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“Wenn jemand sucht,” sagte Siddhartha, “dann geschieht es leicht,
daBl sein Auge nur noch das Ding sieht, das er sucht, dafl er nichts
zu finden, nichts in sich einzulassen vermag, weil er nur immer an das
Gesuchte denkt, weil er ein Ziel hat, weil er vom Ziel besessen ist.
Suchen heif3t: ein Ziel haben. Finden aber heifit: frei sein, offen stehen,
kein Ziel haben.”

“When someone is searching,” said Siddhartha, “then it might eas-
ily happen that the only thing his eyes still see is that what he searches
for, that he is unable to find anything, to let anything enter his mind,
because he always thinks of nothing but the object of his search, be-
cause he has a goal, because he is obsessed by the goal. Searching
means: having a goal. But finding means: being free, being open, hav-
ing no goal.”

HERMANN HESSE, Siddhartha
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Molecular simulation aims at understanding and predicting the macroscopic properties of mat-
ter from models at the microscopic scale. My scientific activity in this broad field can be decom-
posed depending on the physical framework: classical statistical physics on the one hand, and
quantum physics on the other.

e My works in statistical physics can further be classified into two categories: the computation
of equilibrium properties (Section 1.1) and the study of nonequilibrium systems (Section 1.2).
In both cases, these studies are often performed with nonequilibrium or nonlinear dynamics,
the distinction arising from the fact that the stationary state of the dynamics is either an
equilibrium one (possibly upon an appropriate correction) or a nonequilibrium one.

e Section 1.3 presents some results for time dependent dynamics in quantum physics.

Publications from works done or substantially initiated during my PhD are referred to as [Pxx],
while the subsequent contributions are listed as [Hxx]| (see the bibliography in Section 1.4).

1.1 (Non)Equilibrium methods to compute equilibrium properties

The theoretical and numerical analysis of some nonequilibrium dynamics to compute efficiently
equilibrium properties is presented Chapter 2. This research path was initiated during my PhD
work [P8], with an emphasis on free energy computations [P2, P6, P9, P10, P12]

With M. Rousset and T. Lelievre, we wrote a book summarizing our current understanding
of the available techniques to compute free energy differences [B1]. In the past years, I studied
in particular equilibrium or nonequilibrium constrained Langevin dynamics [H29] and nonlinear
techniques where the free energy is updated depending on the current state of the system [H21].
I also considered an application of free energy methods to Bayesian statistics, where there is no
physical intuition about the choice of the parameter indexing the transition [H27]; and in condensed
matter physics to discuss the isentropic character of release waves [H17].

Motivated by a concrete application, namely the computation of Hugoniot curves (a question
asked by my colleagues at CEA-DAM), I also proposed a method to sample configurations satis-
fying a constraint in average [H15]. This method was then successfully applied for computations
of properties of real materials in [H23].
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1.2 Nonequilibrium systems and transport properties

Chapter 3 is devoted to nonequilibrium systems in a steady state. During my PhD, I proposed
reduced models to compute shock and detonation waves [P1, P5, P11]. Recently, this model was
applied to systems more realistic than the ones I studied [H25].

In the past years, I turned to the numerical computation of transport properties (thermal con-
ductivity, shear viscosity, ...), with an emphasis on nonequilibrium molecular dynamics techniques.
This research path was initiated during my post-doctoral work at IMPMC. Most of my contri-
butions in this field focus on the thermal conductivity of one dimensional systems, perturbed in
various ways: stochastic noises preserving some invariants of the system [H22, H28], atoms with
random masses [H16, H18|, mechanical forcings applied at the boundary of the system [H24].
In the framework of the PhD work of R. Joubaud, I also studied the computation of the shear
viscosity [H26].

1.3 Time-dependent problems in quantum physics

The common denominator in the contributions summarized in Chapter 4 are the time dependence
of the quantum models I have considered. The part of my PhD work concerned with quantum
theory was focused on methods for finding the ground-state of molecular systems in quantum
chemistry [P3, P4, P7, P13]. My interests shifted towards models of quantum physics during my
post-doctoral work at IMPMC.

In a series of papers with Ch. Brouder and G. Panati, we studied the Gell-Mann and Low
technique, which provides a way to compute eigenstates of a perturbed Hamiltonian Hy + V' from
eigenstates of the reference Hamiltonian Hy, using some fictitious dynamics in the adiabatic limit.
Our mathematical result extends previous studies to the case when the eigenspace of the reference
Hamiltonian is degenerate [H20]. This result was motivated by the simple analytical example
described in [H14]. We also presented some physical implications in [H19].

Very recently, we studied with E. Cances the behavior of defects in crystals under an external,
time dependent forcing [H30]. The aim of this study was to extend previous results on the static
(time-independent) response of crystals to the case of time-dependent forcings. There is therefore
a genuine time dependence in this model, which allows to derive, in some spatial homogenization
limit, the expression of the frequency-dependent permittivity of a crystal in terms of its band
structure.

1.4 Publications

I list here my publications by types, decomposing the publications in peer-reviewed journals into
two categories, depending on whether the material has been produced or substantially initiated
during my PhD, or afterwards.

