-v;+2y[T,—T], 37
Ax szvde’r’* yIT, =71 (37)

i=1

where F; - r; and 7 stand for averages over the interval At. The first term represents
the temperature change caused by the effect of the systematic forces, and would be
unaltered in the absence of thermostat (Newtonian MD simulation). Thus, the second
term can be identified with a temperature change arising from the coupling to a heat
bath. This means that on an intermediate timescale (as defined at the end of Sect. 3),
the mean effect of thermostatization can be written

T(t) =29 [T, — T ()] . (38)

Comparing with Eq. (26) allows to identify 2y with the inverse of the temperature
relaxation time {7 in Eq. (26), i.e., to suggest y = (I/Z)CT_1 as an appropriate value
for simulations. This discussion also shows that the semi-macroscopic expression
of Eq. (26) is only valid on an intermediate timescale, when the stochastic fluctua-
tions occuring on a shorter timescale (i.e., of the order of the time separating atomic
collisions) are averaged out and only their mean effect is retained.

1" Iy the absence of constraints Ngf = 3N due to Eq. (9) with N = 0 and Ny = 0O (as
appropriate for SD). In the presence of constraints, the derivation should include constraint
forces.
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3.3
Temperature Relaxation by Stochastic Coupling

The stochastic-coupling method was proposed by Andersen [55]. In this approach,
Newton’s equation of motion (Eq. (15)) is integrated in time, with the modification
that at each timestep, the velocity of all atoms are conditionally reassigned from a
Maxwell-Boltzmann distribution. More precisely, if an atom i is selected for a ve-
locity reassignment, each Cartesian component u of the new velocity is selected at
random according to the Maxwell-Boltzmann probability distribution of Eq. (25).
The selection procedure is such that the time intervals 7 between two successive
velocity reassignments of a given atom are selected at random according to a proba-
bility p(7) = ae™*", where a is a constant reassignment frequency. In principle, one
can select at random and for each atom a series of successive 7-values (obeying the
specified probability distribution) before starting the simulation. This series is then
used to determine when the particle is to undergo a velocity reassignment. In prac-
tice, a simpler procedure can be used when At < o~ (infrequent reassignments).
At each timestep and for each atom in turn, one generates a random number between
0 and 1. If this number is larger than a At for a given atom, this atom undergoes a
velocity reassignment. This procedure leads to a probability distribution

p(D)At = (1 —a AP a At (39)
for the intervals v without velocity reassignment. This implies
Ina~'p(r) = (z/At)In(1 — aAl) = —at + 0[(aAt)2] . (40)

Thus, when At < o~ !, p(r) = ae™*7, as expected. If the condition is not satisfied,
this second method will not work because the probability of multiple reassignments
within the same timestep becomes non-negligible.

The equation of motion for the Andersen thermostat can formally be written

i) =m"Fi(0)+ D 5(: -> n,m) [£, () —t:(0)] (41)

n=1 m=1

where {7; , | n =1, 2, ...} is the series of intervals without reassignment for particle
i, and r}, the randomly-reassigned velocity after the n'" interval. This approach
mimicks the effect irregularly-occurring stochastic collisions of randomly chosen
atoms with a bath of fictitious particles at a temperature 7,. Because, the system
evolves at constant energy between the collisions, this method generates a succession
of microcanonical simulations, interrupted by small energy jumps corresponding to
each collision.

It can be shown [55] that the Andersen thermostat with non-zero collision fre-
quency a leads to a canonical distribution of microstates. The proof [55] involves
similar arguments as the derivation of the probability distribution generated by the
MC procedure. It is based on the fact that the Andersen algorithm generates a Markov
chain of microstates in phase space. The only required assumption is that every mi-
crostate is accessible from every other one within a finite time (ergodicity). Note
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also that the system total linear and angular momenta are affected by the velocity
reassignments, so that these degrees of freedom are internal to the system, as in SD.

The Andersen algorithm is non-deterministic and time-irreversible. Moreover, it
has the disadvantage of being non-smooth, i.e., generating a discontinuous velocity
trajectory where the randomly-occurring collisions may interfere with the natural
dynamics of the system.

Some care must be taken in the choice of the collision frequency a [55, 102]. On
the one hand, too small values (loose coupling) may cause a poor temperature con-
trol. The same observations apply here as those made for SD. The limiting case of
the Andersen thermostat with a vanishing collision frequency is MD, which gener-
ates a microcanonical ensemble. Arbitrarily small collision frequencies are sufficient
to guarantee in principle the generation of a canonical ensemble. But if the collision
frequency is too low, the canonical distribution will only be obtained after very long
simulation times. In this case, systematic energy drifts due to accumulation of nu-
merical errors may interfere with the thermostatization. On the other hand, too large
values for the collision frequency (tight coupling) may cause the velocity reassign-
ments to perturb heavily the dynamics of the system. Although the magnitude of
the temperature fluctuations is in principle not affected by the value of the collision
frequency (unless it is zero), the timescale of these fluctuations strongly depends on
this parameter. In fact, it can be shown [55] that there is a close relationship between
the collision frequency and the temperature relaxation time (7 in Eq. (26). Each col-
lision changes the kinetic energy of the system by (3/2)kg[T, — 7 (¢)] on average,
and there are Na such collisions per unit of time. Thus, one expects

T(1) = ¢ E(t) = (3/2)c; 'Nakp[T, — T ()], 42)

where 7 and E stand for averages over an intermediate timescale (as defined at the
end of Sect. 3). Comparing with Eq. (26) allows to identify (3/2)c, 'Nakp with
the inverse of the temperature relaxation time (7 in Eq. (26), i.e., to suggest o =
2/ 3)(Nk3)_lcl,§T_ !as an appropriate value for simulations. Note that because (7
scales as N~!/3 (Eq. (27)), the collision frequency for any particle scales as N~2/3,
so that the time each particle spends without reassignment increases with the system
size. On the other hand, the collision frequency for the whole system, Na, scales as
N'/3, so that the length of each microcanonical sub-simulation decreases with the
system size.

3.4
Temperature Constraining

Temperature constraining aims at fixing the instantaneous temperature 7 to the ref-
erence heat-bath value 7, without allowing for any fluctuations. In this sense, tem-
perature constraining represents a hard boundary condition, in constrast to the soft
boundary conditions employed by all other thermostats mentioned in this article.
Note that constraining the temperature, i.e., enforcing the relation 7 (t) = 7, (or
7 (t) = 0) represents a non-holonomic constraint. Holonomic constraints are those
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which only involve generalized coordinates and time, excluding any dependence on
the generalized velocities. Two main temperature-constraining algorithms have been
proposed. The first one is due to Woodcock [103], and the second one was simulta-
neously proposed by Hoover [104] and Evans [105].

In the Hoover-Evans algorithm [104, 52, 51, 105, 106], the quantity A(f; At) in
Eq. (20) is found by imposing temperature conservation in the form 7 (¢t + Azt ) =
T(t— Az’). Using Egs. (8) and (10), this leads to the condition

22(t; A1) [ , At . 2

(7 - “IF () At

kpNay [;mz |:rz( 2)+mz i(7) :|

1 A

= oy i (=5 43)
kpNay = 2

Solving for A(f; At) gives

ZN mit2(r — &) v
Alt; At) = =170 2 ,
>N mi [i'i(t -5 +m;1Fi(1)At]
7@ — Ay 1"?
- ( it) , (44)
T+ 5)

where 7 (¢t — Azt) and 77 (t + Azt) are the instantaneous temperatures computed based
on the velocities r; (t — A2’ ) and ¥ (1 + AZ’ ), see Eq. (20). Because this quantity satisfies
A(t; 0) = 1, applying Eq. (21) gives

N
y (6) = [NagksT (017" D ki) - Fi() . (45)
i=1

Inserting into Eq. (18) shows that the equation of motion corresponding to the
Hoover-Evans thermostat is

N
ii(t) = m; " Fi(t) — [NagksT ()] [Z i (1) -Fi(t)} B (1) . (46)
i=1

This equation of motion should sample an isothermal trajectory at a temperature
determined by the initial internal velocities. Eq. (46) can also be derived directly
from Eq. (18) by imposing 7 () = 0. Using Egs. (8) and (10) this becomes

il 1 & P
T (1) = dt |:kBNdf ;:1 m;r; (t)j| = kBNdf ;:1 m;t;(t) - 1;(t1) =0. 47)

Inserting Eq. (18) and solving for y (¢) leads to Eq. (46).
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The Hoover-Evans algorithm should in principle ensure a constant temperature at
all time points. However, this condition is only enforced by zeroing the temperature
derivative. Because the reference temperature 7,, does not appear explicitly in the
scaling factor of Eq. (44), numerical inaccuracies will inevitably prevent temperature
conservation, and cause the temperature to actually drift in simulations.

In the Woodcock algorithm [103], the quantity A(¢; Ar) in Eq. (20) is found by
imposing temperature conservation in the form 7 (¢t + Azt ) = Ni ; T,, thereby making
explicit use of the reference temperature. Although ¢ = N, seems to be the obvious
choice, it turns out that g = Ngy — 1 is the approptiate choice for the algorithm to
generate a canonical ensemble of configurations at temperature 7, (see below). Using
Egs. (8) and (10), this leads to the condition

2215 An) [& At . 2 g
A T Fi(t)Ar = T, . 48
ks Nay [;ml [r’( 2 )+m’ o } Nag ™ @

Solving for A(t; At) gives'?

1/2
kpT,
A(t; Ar) = §B Lo 5
ZzN:I m; I:I",‘ (l - Azt) +mi_1F,~(t)At]
1/2
8 T
= . (49)
[Ndf‘i" (t + Azt)]
If 7(t — AZ’ ) = Nif T, (i.e., if the simulation was started with internal velocities

corresponding to the reference temperature, or otherwise, after a first equilibration
timestep), this quantity satisfies 1(¢; 0) = 1. In this case, applying Eq. (21) gives

N
y (1) = (gksT,)™ D ki(0) - Fi(0) . (50)

i=1

Inserting into Eq. (18) shows that the equation of motion corresponding to the Wood-
cock thermostat is

N
i () = m;'Fi(1) — (gkpT,)™" [Z i (1) -E-(z)] £ (1) . (51)

i=1
This equation of motion is rigorously equivalent to the Hoover-Evans equation of

motion (Eq. (46)), provided that the initial internal velocities are appropriate for

12 Note that some simulation programs do not apply the scaling of the velocities by A(z; At) at
every timestep, but perform the scaling on a periodic basis, or when the difference between
the instantaneous and reference temperatures is larger than a given tolerance [107].
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the temperature 7,, i.e., that 7 (0) = Nif T,. However, even in this case, the cor-
responding algorithms differ numerically. Because the Woodcock algorithm explic-
itly involves the reference temperature 7, in the calculation of the scaling factor of
Eq. (49), its application removes the risk of a temperature drift.

Because maintaining the temperature constant represents a single constraint
equation involving a total of Nys velocity variables, it should not be surprising that
numerous other choices of equations of motion lead to an isothermal dynamics (also
satisfying the two constraints that the system linear and angular momenta are con-
stants of the motion). For example, Haile and Gupta [108] have shown how to con-
struct two general classes of isothermal equations of motion based on generalized
forces or generalized potentials. An example of the former class is the Hoover-Evans
thermostat. An example of the second class is a thermostat similar (but, contrary
to the claim of the authors [108], not identical) to the Woodcock thermostat. The
equations of motion of this Haile-Gupta thermostat are

g T

1/2
Nay T,(t)] () and ¥(t) = m; 'F; (1) . (52)

ri (1) = [
In words, the auxiliary velocities I} are propagated independently in time according
to Newton’s second law, and the true velocities obtained by multiplying these by the
appropriate scaling factor at each timestep. In contrast, in the Woodcock thermo-
stat, the auxiliary velocities ¥, are obtained at each timestep by increasing the true
velocities i; by m; 'F; At.

It can be shown that the ensemble generated by the (identical) Woodcock and
Hoover-Evans equations of motion represents a canonical distribution of configura-
tions (though obviously not of momenta) at temperature 7,, provided that one sets
g = Ngy — 1 ([104, 53]; see Appendix). This may seem surprizing at first sight, but

M, # T,
i.e., when simulating at a slightly lower internal temperature. The reason is that con-
straining the temperature effectively removes one degree of freedom from the sys-
tem. A more consistent approach would be to alter the definition of the instantaneous
temperature (Eq. (8)) by changing Nyr to Ny — 1 in this case. However, since other
thermostats may involve different values for the factor g (see Sect. 3.0), it is more
convenient here to stick to a single definition of 7. On the other hand (and countrary
to the author’s initial claim [108]), the Haile-Gupta thermostat does not generate a
canonical ensemble of configurations ([53, 109]; see Appendix). The equations of
motion of temperature constraining are smooth, deterministic and time-reversible.
However, the absence of kinetic energy fluctuations may lead to inaccurate dynam-
ics, especially in the context of the microscopic systems typically considered in sim-
ulations.

canonical sampling of configurations is only achieved with (7 (t)) =
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3.5
Temperature Relaxation by Weak Coupling

The idea of a thermostat based on a first-order relaxation equation is due to Berend-
sen [54]. As discussed at the end of Sect. 3, when a system at a given average tem-
perature 7 is in contact with a heat bath at a different temperature 7,, the rate of
temperature change is given by Eq. (26). As discussed in Sect. 3.2, this equation is
only valid when the average temperature is calculated on an intermediate timescale
(short compared to the experimental timescale, but long compared to the time sep-
arating atomic collisions). On this timescale, only the mean effect of the stochastic
forces acting in SD needs to be considered, leading to the first-order temperature
relaxation law of Eq. (26).