Publications from works completed or initiated during my PhD

[P1] G. StorLrz, Shock waves in an augmented one-dimensional chain, Nonlinearity 18 (2005)
1967-1985

[P2] M. ROUSSET AND G. STOLTZ, An interacting particle system approach for molecular dy-
namics, J. Stat. Phys. 123(6) (2006) 1251-1272

[P3] E. CaNcEs, M. LEWIN AND G. STOLTZ, The electronic ground state energy problem: a new
reduced density matrix approach, J. Chem. Phys. 125 (2006) 064101
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[P4] A. ScemamA, T. LELIEVRE, G. StorTz, E. CANCES AND M. CAFFAREL, An efficient
sampling algorithm for Variational Monte Carlo, J. Chem. Phys. 125 (2006) 114105

[P5] G. STorTz, A reduced model for shock and detonation waves. I. The inert case, Furophys.
Lett. 76(5) (2006) 849-855

[P6] T. LELIEVRE, M. ROUSSET AND G. STorLTZ, Computation of free energy differences through
nonequilibrium stochastic dynamics: the reaction coordinate case, J. Comput. Phys. 222(2)
(2007) 624-643

[P7] A.F. IzmayLov, V.N. STAROVEROV, G. SCUSERIA, E.R. DAvVIDSON, G. STOLTZ AND
E. CaNcES, The effective local potential method: Implementation for molecules and relation
to approximate optimized effective potential techniques, J. Chem. Phys. 126 (2007) 084107

[P8] E. CaNcis, F. LEGoLL AND G. STOLTZ, Theoretical and numerical comparison of some
sampling methods, ESAIM-Math. Model. Num. 41(2) (2007) 351-390

[P9] G. StoLrTz, Path sampling with stochastic dynamics: some new algorithms, J. Comput. Phys.
225 (2007) 491-508

[P10] T. LELIEVRE, M. ROUSSET AND G. StToLTZ, Computation of free energy profiles with
parallel adaptive dynamics, J. Chem. Phys. 126 (2007) 134111

[P11] J.-B. MAILLET, L. SOULARD ET G. STOLTZ, A reduced model for shock and detonation
waves. II. The reactive case, Europhys. Lett. 78(6) (2007) 68001

[P12] T. LELIEVRE, M. ROUSSET AND G. STOLTZ, Long-time convergence of an adaptive biasing
force method, Nonlinearity 21 (2008) 1155-1181

[P13] E. CaNcis, G. SToLTz, G. SCUSERIA, V. STAROVEROV AND E. DAVIDSON, Local ex-
change potentials for electronic structure calculations, MathS In Action 2 (2009) 1-42

Publications from works initiated after the PhD defense

[H14] CH. BROUDER, G. STOLTZ AND G. PANATI, Adiabatic approximation, Gell-Mann and Low
theorem and degeneracies: A pedagogical example, Phys. Rev. A 72 (2008) 042102

[H15] J.B. MAILLET AND G. STOLTZ, Sampling constraints in average: The example of Hugoniot
curves, Appl. Math. Res. Express 2008 abn004 (2009)

[H16] G. StorTz, M. LAZzERI AND F. MAURI, Thermal transport in isotopically disordered
carbon nanotubes, J. Phys.:Cond. Matter 21 (2009) 245302

[H17] J.-B. MAILLET, E. BOURASSEAU, L. SOULARD, J. CLEROUIN AND G. SToLTZ, Constant
entropy sampling and release waves of shock compressions, Phys. Rev. E 80 (2009) 021135

[H18] G. StoLTZ, N. MINGO AND F. MAURI, Reducing the thermal conductivity of carbon
nanotubes below the random isotope limit, Phys. Rev. B 80 (2009) 113408

[H19] CH. BROUDER, G. PANATI AND G. STOLTZ, Many-body Green function of degenerate
systems, Phys. Rev. Lett. 103 (2009) 230401

[H20] CH. BROUDER, G. PANATI AND G. STOLTZ, Gell-Mann and Low formula for degenerate
unperturbed states, Ann. I. H. Poincare-Phy. 10(7) (2010) 1285-1309

[H21] B. M. DicksoN, F. LEGOLL, T. LELIEVRE, G. STOLTZ AND P. FLEURAT-LESSARD, Free
energy calculations: An efficient adaptive biasing potential method, J. Phys. Chem. B114(17)
(2010) 5823-5830

[H22] A. TacoBuccl, F. LEGOLL, S. OLLA AND G. STOLTZ, Thermal conductivity of the Toda
lattice with conservative noise, J. Stat. Phys. 140(2) (2010) 336-348

[H23] E. BOURASSEAU, J.-B. MAILLET, N. DESBIENS AND G. STOLTZ, Microscopic calculations

of Hugoniot curves of neat TATB and of its detonation products, J. Phys. Chem. A 115 (39)
(2011) 10729-10737
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This chapter starts in Section 2.1 with a brief presentation of computational statistical physics.
One important aim in molecular simulation is the computation of average properties at fixed
thermodynamic conditions, see (2.2) below. However, not all properties of interest can be written as
averages with respect to a thermodynamic measure with given thermodynamic conditions. A very
important example is the computation of the free energy, which is considered in Section 2.2 (based
on [P2,P6,P9,P10,P12,H17, H21, H27, H29, B1]). Another situation which does not fall within
the standard framework of statistical physics is the case when the thermodynamic conditions are
not fixed a priori, but are part of the problem. This is the case when the system should satisfy a
constraint in average, the thermodynamic conditions being precisely such that this constraint is
indeed satisfied. An approach to this problem is described in Section 2.3 (based on [H15, H23]).

2.1 Computational statistical physics

Statistical physics provides a way to obtain macroscopic quantities starting from systems described
at the microscopic level. In this framework, the state of the system is described by some proba-
bility measure, the precise choice of the measure depending on the invariant quantities considered
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(number of particles or chemical potential, volume or pressure, energy or temperature). We focus
in this chapter on the canonical measure, which is the equilibrium probability distribution describ-
ing microscopic states of a system at fixed temperature (fixed average energy). Many theoretical
concepts and numerical techniques presented in this chapter can however straightforwardly be ex-
tended to other thermodynamic ensembles, or even to general (non-physical) probability measures
such as the ones encountered in Bayesian Statistics.