The idea behind the Berendsen thermostat is to modify the Langevin equation of
motion (Eq. (17)) in the sense of removing the local temperature coupling through
stochastic collisions (random noise), while retaining the global coupling (principle
of least local perturbation). This prescription is equivalent to assuming that Eq. (26)
also applies to the instantaneous temperature 7, i.e., that

T (1) = Ty N1, —70)]1, (53)

where the appropriate value for 7p should be the temperature relaxation time (7.
In this case, the quantity A(¢; At) in Eq. (20) is found by imposing 7 (¢t + Az’) =
7@ -5+ r;lAt Ny [To = 7 (t — 4], where in principle g = Ngys. Using
Egs. (8) and (10), this leads to the condition

At At _ g At
2., / _ _ 1 _ _
AC(t; AT (t+ ) ) =9 (t ) )+ Tg At [Ndf T,— T (t 5 )} .

(54)
Solving for A(t; Ar) gives
AMt; At) = H 7(-%) + 2 Ar Ni_fT" 7 (1=1%) ]1/2
T (+4) ° )
8 1/2
~ Hl +15 At [T/’z:f:”m) = 1“ _ 55
2

In general, the algorithm is implemented following the second (approximate) expres-
sion. For either of the two expressions, Eq. (21) gives

y@) = [g To —1} (56)
2 s Ny T(t) '

Inserting into Eq. (18) shows that the equation of motion corresponding to the
Berendsen thermostat is

g T

i) =mFi0) - Bl|:Ndf T (1)

_ 1} . (57)
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In practice, 7p is used as an empirical parameter to adjust the strength of the cou-
pling. Its value should be chosen in a appropriate range. On the one hand, a too large
value (loose coupling) may cause a systematic temperature drift. Indeed, in the limit
73 — 00, the Berendsen thermostat is inactive leading to the MD equation of mo-
tion, which samples a microcanonical ensemble. Thus, the temperature fluctuations
will increase with 7p until they reach the appropriate value for a microcanonical en-
semble. However, they will never reach the appropriate value for a canonical ensem-
ble, which are larger. For large values of 75, a systematic energy (and thus tempera-
ture) drift due to numerical errors may also occur, just as in MD. On the other hand,
a too small value (tight coupling) will cause unrealistically low temperature fluctua-
tions. Indeed, the special case of the Berendsen algorithm (Eq. (55)) with 75 = At
is the Woodcock thermostat (Eq. (49)), which does not allow for temperature fluc-
tuations. This shows that the limiting case of the Berendsen equation of motion for
7 — 0 is the Woodcock/Hoover-Evans equation of motion. Values of 7p & 0.1 ps
are typically used in MD simulations of condensed-phase systems. Note, however,
that this choice generally leads to fluctuations close to those of the microcanonical
ensemble. With this choice, the Berendsen thermostat merely removes energy drifts
from a MD simulation, without significantly altering the ensemble sampled (and thus
rather plays the role of an ergostat algorithm).

The Berendsen equation of motion is smooth and deterministic, but time-
irreversible. The ensemble generated by the Berendsen equations of motion is not
a canonical ensemble ([109]; see Appendix). Only in the limit tg — O (or in prac-
tice tp = Af), when the Berendsen equation of motion becomes identical to the
Woodcock/Hoover-Evans equation of motion, does it generate a canonical distribu-
tion of configurations. In the limit 7 — 00, the microcanonical ensemble is recov-
ered. All intermediate situations correspond to the sampling of an unusual “weak-
coupling” ensemble'?, which is neither canonical nor microcanonical [109]. The
reason why the Berendsen thermostat systematically (for all values of 7p) under-
estimates temperature fluctuations (and thus does not give the correct thermodynam-
ical ensemble) resides in the transition from Eq. (26) to Eq. (53), corresponding to
the neglect of the stochastic contribution to these fluctuations on the microscopic
timescale.

3.6
Temperature Relaxation by the Extended-System Method

The idea of a thermostat based on an extended-system method is due to Nosé [01]. A
simpler formulation of the equations of motion was later proposed simultaneously'*

13 Assuming a relationship of the form of Eq. (115), it is possible to derive the configurational
partition function of the weak-coupling ensemble as a function of a ([109]; see Appendix)
The limiting cases a« = 0 (zg — 0; canonical) and @ = 1 (tg — 00; microcanonical) are
reproduced. Note that the Haile-Gupta thermostat generates configurations with the same
probability distribution as the Berendsen thermostat with a = 1/2.

14 Egs. (2.24) and (2.25) in [53] are equivalent to Eq. (6) in [63], provided that one identifies
¢ =§'/s’. These equations are Eqs. (78) and (79) of the present article.
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by Nosé [53] and Hoover [63], so that this algorithm is generally referred to as the
Nosé-Hoover thermostat.

The idea behind the original Nosé [61] algorithm is to extend the real system by
addition of an artificial (Ngs + 1)"* dynamical variable § (associated with a “mass"
Q > 0, with actual units of energy x (time)?, as well as a velocity 5, and satisfying
§ > 0) that plays the role of a time-scaling parameter'>. More precisely, the timescale
in the extended system is stretched by the factor §, i.e., an infinitesimal time interval
df at time 7 in the extended system corresponds to a time interval df = 57!(f) df

in the real system'®. Consequently, although the atomic coordinates are identical in
-1

both systems, the extended-system velocities are amplified by a factor s~' compared
to the real-system velocities, i.e.
F=r,r=5"r,5=s, and §=5"'5. (58)
The Lagrangian for the extended system is chosen to be
I R U R N
L.(F,F,5,5) = ZZmis Iy —UF) + 2Qs — gkgT,Ins , (59)

i=1

where g is equal to the number of degrees of freedom N, in the real system, possibly
increased by one (see below). The first two terms of the Lagrangian represent the
kinetic energy minus the potential energy of the real system (the extended-system
velocities are multiplied by s to recover the real-system ones). The third and fourth
terms represent the kinetic energy minus the potential energy associated with the §-
variable. The form of the last term is chosen to ensure that the algorithm produces a
canonical ensemble of microstates (see below). The Lagrangian equations of motion
derived from Eq. (59) read

t; =m; '§72F; — 257151 (60)
for the physical variables, and'’

15 All extended-system variables will be noted with a tilde overscript, to distinguish them
from the real-system variables (the real-system variable corresponding to § is noted s).