The configuration of a classical N-body system is denoted by (¢, p) € €. Typically, in dimension
d=3 =M xRN with M = R3 when the system is confined by an external potential, or
M = DV when the system is enclosed in a periodic simulation box D = (LT)? (with T = R\Z).
We assume for simplicity that the system is described by a separable Hamiltonian

1 _
H@m%=yFM'%+V@%

where the interaction potential V' is a smooth function, and the mass matrix is a constant, posi-
tive definite, symmetric matrix M (typically a diagonal matrix M = Diag(miIds,--- ,myIds) €
R3NV>X3N with m; > 0 for all i = 1,...,N). Generalizations to non-separable Hamiltonians are
possible. The canonical measure reads

i(dgdp) = 21 ¢BH@D dgdp, 7 = /g eH, (2.1)

where Z is the normalizing constant ensuring that p is indeed a probability distribution (we
assume Z < +00), and 8 = (kgT)~! (with kp the Boltzmann constant) is proportional to the
inverse temperature. Macroscopic quantities <7, such as the pressure for instance, are obtained by
averaging observables, which are functions of the microscopic state, with respect to the probability
measure describing the macroscopic state of the system:

%:/A%MM@@) (2.2)
I

The actual issue is the sampling of the configurational part of the canonical measure since momenta
follow a Gaussian distribution. The high dimensional integral (2.2) cannot be computed using
standard quadrature methods. It is approximated in practice by ergodic averages of appropriate
dynamics:

1 /7
& = lim —/ A(ge,pr) dt. (2.3)
T Jo

T—+o0

2.1.1 Sampling the canonical measure

Let us now present some well-known stochastic dynamics satisfying (2.3). An important require-
ment is that these dynamics should admit the canonical measure as invariant measure, which is
the case when the canonical measure is a stationary solution of the Fokker-Planck equation. For
a general stochastic dynamics (in the It6 sense)

dﬁt = b(xt) dt + O'(l't) th7 (24)

where x; € R™, W; is a standard n-dimensional Brownian motion, and b and ¢ are smooth
functions, the Fokker-Planck equation reads

Opp = A", (2.5)

where 9 (¢, x) is the law at time ¢ of x;, and A* is the adjoint (on L*(R™)) of the generator
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1 1 n
Azb-V+§UUT:V2:b~V+§ Z (OUT)M 02,0, - (2.6)

ij=1

One dynamics admitting the canonical measure (2.1) as invariant measure is the Langevin dynam-
ics:

dg, = M~ 'p, dt,
{ qt Pt (2'7)

dp; = =V V (qs) dt — y(q)) M p; dt + o(g;) dW5,

where W; is a standard 3N-dimensional Brownian motion, and 7(q),o(q) are 3N x 3N position
dependent real matrices satisfying the fluctuation-dissipation identity

o(a) o™ (@) = 2(q). (2.8)

The Langevin dynamics may be seen as some modification of the Hamiltonian dynamics with
two added components: a damping term —~(q;) M ~!p; dt (dissipation) and a random forcing term
o(q;) dW; (fluctuation). The energy dissipation due to damping is compensated by the random
forcing in such a way that the temperature of the system remains 7 = (kp3)~!. Under suitable
assumptions on the potential V', the friction and the dissipation matrices, the dynamics (2.7) can
be proved to be ergodic and (2.3) holds (see for instance the discussion in [P8]). Another important
dynamics is the overdamped Langevin dynamics, which is ergodic for the marginal of the canonical
measure in the position variables:

This dynamics can be obtained as a limit of the Langevin dynamics (2.7), either when the friction
goes to infinity (with an appropriate time rescaling) or for vanishing masses; see [B1, Section 2.2.4|
for further precisions.

2.1.2 Beyond the computation of standard average properties

The methods presented in this chapter can be used to compute equilibrium properties different
from the standard average properties (2.2).

e Free energy differences are important quantities to describe the relative likelihoods of states of
a system. Section 2.2 presents various new techniques to compute free energy differences.

e In some instances, it is desirable to consider ensembles such that some constraint is satisfied on
average. In this setting, the extensive or intensive parameters indexing the state of the system
(such as the temperature or the volume in the canonical ensemble) may be seen as unknowns
whose value has to be fixed. Section 2.3 summarizes my work in this direction, which was
triggered by numerical concerns of physicists at CEA/DAM.

Many methods described in this chapter turn out to be based on nonequilibrium or nonlinear
dynamics, although their stationary state is either an equilibrium one, or can be mapped back to
an equilibrium one by an appropriate correction. The nonequilibrium dynamics considered in this
chapter (see Section 2.2.3) are in fact time-inhomogeneous stochastic evolutions occuring over finite
times. They are termed “nonequilibrium” since the law of the process at time ¢ is not a canonical
distribution. They should be distinguished from nonequilibrium dynamics in their steady states
which are studied in Chapter 3.
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2.2 Free energy computations

This section starts with an overview of techniques to compute free energy differences (see Sec-
tion 2.2.1). One of our contributions is then highlighted: the computation of free energy differences
indexed by a geometric parameter (the so-called reaction coordinate, defined in Section 2.2.1.1),
when the underlying dynamics is of Langevin type [H29]. Two methods are considered: thermo-
dynamic integration (Section 2.2.2) and nonequilibrium dynamics (Section 2.2.3).

2.2.1 A general overview

Free energy is a central concept in thermodynamics and in modern studies on biochemical and
physical systems. Typical examples studied by computer simulations include the solvation free
energies (which is the free energy difference between a molecule in vacuo and the same molecule
surrounded by solvent molecules) and the binding free energy of two molecules (which determines
whether a new drug can have an efficient action on a given protein).

The statistical physics definition of the free energy in the canonical ensemble (2.1) as the
logarithm of the partition function

1
F = —Bln/ge_ﬁH(q’p) dq dp (2.10)

can be motivated by an analogy with macroscopic thermodynamics, where
F=U-TS, (2.11)

U being the internal energy of the system, and S its entropy. The microscopic definition of the
internal energy is the average energy as given by the laws of statistical physics:

E,.(H) =Z_1/8H(q,p) e D) dg dp, (2.12)

while the microscopic counterpart of the thermodynamic entropy is the statistical entropy (see [11])

dp
=— In{—— . 2.1
G kB/5n<dqdp) du (2.13)

Replacing U and S in (2.11) by (2.12) and (2.13) respectively, we obtain the definition (2.10).

2.2.1.1 Free energy differences

In many applications, the important quantity is actually the free energy difference between two
macroscopic states of the system, rather than the free energy itself (see [30]). Free energy differences
allow to quantify the relative likelihood of different states. A state should be understood here as
either

(i) the collection of all possible microscopic configurations distributed according to the canonical
measure associated with a Hamiltonian H) depending on some parameter A\ (called the
alchemical parameter). The parameter A is then the index of the state, and the free energy

/ e~ BH1(ap) dq dp
£

/ e PH(@P) gy dp
£

Typically, \ is a parameter of the potential energy function, or the intensity of an external
perturbation (such as a magnetic field for Ising systems);

difference reads

F(1) = F(0)=—-8""'In

(2.14)
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(ii) the collection of all possible microscopic configurations of the phase-space & = M x R3V,
distributed according to the canonical measure (2.1), and satisfying a given macroscopic
constraint £(q) = z, where £ : M — R™ with m small. Such macroscopic constraints are
for instance the values of a few dihedral angles in the carbon backbone of a protein, or the
end-to-end distance of a long molecule. The function ¢ is called the “reaction coordinate”.
In this case, the configurations are restricted to the set

E(Z)Z{(q,p)et?‘f(q):z} (2.15)
where z is the index of the state, and the free energy difference to compute reads
/ e BH(a:p) Se(q)—1(dq) dp

Z(1)xR3N

/Z(O)XRBN o BH(a.p) Se(q) (dg) dp

F(1) = F(0)=—-p""'In (2.16)

A rigorous definition of the conditional measures d¢(q4)—.(dg) can be given using the co-area
formula (see [4,57] as well as [B1,Chapter 3|): for any test functions f : R™ — R and

g: M —R,
[ se@s@a= [ 1) ( |, g&aq)-z(dq)) .

The case of free energy differences indexed by a reaction coordinate is more technical than the
case of free energy differences indexed by an alchemical parameter. One of our aims in the study
of numerical techniques to compute free energy differences has precisely been the extension of
several techniques proposed for alchemical transitions to the reaction coordinate case (see in par-
ticular [P6,H29]), or the mathematical study of techniques proposed in the reaction coordinate
case (see [P10,P12]).

Free energy techniques can also be used in some contexts to compute entropy differences, and
not free energy differences, using appropriate alchemical transformations. This is what we have
done in [H17] to study the entropy increase when a hot and dense system, compressed in a box, is
allowed to expand when one of the boundaries of the box is removed. This procedure models the
behavior of materials after a shock compression.

2.2.1.2 Numerical methods to compute free energy differences

Together with Mathias Rousset and Tony Lelievre, we wrote a review book on the numerical
methods to compute free energy differences (see [B1]). Most of the currently available strategies
fall within the following four classes, in order of increasing mathematical technicality:

(i) Methods of the first class are based on straightforward sampling methods. In the alchemical
case, the free energy perturbation method, introduced in [159], recasts free energy differences
as usual canonical averages. In the reaction coordinate case, usual sampling methods can also
be employed, using histogram methods [138];

(ii) The second technique, dating back to [97], is thermodynamic integration, which mimics the
quasi-static evolution of a system as a succession of equilibrium samplings (this amounts
to considering an infinitely slow switching between the initial and final states). In this case,
constrained equilibrium dynamics have to be considered. Section 2.2.2 presents the procedure
when constrained Langevin dynamics are used.

(iii) A more recent class of methods is based upon dynamics with an imposed “schedule” for the
reaction coordinate or the alchemical parameter: the system is started off at equilibrium, and
then the value of the reaction coordinate z(t) or of the alchemical parameter A(¢) is varied
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in time at a finite rate and in a predefined manner, independently of the state of the system.
The system therefore does not remain at equilibrium. Equilibrium properties can however
be recovered from the nonequilibrium trajectories with a suitable exponential reweighting,
see [92,93]. Section 2.2.3 presents a recent extension based on Langevin dynamics in the
reaction coordinate case.

(iv) Finally, adaptive biasing dynamics may be used in the reaction coordinate case. The switching
schedule is not imposed a priori, but a biasing term in the dynamics forces the transition
by penalizing the regions which have already been visited (see Section 2.2.1.3 for further
precisions).

We refer to Figure 2.1 for a schematic representation of the computational methods in the reaction
coordinate case.

(a) Histogram method: sample points (b) Thermodynamic integration: a
around the level sets are generated. projected dynamics is used to sample

each “slice” of the phase space.

(¢) Nonequilibrium dynamics: the (d) Adaptive biasing dynamics: the
switching schedule is imposed a pri- system is forced to leave regions
oriand is the same for all trajectories. where the sampling is sufficient.