16 o simplify the notation, explicit dependence of the different functions on time is generally
omitted in this section. The time-dependent functions are F(7), ¥(7), p(7), 5(F) and py(7)
(together with their first and second time derivatives) for the extended system, and F(z),
r(t), p(t), s(t), ps(t), y (t) and 7 (¢) (together with their first and second time derivatives)
for the real system. The dot overscripts indicate differentiation with respect to the extended-
system time 7 for the extended-system variables, and with respect to the real-system time ¢
for the real-system variables.

17 Because the time-average of the time-derivative of a bounded quantity (for example, 5)
vanishes, this equation implies

N N
<s—1zm,.52;,.2> :<§_12mii'%> () ke, o
e,
e, e,

i=1 i=1

>



Thermostat Algorithms 131

N
=051 (Zmiﬁ? - ngTo) (63)

i=1

for the s-variable. These two second-order differential equations can be discretized
(based on a timestep A7 in the extended system) and integrated simultaneously dur-
ing the simulation. The successive values of r = r and r = st describe the evolution
of the atomic coordinates and velocities in the real system at successive time points
separated by At = §7!(f) Af. This means that the algorithm implemented in this
form (referred to as virtual-time sampling) leads to sampling of the real-system tra-
jectory at uneven time intervals. A trajectory with real-time sampling can be achieved
either by interpolation at evenly spaced real-time points of the coordinates and ve-
locities issued from virtual-time sampling, or by rewriting the equations of motion in
terms of the real-system variables (Nosé-Hoover formulation [53, 63]; see below).
As an alternative to Egs. (60) and (63), the Nosé equations of motion can be
equivalently formulated using a Hamiltonian formalism. In this case, the extended-
system conjugate momenta p; and ps associated with the physical degrees of free-
dom and with the s-variable are defined as
. 0L(F,T,5.9)

2% ~ 0L (T, T, s,5)
i =m;s°r; and pg = B =

Os . (64)
or os

Comparison with the corresponding real-system momenta'®, defined as
pi =m;r; and ps = Qs_zj s (66)

shows that the extended-system momenta are amplified by a factor § compared to
the real-system momenta. The extended-system Hamiltonian corresponding to the
Lagrangian of Eq. (59) can now be written

where (...)¢,, denotes ensemble averaging over the extended system (with virtual-time
sampling). Considering Eqs. (8) and (10), this result already suggests that the average

temperature of the real system coincides with 7,. Using Eq. (101) and p; = m;¥r;, the
above equation can indeed be rewritten
1 N g
2.2
T = E m;¥; = T , 62
( )e,r <kBNdfl. 1 zl>er Ndf 0 (62)

where (...)¢  denotes ensemble averaging over the extended system (with real-time sam-
pling). From Eq. (102), this latter ensemble average can be identified with a canonical one
when g = Nyy.

18 T the absence of thermostat (i.e., when the variable s is uncoupled from the system), the
real-system Lagrangian may be written

N
1 1
L bis,8) = lemif% —UE) + 057 (65)
i=
The momenta of Eq. (66) are derived from this Lagrangian.
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He(F, .5, ps) = Zm 5252 + UG + | Q7' Py + gksTyn5 . (67)

This function is a constant of the motion and evaluates to E,, the total energy of the
extended system. The corresponding Hamiltonian equations of motion read

pi =F and t =m;'57%p; (68)

for the physical variables, and

Py =5~ (Zm 572 ~—ngT0) and §= Q7! p, (69)

for the s-variable.

The Nosé equations of motion sample a microcanonical ensemble in the extended
system (F, p, f), with a constant total energy E.. However, the energy of the real sys-
tem(r="7,p=5"'p,t = f§_1dt~) is not constant. Accompanying the fluctuations
of 5, heat transfers occur between the system and a heat bath, which regulate the
system temperature. As will be seen below (Eq. (78) where y = 7 can be identified
with §), the sign of § determines the direction of the heat flow. When s < 0, heat
flows into the real system. When § > 0, heat flows out of the real system. It can be
proved ([61]; see Appendix) that the Nosé equations of motion sample a canonical
ensemble of microstates in the real system, provided that g = Ngr + 1 (virtual-time
sampling) or g = Ny (real-time sampling), and that Q is finite, this irrespective of
the actual values of Q and E,. If the potential energy 2(r) does not involve terms
giving rise to external forces, the total linear and angular momenta associated with
the physical degrees of freedom in the extended system, namely

N N N N
Zf)i = Zm,'§2f'i and Zf'i X f),’ = Zmifzf'i X f',' , (70)
i=1 i=1 i=1 i=1

are also conserved. Because f‘i =51 (Eq. (58)), this implies that the total linear
and angular momenta of the real system are linearly related to ! and thus not
conserved, unless they vanish. This should be the case if the components of the real
velocities ¢ along the external degrees of freedom have been removed by application
of Eq. (11).

The Nosé equations of motion are smooth, deterministic and time-reversible.
However, because the time-evolution of the variable s is described by a second-order
equation (Eq. (63)), heat may flow in and out of the system in an oscillatory fash-
ion [110], leading to nearly-periodic temperature fluctuations. However, from the
discussion of Sects. 3 and 3.2, the dynamics of the temperature evolution should not
be oscillatory, but rather result from a combination of stochastic fluctuations and ex-
ponential relaxation. At equilibrium, the approximate frequency of these oscillations
can be estimated in the following way [61]. Consider small deviations o5 of § away
from the equilibrium value (§), ., where (...). , denotes ensemble averaging over the
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extended system with real-time sampling. Assuming that the interatomic forces have
a weak effect on the temperature dynamics (as, e.g., in a perfect gas), the quantity
vaz | mi_lf)%, which is solely altered by the action of the forces (Eq. (68)), can be
assumed nearly constant. In this case, one may write (with g = Nyy)

< < 1

232 —1g=222 152 22
Zmis r; = 22111,. sTp; & 2(s)e’rs NarkpT, . (71)
1=

i=
Using this result, Eq. (63) may be written (for small d5)
05 = NagkpT,07'571((5)2,57 — 1) ~ —2NuskpT, 0~ (5),205 . (72)

This corresponds to a harmonic oscillator with frequency

v = (Q2n)" ' @NaskpT,) > 07 V2(5) L, (73)
where!?
() :( Nay )1/2 <exp{(Nd ksT,) ™" [E. — H (x p)]}> (75)
e,r Ndf +1 f 0 e 5 5

(...) denoting a canonical ensemble average. Comparison of the approximate oscil-
lation frequency v with the inverse of the temperature relaxation time (7 (Eq. (26))
may guide the choice of parameters Q and E, leading to a realistic timescale of
temperature fluctuations. If the number of degrees of freedom is large and E, is
close to (H(r, p)), the average canonical energy corresponding to the real system,
Eq. (75) becomes (5). = 1. The latter condition will be satisfied if the algorithm is
initiated using real-system velocities taken from a Maxwell-Boltzmann distribution
(Eq. (25)), together with §(0) = 1 and §(0) = 0. In this case, comparing Eq. (73)
with Eq. (26) allows to identify>? 1.2(2Nyrkp T,)~ Y2012 with the temperature re-
laxation time (7, i.e., to suggest Q ~ 1.4Nyrkp Tog’% as an appropriate value for
simulations. In fact, it may make sense to use an effective relaxation time

v = (NagkpT,)~' /2012 (76)

instead of the (less intuitive) effective mass Q to characterize the strength of the
coupling to the heat bath.

19 Considering Egs. (98) and (101), one has

T Jdp fdr [dps [d5FNUSE 5,

Inserting Eq. (94), integrating over pg for the numerator and denominator, and setting
g = Ny leads to Eq. (75).

20 Because cos(1.2) ~ exp(—1), it is assumed here that the exponential relaxation time is
approximately given by 1.2/ (27[)1)_1 .
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The use of an extended system with a stretched timescale is not very intuitive, and
the sampling of a trajectory at uneven time intervals is rather impractical for the in-
vestigation of the dynamical properties of a system. However, as shown by Nosé [53]
and Hoover [63], the Nos€ equations of motion can be reformulated in terms of
real-system variables (together with real-time sampling) so as to avoid these prob-
lems. The transformation from extended-system to real-system variables is achieved
through

2 (77)

Because df = 57! df, these equations are derived using d/dt = §d/df, together
with the definition of the real-system (Eq. (66)) and extended-system (Eq. (64)) mo-
menta. Based on these expressions, and defining the quantity y = s~!s = O~ lsp;,
the Lagrangian equations of motion (Egs. (60) and (63)) can be rewritten

r = mi_lF,‘ — Y (78)
and
. _ g T
= —kgNgs Q7'T -1) . 79
Y BNur QO ( Nag T ) (79
Note that the variable y is a real-system variable (i.e., a function of the real-system
time t). The equivalent extended-system variable is y = y = 5. If the effective
coupling time tx g (Eq. (76)) is used instead of Q, Eq. (79) becomes
T T,
y-:—r;i,T (g ”—1). (80)
o \Nar T

In a similar way, the Hamiltonian equations of motion (Egs. (68) and (69)) can be
rewritten

pi=F;, —yp; and 1; = ml._lpi 81
and
po=—kNgTs™ (8 10 1) —ypy and 5 =75 (82)
Nar T

Equation (81) is easily identified with Eq. (78), and Eq. (82) with Eq. (79). The vari-
able s is absent from the first set of equations, i.e., its dynamics has been decoupled.
In the second set of equations, the evolution of the real-system variables is indepen-
dent of the actual value of s, i.e., any choice of the initial value s(0) will lead to the
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same dynamics. Finally, it should be stressed that these equations of motion are no
longer Hamiltonian, although the quantity (Eq. (67))

N
1 _ |
H(r,p, s, ps) = 22 m; ‘p?+w(r)+2Q 's?p? + gkpT,Ins (83)
i=1

is still a constant of the motion (evaluating to E,). On the other hand, Egs. (78) and
(79) are still Lagrangian, the corresponding Lagrangian being

Lk, s5,8) =s[Ler,s 'k 5,5 ')+ E.]. (84)

To obtain the corresponding Lagrangian equations of motion, E, is initially treated
as a constant and later expanded using Eq. (83). It appears that Eq. (78) has exactly
the form of Eq. (18), i.e., the Nosé-Hoover thermostat has one equation of motion
in common with both the Woodcock/Hoover-Evans and the Berendsen thermostats.
However, in contrast to these other thermostats where the value of y was uniquely
determined by the instantaneous microstate of the system (compare Eq. (79) with
Egs. (45), (50), and (56)), y is here a dynamical variable which derivative (Eq. (79))
is determined by this instantaneous microstate. Accompanying the fluctuations of
7 » heat transfers occur between the system and a heat bath, which regulate the sys-
tem temperature. Because y = s7l§ = j = s (Eq. (77)), the variable y in the
Nosé-Hoover formulation plays the same role as § in the Nosé€ formulation. When y
(or §) is negative, heat flows from the heat bath into the system due to Eq. (78) (or
Eq. (60)). When the system temperature increases above 7, the time derivative of
y (or §) becomes positive due to Eq. (79) (or Eq. (63)) and the heat flow is progres-
sively reduced (feedback mechanism). Conversely, when y (or §) is positive, heat is
removed from the system until the system temperature decreases below 7, and the
heat transfer is slowed down.

The second- and first-order Eqgs. (78) and (79) can be discretized (based on a
timestep At in the real system) and integrated simultaneously during the simulation.
Note that the Nosé thermostat with ¢ = Ny + 1 and virtual-time sampling and
the Nosé-Hoover thermostat with g = Nyy formally sample the same trajectory. In
practice, however, the trajectories are sampled at different real-system time points
and will numerically diverge for finite timestep sizes. It can be proved ([63]; see
Appendix) that the Nosé-Hoover equations of motion sample a canonical ensemble.
in the real system provided that g = Ny and that Q is finite, this irrespective of the
actual values of Q and E,.. Though interesting, such a proof is not really necessary
since the Nosé and Nosé-Hoover formalisms are equivalent. As a by-product of this
proof, it is shown that the probability distribution of the y variable is a Gaussian
of width determined by the parameter Q (Eq. (112)). The Nosé-Hoover equations
of motion are smooth, deterministic and time-reversible. However, just as the Nosé
algorithm, Nosé-Hoover dynamics may lead to temperature oscillations.