Fig. 2.1. Cartoon comparison of the different techniques to compute free energy differences in the reaction
coordinate case.

2.2.1.3 Free energy based importance sampling

Beside physical motivations to compute free energy differences, a computational motivation is to
overcome sampling barriers encountered when computing canonical averages (see the discussion
in [B1, Section 1.3.3]). Indeed, it is often the case in practice that the trajectories generated by
the numerical method remain trapped for a long time in some region of the phase space, and
only occasionally hop to another region, where they also remain trapped — a behavior known as
metastability. Chemical and physical intuition may guide the practitioners of the field toward the
identification of some slowly evolving degree of freedom responsible for the metastable behavior of
the system. This quantity is a function £(¢q) of the configuration of the system, where { : M — R™
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with m small. The framework to consider is therefore the case of transitions indexed by a reaction
coordinate.

If the function & is well chosen (i.e. if the dynamics in the direction orthogonal to £ is not too
metastable, which we henceforth assume), the free energy can be used as a biasing potential to
accelerate the sampling, relying on importance sampling strategies. More precisely, we sample the
probability measure’

~ — 771 = BlH(@p)=F(¢(a)] 7 _ —B(H—Fof)
p(dgdp) = Z7 " e dgdp,  Z e :
£

using for instance the biased Langevin dynamics
dg = M~ 'py dt,

2.17
dp; = ( - VV(a) + F’(é(q))Vé(q))dt — M pydt + \/?de 210

Canonical averages (2.2) with respect to the original canonical measure (2.1) are then obtained
by an appropriate reweighting of the trajectory of the biased dynamics as

£ (Ae-tro) /Aqt o BEE@) gy
u(A) = P ﬂFog) = lim

T=feo / e BF (&) gy
0

(2.18)

The terminology “reweighting” is motivated by the fact that all sampled configurations (g, p;) do
not have the same weight in the average over the trajectory.

This viewpoint allows to use free energy techniques in other fields than the one traditionally
covered by statistical physics, such as Bayesian Statistics. In order to have an efficient method,
the weights e A7 (€(4)) should not be too degenerate, that is, the average in (2.18) should not
be dominated by a few values dominant values. We have shown in [H27] that free energy based
importance sampling can be used in Bayesian statistics. More precisely, we have discussed various
choices of reaction coordinates for a mixture model, and tested the efficiency of the associated
importance sampling procedure.

Adpative importance sampling

Instead of first obtaining an estimate of the free energy profile, and then running a biased dynamics
such as (2.17), it is possible to use adaptive importance sampling strategies where estimates of
the free energy are computed on-the-fly. This is performed by integrating a dynamics biased by
an approximation F; of the free energy, and updating this approximation in such a way that F}
converges to the free energy F' in the longtime limit. Many techniques have been proposed in
the literature. They can be classified into two categories (see the classification we have proposed
in [P10]):

(i) methods in which the free energy itself is updated, such as the Wang-Landau dynamics [151,
152], the nonequilibrium metadynamics [90], or self-healing umbrella sampling [112].

(ii) methods in which the gradient of the free energy is updated (such as the Adaptive Biasing
Force [37]).

We refer to [B1, Section 5.1] for a precise description of the above mentioned dynamics and a
general presentation of adaptive importance sampling techniques for free energy computations. Our

! In fact, in order to ensure that the normalization constant 7 is finite when the state-space is not
compact, it may be necessary to truncate the free energy and consider the biasing potential F'(§)1a<e<s
for well chosen values —co < a < b < +00; or, rather, some smooth approximation of this potential.
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contributions to this domain involve the mathematical study of the convergence of the adaptive
biasing force method using entropy estimates (see [P12]), and some extension of the self-healing
umbrella technique (see [H21]).

2.2.2 Thermodynamic integration

The basic ideas behind thermodynamic integration are presented in the simple setting of alchem-
ical transitions in Section 2.2.2.1. The extension to transitions indexed by a reaction coordinate
uses constrained deterministic or stochastic dynamics. In the literature, constrained Hamiltonian
dynamics and overdamped Langevin dynamics have been considered [26,31,41,142]. The gradient
of the free energy is obtained from the constraining force or from the Lagrange multipliers used to
enforce the constraint. The main disadvantage of Hamiltonian dynamics is their lack of ergodicity;
while overdamped Langevin dynamics are rarely used in practice since most codes are based on
modifications of the Hamiltonian dynamics. On the other side, the Langevin dynamics is a mod-
ification of the Hamiltonian dynamics which can be proved to be ergodic. It is therefore relevant
for applications. Our aim in [H29] is precisely to show how to perform thermodynamic integration
using Langevin dynamics. Section 2.2.2.2 presents the underlying constrained Langevin dynamics,
while the evaluation of the gradient of the free energy is discussed in Section 2.2.2.3.

2.2.2.1 Thermodynamic integration in the alchemical case

We first present thermodynamic integration in the simple context of alchemical transitions when
Hy(q,p) = %pTM ~1p + Vi(q). Thermodynamic integration consists in remarking that

1
F(1)—F(0) = / F'(\) ds, (2.19)
0
and that the derivative S
a)\/\ (¢,p) e~ BHA(a:p) dq dp
F'(A) = =£

/ e~ BHx(2:p) dg dp
£

is the canonical average of dyHy = 0,V with respect to the canonical measure
wx(dgdp) = Z;lefﬁH*(q’p) dq dp. (2.20)

In practice, the integral on the right-hand side of (2.19) is discretized in the A variable by standard
quadrature rules to obtain the free energy difference profile. The values F’()\;) at the quadrature
points A; € [0,1] are approximated using classical sampling techniques, relying on convergence

results such as i
1 OH)
/ . . = OH\ ]
F) = TEIJIFIOC T/, ox (qe,p¢) dt a.s.,

where (g¢, p¢) is a realization of the Langevin dynamics

th = Mﬁlpt dta

7
dp, = —V'Vx(qi) dt — vM~'p, dt + ,/% aw,.