In both algorithms, Some care must be taken in the choice of the fictitious mass
0 and extended-system energy E,. On the one hand, too large values of Q (loose
coupling) may cause a poor temperature control. Indeed, the limiting case of the
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Nosé-Hoover thermostat with O — oo and y (0) = 0 is MD, which generates a mi-
crocanonical ensemble. Although any finite (positive) mass is sufficient to guarantee
in principle the generation of a canonical ensemble, if Q is too large, the canonical
distribution will only be obtained after very long simulation times. In this case, sys-
tematic energy drifts due to accumulation of numerical errors may interfere with the
thermostatization. On the other hand, too small values (tight coupling) may cause
high-frequency temperature oscillations (Eq. (73)) leading to the same effect. This
is because if the s variable oscillates at a very high frequency, it will tend to be
off-resonance with the characteristic frequencies of the real system, and effectively
decouple from the physical degrees of freedom (slow exchange of kinetic energy).
The choice of the parameters Q and E, can be guided by comparison of the fre-
quency v (Eq. (73)) with the inverse of the temperature relaxation time (7 (Eq. (26)).
Note that if a simulation is initiated with s(0) = 1 and y (0) = 0, which seems the
most reasonable choice, the value of E, will match the initial energy of the real sys-
tem. The numerical integration of the Nosé and Nosé-Hoover equations will not be
discussed here. A number of alternative schemes have been proposed in the litera-
ture [111, 112, 113, 114, 90].

The constant-temperature Woodcock/Hoover-Evans equation of motion can be
retrieved from the the Nosé-Hoover formalism by a slight modification of the
extended-system Hamiltonian. This is done by introducing the constraints

1/2

N
§ = (gkpT,)~"/? (Zmi—lf)?) and py =0 (85)

i=1

into Eq. (67), leading to the modified Hamiltonian

N
-~ 1 . 1 _ 1~
H(. D) = gksTo+ UE) + gkpT,ln [(ngTo) "> m; lp%} . (86)

i=1

The corresponding Hamiltonian equations of motion for the physical variables in the
extended system are still given by Eq. (68). It can be proved ([6 1]; see Appendix) that
these equations of motion sample a canonical ensemble of configurations in the real
system (r = F, 1 = §7!p,t = [§7'df) with § given by Eq. (85), provided that g =
Ngy (virtual-time sampling) or g = Ny — 1 (real-time sampling), irrespective of the
constant value E, of H,.. To show that this situation matches the Woodcock/Hoover-
Evans equation of motion, the equation of motion must be rewritten in terms of
real-system variables. Evaluating § based on Eq. (85) gives

N
§ = (gksT)™'57" D m'pi pi - (87)
i=1

Applying the transformations of Eq. (77), setting y = s~1s, and inserting Eq. (68)
for p, it is easily seen that the equation of motion in terms of the real-system variables
is Eq. (78) together with
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N
y = (gkpT) ™' D ¥ -Fy, (88)

i=1

which is identical to the corresponding factor for the Woodcock (Eq. (50)) and
Hoover-Evans (Eq. (45), when 7 (0) = N{‘; ; T,) equations of motion. This also shows
that the appropriate choice for g so as to generate a canonical ensemble of configu-
rations using either of these two thermostats is g = Ny — 1.

If, in addition to incorporating the constraint of Eq. (85), the Hamiltonian is
changed to

1/2

N
Hi (¥, p) = (ngTo > m,.—‘fo%) +UD) (89)
i=1

the corresponding Hamiltonian equations of motion for the physical variables in the
extended system become

pi=F, and t; =m;'57p; . (90)

Setting r; = f‘i and p; = m;¥;, one recovers (using Eq. (85) and identifying I, =
mi_lf)i) the Haile-Gupta equations of motion (Eq. (52)). Note that 5§ no longer acts
as a scaling parameter and the extended-system Lagragian has been changed, so that
Egs. (58) and (64) no longer apply. It can be proved ([53]; see Appendix) that this
equation of motion does not sample a canonical ensemble of configurations in the
real system, irrespective of the choice of g.

3.7
Generalizations of the Previous Methods

An interesting extension of the SD thermostat (Sect. 3.2) is the so-called dissipative-
particle-dynamics (DPD) thermostat [ 115, 116, 117, 118]. This scheme retains a key
advantage of the SD thermostat (shared with the Andersen thermostat), namely that
it couples atomic velocities to the heat bath on a local basis (as opposed to the global
coupling applied by all other thermostats discussed in this article). Local coupling
leads to an intrinsically more efficient thermostatization and in turn, permits the use
of longer timesteps to integrate the equations of motion (in applications where this
timestep is not further limited by the curvature of the interaction function, i.e., when
using soft intermolecular potentials). On the other hand, the DPD scheme alleviates
two drawbacks of the SD scheme, namely (i) the non-conservation of the system
linear and angular momentum, and (ii) the loss of local hydronamic correlations be-
tween particles. In practice, this is achieved by replacing the frictional and stochastic
forces acting on individual atoms in SD (Eq. (17)), by corresponding central pairwise
forces acting on atom pairs within a given cutoff distance.

A number of extensions or generalizations of the Nosé or Nosé-Hoover ap-
proaches (Sect. 3.6) have also been reported in the literature, following three main
directions.
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First, more general extended Hamiltonians (including the Nosé Hamiltonian as
a particular case) have been shown to also produce canonical phase-space sam-
pling [119, 120, 121, 122, 123, 124, 125, 126, 127]. The additional flexibility of-
fered by these new schemes may be used to overcome the non-ergodic behaviour of
the Nosé-Hoover thermostat in the context of small or stiff systems (e.g., single har-
monic oscillator) or systems at low temperatures [63, 128, 129, 121, 130, 131, 132].
A number of these variants can indeed produce the correct canonical distribution for
a single harmonic oscillator [121, 122, 123, 125, 126]. The most popuar of these
schemes is probably the Nosé-Hoover chain thermostat [ 123], where the single ther-
mostatting variable y of the Nosé-Hoover scheme is replaced by a series of variables
thermostatting each other in sequence.

Second, alternatives have been proposed for the Nosé-Hoover scheme, which are
phase-space conserving [133] or even symplectic [127]. One of the latter schemes,
referred to as the Nosé-Poincaré thermostat, leads to the same phase-space trajectory
as the Nosé-Hoover thermostat with real time sampling, but has the advantage of
being Hamiltonian.

Third, generalized equations of motion have been proposed to sample arbitrary
(i.e., not necessarily canonical) probability distributions [134, 135, 136, 137]. Such
methods can be used, e.g., to optimize the efficiency of conformational searches [ 134,
135, 137] or for generating Tsallis distributions of microstates [ 136].

4
Practical Considerations

This section briefly mentions two practical aspects related to the use of thermostats
in MD simulations of (bio-)molecular systems.

The first problem is encountered when simulating molecular systems involving
distinct sets of degrees of freedom with either (i) very different characteristic fre-
quencies or (ii) very different heating rates caused by algorithmic noise. In this case,
the joint coupling of all degrees of freedom to a thermostat may lead to different
effective temperatures for the distinct subsets of degrees of freedom, due to a too
slow exchange of kinetic energy between them. A typical example is the so-called
“hot solvent — cold solute problem” in simulations of macromolecules. Because the
solvent is more significantly affected by algorithmic noise (e.g., due to the use of
an electrostatic cutoff), the coupling of the whole system to a single thermostat may
cause the average solute temperature to be significantly lower than the average sol-
vent temperature. A solution to this problem is to couple separately the solute and
solvent degrees of freedom to two different thermostats.

The second problem is encountered when using a simulation program that (incor-
rectly) applies the thermostatization directly to the atomic velocities rather than to the
internal (peculiar) velocities (Sect. 3). In this case, the system linear and (under vac-
uum boundary conditions) angular momenta are not conserved, unless they exactly
vanish. However, even if these quantities are set to zero at the beginning of a simu-
lation, numerical errors will unavoidably alter these initial values, permitting a flow
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of kinetic energy between internal and external degrees of freedom. Unfortunately,
it appears that at least some thermostats tend to pump kinetic energy from high-
frequency to low-frequency degrees of freedom (thereby violating equipartition). In
this case, uniform translational and (under vacuum boundary conditions) rotational
motion will tend to build up. For simulations started with vanishing overall momenta,
one generally observes a very slow initial rise (often taking nanoseconds) followed
by a very sudden burst of translational and rotational kinetic energy. The accumu-
lation of kinetic energy in these degrees of freedom will effectively cool down the
internal ones, giving rise to the so-called “flying ice cube effect” [138, 139]. The
most obvious remedy to this problem is to remove the overall center of mass motion
from the atomic velocities at regular interval during the simulation. However, the
application of thermostatization on the basis of internal velocities (Sect. 3) should
probably be preferred, because it is more consistent and avoids the indrotuction of
discontinuities in the generated velocity trajectory.

5
Appendix: Phase-Space Probability Distributions

Here, the phase-space probability distributions are derived that correspond to the
Woodcock/Hoover-Evans (Sect. 3.4), Haile-Gupta (Sect. 3.4), Berendsen
(Sect. 3.5), Nosé (Sect. 3.6) and Nosé-Hoover (Sect. 3.6) thermostats. The deriva-
tions are given for all but the Berendsen thermostat, for which the result is merely
quoted.

The proof that the Nosé thermostat samples a canonical ensemble of microstates,
provided that g = Ny + 1 (virtual-time sampling) or ¢ = Ny (real-time sampling),
is as follows [53]. The partition function of the microcanonical ensemble generated
for the extended system using virtual-time sampling (i.e., using the natural time evo-
lution of the extended system) reads

Zew=C [ab [ ai [ ap. [ dsor 5.0 - £, 1)
where C is a normalization constant, E, the (constant) extended-system energy, J the
Dirac delta function, and H, the extended-system Hamiltonian (Eq. (67)). Recasting

this expression in terms of the real-system momenta p; = §~!p; and substituting
r = r leads to

Zey = C/dp/dr/dﬁs/dEENdf
1
x 5[%@ p) + 2Q“ﬁ3 +gf ' In§ — E} : (92)

where H is the real-system Hamiltonian, i.e.

N
H(r,p) = ;Zm;‘p%fu(r). (93)
i=1
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The argument of the delta function in Eq. (92) has a single zero with respect to the §
variable, namely

o =ew |7 [ Mo+ 0 'R - B ©o4)

Using the relationship o[ £ (5)] =| f'(5,) |~! 6(5 — 5,), one obtains

Zoy = Cg_l,b’/dp/dr/dﬁs/d§§Ndf+15[§—50] (95)
—ce™'p [ap [ ar [ ap.
1
X exp {—(Ndf +1)g™'p [(H(r, P)+,07' 5 - E“ :

Integrating with respect to the variable py and using the appropriate Gaussian integral
gives

Zow=C' / dp / dr expl—(Nag + D)g™ BH(, p)] 96)
with
C’ = C[(Ngs + DA 22ng 0)"* expl(Nas + 1)g ™' BE.] . (97)

Equation (96) shows that the virtual-time extended-system ensemble average of any
quantity A depending on the real-system coordinates r = ¥ and momentap = §~!p
(and also possibly on 5), defined as

[dp [dr [dps [ds5Nar+tA(r, p)ols — 5,]
A e, — 5 8
( (I’, P)) s fdpfdrfdﬁsfdggivd/+15[§ _S;o] (98)

is equivalent to a canonical ensemble average, i.e.
(A(r,p)le,y = (A(r,p)) when g = Ngs+ 1. 99)

If real-time sampling is used instead, the probability of any microstate in the en-
semble is amplified by a factor ~! due to the contraction of the timescale. For ex-
ample, ten microstates at 1 ps interval in the extended system represent 10 ps of
real-system time if s = 1 but only 5 ps if § = 2. Thus, the larger s, the lower the
real-system weight. Consequently, the real-time ensemble average of the quantity A,
defined from Egs. (98) and (101) as

[dp [dr [dps [d5s5Ni A(r, p)SIs — 5ol
A, P)er = : 100
WA Rer =5 g far [ dp, [ d3 3ol — 3, (o

satisfies

(A, P))er = 5N (5 AX, P)ew (101)
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irrespective of the value of g. A straightforward consequence of Egs. (98) and (101)
is that the real-time extended-system ensemble average of any quantity A is equiva-
lent to a canonical ensemble average, i.e.