Some elements on the numerical analysis of the choice of the quadrature points, allowing to
minimize the variance of the free energy estimator, can be read in [B1, Section 3.1.1].
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2.2.2.2 The constrained Langevin dynamics

We introduce in this section the Langevin dynamics for mechanically constrained systems, for a
configuration space M = R3V. Positions are therefore subjected to a m-dimensional constraint
denoted by

g(q) - (61(Q)7 s 7§m(Q))T =z e R™

Constrained systems appear in computational statistical physics in two types of contexts:

(i) for free energy computations, where £ is a given reaction coordinate parameterizing a tran-
sition between “states” of interest;

(ii) when the system is subjected to molecular constraints such as rigid covalent bonds, or rigid
bond angles in molecular systems.

We refer for instance to [123, Chapter 10], [36] and [B1] for applications to the computation
of free energy differences, and [7,74, 105] for mathematical textbooks dealing with constrained
Hamiltonian dynamics.

In the sequel, £ may be thought of as a reaction coordinate (see [H29] for handling additional
molecular constraints within the same formalism). The position of the system is constrained to
the submanifold X(z) defined in (2.15) and the associated phase space is denoted by

T°5() = {(a.p) €€ | g € Z(), Ve@ M 'p=0}. (2.21)

Note that the position constraint implicitly places an additional constraint on the momenta, often
termed hidden velocity constraint. For a given ¢ € X(z), the set of admissible momenta is denoted
by
* _ 3N T -1, _
T 5(2) = {p eR ‘ Ve(Q) T M tp = 0}. (2.22)

The orthogonal projection on T;Y(z) with respect to the scalar product induced by M —1is
denoted
Par(q) =1d = VE(q) Gy () VE() "M, (2:23)

where Gr(q) = VE(Q)T M~ VE(q). We assume that Gy is invertible everywhere on X(z) (for
all 2). It is easily checked that Pp; satisfies the projector property Pis(q)? = Pa(q), and the
orthogonality property

M~'Py(q) = Par(g)" M1

Finally, it is useful to introduce projected friction and dissipation matrices:
(op,vp) = (Par o, Py y Pyy), (2.24)

Note that yp, op satisfy the fluctuation-dissipation relation (2.8) when v, o do.
The canonical distribution associated with constrained systems is defined as
pir= sz (dq dp) = Z_} e PHED) g o) (dg dp), (2.25)
where op-x(.)(dgdp) is the phase space Liouville measure of 7% X(2) (see [B1, Section 3.3.2] for
a precise definition of this measure), and Z, o the normalizing constant (z refers to the position
constraint, and 0 to the velocity or momentum constraint). A dynamics admitting the constrained
canonical measure (2.25) as an invariant equilibrium measure is the following Langevin process:
For a given initial condition (qo,po) € T*X(z),
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dg = M~ 'p, dt,
(CL) dpr = —VV(qe) dt — v(qe) M ™'y dt + o(qr) AWy + VE(gr) d)y,
&(qt) = =, (Cy)

where the R™-valued adapted process ¢ — \; is the Lagrange multiplier associated with the (vecto-
rial) constraint (Cy), and v(¢), o(q) are assumed to satisfy the fluctuation-dissipation relation (2.8).
Note that (g¢,p:) € T*X(z) for all t > 0.

Proposition 2.1. The constrained Langevin dynamics (CL) on T*X(z) admits the Boltzmann-
Gibbs distribution (2.25) as a stationary measure. Moreover, if yp (defined in (2.24) ) is everywhere
strictly positive in the sense of symmetric matrices on T;E(z), then the invariant measure is
unique and the process (CL) is ergodic: for any smooth observable A,

1 T
li — A dt = Adpp« .S. 2.26
leloo T/o (qt,pt) /T*E(Z) KT+ 3(2) a.s ( )

Several recent studies (e.g. [31,79,80,149]) have analyzed dynamics similar to (CL) and some
appropriate discretizations of the process in order to approximate the left-hand side of (2.26).

The first contribution of [H29] is to propose a simple discretization of the dynamics (CL) and to
highlight its remarkable properties. The numerical scheme is based on a splitting strategy between
the Hamiltonian and the fluctuation/dissipation part of the dynamics (in the spirit of the scheme
proposed in [20] in the unconstrained case). The Hamiltonian part is discretized using a Verlet
scheme with position and momentum constraints (the so-called RATTLE scheme, see [106]). We
show that this discretization enjoys the following properties:

(i) for some appropriate choice of the parameters (masses proportional to the time step At or
friction proportional to At~!), the numerical scheme reduces to an Euler discretization of
the overdamped Langevin dynamics with a projection step associated with the constraints.
This can be seen as the numerical counterpart of the fact that the overdamped Langevin
dynamics is the limit of the Langevin dynamics as either the friction goes to infinity or the
mass goes to zero, see the discussion after (2.9);

(ii) the numerical scheme can be complemented by a Metropolis-Hastings correction [82,114] to

obtain a Generalized Hybrid Monte Carlo (GHMC) method sampling exactly (i.e. without
any bias due to time-discretization) the constrained canonical distribution (2.25). The result-
ing numerical scheme is close to the ones proposed in [78-80] (see also [47,109] for historic
references on Hybrid Monte Carlo methods, and [88] for GHMC).
The well-posedness of the Metropolis correction crucially relies on reversibility properties of
the numerical scheme, here the Hamiltonian part discretized by the RATTLE scheme. Such
corrections cannot be considered for standard discretizations of overdamped Langevin dy-
namics for instance, since the transition kernel corresponding to a single step of the numerical
method has no simple analytical expression due to the nonlinear projection step.