(A(r,p)e,r = (A(r,p)) when g = Nay. (102)

From Eq. (96), the real-system phase-space probability density for the Nosé thermo-
stat (virtual-time sampling) can be written

expl—(Ngs + Dg~ ' pH(x, p)]
Jdp [ dr exp[—(Nay + D)g~ ' fH(x, p)] -
The proof that the Woodcock/Hoover-Evans thermostat samples a canonical en-
semble of configurations provided that g = Ny — 1 follows similar lines [53]. It has
been seen that this thermostat is identical to the Nosé thermostat with the constraints
of Eq. (85) and the Hamiltonian of Eq. (86). In this case, the analog of Eq. (92) reads
12

N
i=1

xd[H. (r, §p)—E] :
= Cgp~ /dpé[ Zm p; — “]

x/dr/dEENdf_lé[ B +Ur)+gp ' Ins — E]

o[t
/dr/dssNd/ 5|:s—exp{ I/ﬁ’[;gﬂ_l + U(r) —E]”

- c’/dpa[ Zm p? } /drexp{—Ndfg—‘/m(r)}(lm)

The second equallty follows from the relationship o[ £ (x)] =| f'(xo) |7! 0(x — x,),
with x = , Zl m; pl and x° = ;gﬂ_l and inserting Egs. (85) and (86). The
third equality follows from the relationship o[ £ (5)] =| f'(5,) |~' (5 — 5,). This
partition function is canonical in the configurations if g = Nyy (virtual-time sam-
pling). Considering Eq. (101), Eq. (104) shows that the real-time extended-system
ensemble average of any quantity A depending solely on the coordinates is equiva-
lent to a canonical ensemble average if g = Nyy — 1. From Eq. (104), the real-system
phase-space probability density for the Woodcock/Hoover-Evans thermostat can be
written (real-time sampling)

oy SN mip? = Lep) expl—(Nay — g~ BU)]
[ dr exp[—(Ngr — g~ pU(r)]

po(r,p) = (103)

pr(r,p) = (105)
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The derivation of the phase-space probability distribution for the Haile-Gupta
thermostat follows similar lines [53]. It has been seen that this thermostat is identi-
cal to the Nosé thermostat with the constraints of Eq. (85) and the Hamiltonian of
Eq. (89). In this case, the analog of Eq. (104) reads

Zew = C/dp/dr/d§§Ndf5 g—1/2ﬁ1/2§(§:m;1p?)1/2—§
x S[Hy (r, $p) — B
= Cgf~ /dpé( Zm p; - ")
/dr/d§§Ndf 15 gﬁ §+UT) — E]
cfrligonie)
x [ drte™ pLE. — U E, - U], (106)

where & is the Heaviside function. This function arises because § > 0, so that E, <
U(r) leads to no solution for 5. Thus, the real-system phase-space probability density
corresponding to the Haile-Gupta thermostat (virtual-time sampling) is

SN mTp? = Lep g BLE, — U@~ A E, — U®D)]

polrP) = [ dr (g7 BLE. — UV Yr= [ E, — Ux)]
(107)
Using Eq. (106), it is easily seen that
(§)ew = (87 BLE —U®))en - (108)
Thus, E, in Eq. (107) can be evaluated as
Ee = gB™ " (s)ew + (UX))e - (109)

This distribution function is not canonical, irrespective of the value of g (an alterna-
tive derivation of this result can be found in [109]).

The proof that the Nosé-Hoover thermostat samples a canonical ensemble of
microstates provided that g = Ny is as follows [63]. Consider the Nosé-Hoover
equations of motion, Egs. (79) and Eq. (81). Because the variables r, p, and y are
independent, the flow of the (2Nyr + 1)-dimensional probability density p(r, p, y)
is given by the generalized (non-Hamiltonian) analog of the Liouville equation?!

op op . Op . Op . o . o0 . 0

ot = or T oap PTay VT [ar'r+ap Pty 'y] - b
21 The generalized Liouville equation states the conservation of the total number of systems

in an ensmble. If I = (q, p), this conservation law can be written
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One can postulate the following extended-system phase-space distribution function

N
1 _ 1
per(®.p.7)=C expi—ﬂ [fu(r) +, Zlm P+ 2Qy2“ : (112)
1=
where C is a normalization factor. Using Eqgs. (58), (79), and (81) the derivatives
involved in Eq. (111) are

op al
= o E=pp > m i

i=1

N
op . _
—ap-pz—ﬁpzmi 'pi - (Fi —ypy)
i=1
op g T
Ly = kgNyrT -1
oy Y Bpyks df (Ndf‘l' )
o . 0
r =
p@r
O o _ _ N
pap P = —pNary
o .
p_ -7 =0. (113)
ay

Using these results and the definition of 77, it is easily shown that dp/0tr = 0 in
Eq. (111) provided that g = Nyy. This shows that the extended-system phase-space
density pe_,(r, p, y ) is a stationary (equilibrium) solution of Eq. (111) corresponding
to the Nosé-Hoover equations of motion. Integrating out the y variable leads to the
real-system phase-space probability density for the Nosé-Hoover thermostat (real-
time sampling)

exp[—Narg ' fH(r, p)]
[dp [ dr expl[—Nasg ' BH(r,p)]

which is the canonical probability density if ¢ = Ngr. The Nosé-Hoover equations of
motion are unique in leading to the stationary extended-system phase-space density
of Eq. (112). However, they are not unique in leading to the real-system phase-space
density, because the y distribution (Gaussian in Eq. (112)) is irrelevant here. Finally,
it should be mentionned that because the Nosé-Hoover thermostat can be derived
from the Nosé thermostat with real-time sampling, the above proof is not really nec-
essary. It is given anyway as a nice illustration of the use of the generalized Liouville
equation to derive probability distribution functions for thermodynamical ensembles.

pr(r,p) = (114)

op 0 . dp o .
=— -(pI =— - T 110
o = "ap P ot =—p | - o
The two forms can be interconverted by expressing dp/dt as a total derivative. If the
equations of motion are Hamiltonian, one shows easily that dp/dt = 0. If p(I') is a
stationary (equilibrium) solution, one has dp /ot = 0.
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The derivation of the phase-space probability distribution for the Berendsen ther-
mostat follows again similar lines [109]. The final expression relies on the assump-
tion of a relationship

(K2 — (FONY? = a(ep)[(U?) — (U2, (115)

between the fluctuations in the kinetic and potential energies in simulations with the
Berendsen thermostat. Clearly, such a relationship exists for any system. However,
it is unclear is whether a common a () applies to all systems, irrespective of their
composition and size. The derivation is then based on finding a stationary solution
for the generalized Liouville equation (Eq. (111)). The final (approximate) result is
(with g = Ngy)

pp(®) exp{—BIUX) — Ny af?[UX)* — (U®)F]1)

Jdppp(®) [dr expl—plUT) — Ni a2 [UX)? — (UMD
(116)

pp(r, p)=

where p,(p) is the (unknown) momentum probability distribution. Note that the
Haile-Gupta thermostat generates configurations with the same probability distrib-
ution as the Berendsen thermostat with oo = 1/2 [109].
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