One outcome of [H29] is thus a new Metropolization procedure for overdamped Langevin dynamics
to sample, without bias, measures supported on a submanifold.

2.2.2.3 Thermodynamic integration with constrained Langevin dynamics

When using constrained simulations in phase space, the momentum variable of the dynamical
system is also constrained, and a modified free energy (called “rigid free energy”) is more naturally
computed:
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1 _
FM(z) = —Eln o )e AH@P) g, 5,y (dg dp). (2.27)

The rigid free energy is related to the standard free energy

1 1
F(z)=—--In / e PP 5e 0y (dg)dp = —=In / e VD 5 _.(dg) +C  (2.28)
B 3(z)xR3N B (=)

used in (2.16) through the identity:

1 ~
F(z) = FM(z) = == In (det Gar) ™2 dpg- 52y + C, (2.29)
B Jres(z)

where pip- 52 is the equilibrium distribution with constraints (2.25). The constants C, C appearing
in the above expressions are independent of z. The relation (2.29) was already proposed in [36]
(see also [40, 48, 81,136] for related formulas). It shows that Fr]g{i indeed depends on the mass
matrix, which is not obvious in the definition (2.27). For any value of the reaction coordinate, the
difference F'(z)— Frlgd(z) can easily be computed with any dynamics sampling from the probability
distribution pp« (2, such as (CL), by averaging (det Gar)~1/? along a trajectory.

Several methods have been suggested in the literature to compute either Frjgd (or similar free
energies) from the Lagrange multipliers of a constrained process similar to (CL). In fact, a typical
result is that the longtime average of the Lagrange multipliers converges to the gradient of the
rigid free energy (2.27) (the so-called mean force). We refer for instance to [36] and references
therein for the Hamiltonian case, and to [31] and references therein for the overdamped case. We

have also obtained such a result for (CL):

Theorem 2.1. Assume that V¢, G]Tj and o are bounded functions on X(z), and yp is strictly
positive on Ty X(z) (in the sense of symmetric matrices). Then,

S e M
TEI}}OO T/o dA\ = V. Fgq(2) a.s. (2.30)

A similar result holds for the ‘Hamiltonian part’ of the Lagrange multipliers:

: 1 g ham M
TEIEOO—/O d\™ =V, Flgq(2) a.s., (2.31)

where dAI™ = d)\; + G]T/}Vé“(qt)TM_l (—v(qt)M_lpt dt + a(qt)th) = ng/fd(qt,pt) dt.

T

The precise expression of frj‘gd is given in [H29]. The important remark is that dA!*™ only has
bounded variations since the martingale part due to the Brownian increments and the dissipation
term have been subtracted out. Therefore, the estimator based on (2.31) has a smaller variance
than the estimator based on (2.30). Similar results on variance reduction were obtained in the
overdamped case in [31].

As compared to [36], where a formal proof for the Hamiltonian case is proposed, we use an
explicit calculation that does not require the use of the Lagrangian structure of the problem,
or a change of coordinates. Once VZFrJgd(z) is obtained, Fr]g[d(z) can be computed (up to an
additive constant) by integration, similarly to what is done in the alchemical case described in
Section 2.2.2.1. Note that using (2.30) and thermodynamic integration, together with (2.29), allows
to obtain F'(z) without computing second order derivatives of £. This is a desirable property since
computing such high derivatives may be cumbersome for some reaction coordinates used in prac-
tice. In contrast, straightforward computations of the mean force using the analytical expression
of frjgd usually involve such high order derivatives.
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We show [H29] that the mean-force can be computed with second order accuracy (i.e. up to
O(A#?) error terms, where At is the time-step) using the Lagrange multipliers involved in the
Hamiltonian part of the splitting scheme. This is based on a discretization of (2.31), obtained
by averaging the two Lagrange multipliers involved in the RATTLE part of the scheme. We also
discuss in [H29] how these techniques can be generalized to compute the free energy for systems
with molecular constraints.

2.2.3 Nonequilibrium computations of the free energy

This section is devoted to nonequilibrium methods for free energy computations, based on a
Hamiltonian or Langevin dynamics with constraints subjected to a predetermined time evolution.
Such methods rely on a fluctuation equality, the so-called Jarzynski-Crooks relation (see [93] for a
pioneering work, as well as [32,33] for an extension). They are termed “nonequilibrium” since the
transition from one value of the reaction coordinate £ to another one is imposed a priori, in a finite
time T', and with a given smooth deterministic schedule ¢ € [0,T] — z(t) € R™. The transition
can be arbitrarily fast. Therefore, even if the system starts at equilibrium, it does not remain
at equilibrium, in the sense that the law of the process at time ¢ is not the canonical measure
associated with the value z(¢) of the schedule.

Whereas many works consider nonequilibrium dynamics in the alchemical case, the reaction
coordinate case was not treated before our works on nonequilibrium overdamped Langevin dynam-
ics [P6]. Most results of [P6] can in fact be recovered from the results on nonequilibrium Langevin
dynamics [H29].

Section 2.2.3.1 first presents the basic idea of nonequilibrium fluctuation relations for computing
free energy differences in the simple alchemical case. We then turn to nonequilibrium Langevin
dynamics in the reaction coordinate case in Section 2.2.3.2.

2.2.3.1 Principle of the method

The Jarzynski equality expresses free energy differences as a nonlinear average of the work per-
formed in the switching from one state to another, see for instance (2.34) below. The interest of
this approach is that the computation of averages such as (2.34) can easily be parallelized using
many short trajectories. In practice however, it is often observed that the estimators based on
such equalities are numerically inefficient since they have very large variances (see for instance our
work [P2] as well as the discussion in [B1, Section 4.1.4]). The interest of the Jarzynski equality
and its extensions is therefore rather theoretical.

The Jarzynski equality can easily be obtained for alchemical transitions when the evolution
of the system is given by the Hamiltonian dynamics. Consider initial conditions (¢(0),p(0)) at
equilibrium, canonically distributed according to po (defined in (2.20)), and a switching schedule
A:[0,7] — Rwith A(0) = 0 and A(T") = 1. The evolution is given by the following non-autonomous
ordinary differential equation for 0 < ¢ < T"

dq
dt
dp
dt

(t) = VpHxw(a(t),p(t)),
(2.32)

(t) = =VaH @) (a(t), p(t)).

Defining by ¢* the associated flow, the work performed on the system starting from an initial
condition (g, p) is defined through the energy variations induced by the imposed variations of the
alchemical parameter:

W) = [ P00 (62(0.0) X0 dt = Hu(6(a.0) ~ Hol.p). (2.33)
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The rightmost equality in (2.33) is obtained by noticing that

d 3H)\(t)

- / qu t (d)i\(q,p))
%(Hx(t)(aﬁf(q,p))) =y (@ @P) N (#) + <VpHiEt;(¢?(q,p))> - 0167 (0, p),

and the second term on the right-hand side vanishes in view of (2.32). The work therefore turns
out, in this simple setting, to be equal to the energy difference between the initial and the final
states. Then,

/efBW(q,p) dpo(q,p) = Z0—1/efﬁH1(d>é\r(qvp))dqdp.
£ £

Since ¢7. defines a change of variables of Jacobian 1, the above equality can be restated as

Z
By, (efﬁw) = Z—; = e*ﬁ(F(l)fF(o)%

or
1

B

where the expectation is taken with respect to initial conditions (g, p) distributed according to pg.
To approximate numerically (2.34), initial conditions are sampled using an appropriate method,
and for each initial condition, a numerical trajectory is integrated in time and the value of the
work along this trajectory is computed. Alternatively, dedicated Metropolis algorithms to sample
paths can be used (see for instance some algorithms to this end in my work [P9], as well as the
discussion in [B1, Section 4.4]).

The relation (2.34) can be generalized to many other dynamics in the alchemical case. The reac-
tion coordinate case is, on the other hand, more technical, and was not considered to our knowledge
before our previous work [P6] on switched overdamped Langevin dynamics. The Langevin case is
presented in Section 2.2.3.2.

F(1) — F(0) InE,, (e-™), (2.34)

2.2.3.2 Nonequilibrium switching with constrained Langevin dynamics

An appropriate nonequilibrium Langevin dynamics to perform the switching is given by the fol-
lowing equations of motion (“SCL” stands for “switched constrained Langevin”):

dgr = M~ 'py dt,
(SCL) dpy = =VV (qi) dt — vp(q) M~ 'pydt + op(q) AWy + VE(qr) ds,
§(qr) = 2(t), (Cq(1))

where t — A\, € R™ is an adapted process enforcing the constraints (Cy(t)) (the Lagrange multipli-
ers). Initial conditions are sampled from the phase-space canonical distribution consistent with the
constraints £(g) = 2(0) and VE&(q)T M ~1p = 2(0). This measure, denoted by 15 o, (2(0),5(0) (dgq dp),
is made precise in [H29]. For simplicity, we restrict ourselves to projected fluctuation-dissipation
matrices of the specific form (2.24) since this simplifies the analysis, and eliminates spurious ran-
dom fluctuations in the direction of the switching. It also leads to more natural numerical schemes,
based again on a splitting procedure.

Our analysis applies to deterministic Hamiltonian dynamics upon choosing v = 0. The dy-
namics (SCL) is a natural extension of the constrained Langevin dynamics (CL). It is different
from the dynamics proposed in [101], which is a Langevin dynamics associated with a modified
Hamiltonian with projected momenta, driven by a forcing term along V¢ which acts directly on
the position variable.
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An appropriate notion of work, generalizing the definition (2.33) in the simple case considered
in Section 2.2.3.1, is given by the integral of the displacement multiplied by the constraining force:

t
Wo.t ({q57ps}0<sgt) 5:/0 ZT(S) dAs. (2.35)

Since momenta are implicitly constrained by the condition £(q;) = z(t) for all ¢ € [0, T] (while, in
the “static” definition (2.28) of the free energy, they should not be constrained), some correction
term in the spirit of the right-hand side of (2.29) has to be considered in order to state a general-
ization of the fluctuation identity (2.34) in terms of the free energy F(z) defined in (2.28). More
precisely, consider the corrector

1 1
C(t,0) = 55 ((det Gar(@)) — 5207 €3/ (@)2(0)
where ﬁ Indet G'pr(q) is the so-called Fixman term due to the geometry of the position constraints,

and 32(t)7G;} (g)(t) is the kinetic energy term due to the velocity of the switching. We are now
in position to state the following result.

Theorem 2.2. Denote by {q:, pt bo<t<r the solution of the Langevin dynamics (SCL) with initial
conditions distributed according to (qo,po) ~ u2§7vg(z(0),2(0))(dq dp). Then,

1

E (e—ﬂ[wo,T({qt,pt}ogth)JFC(T,qT)])
F(2(T)) — F(2(0)) = -3 In

E (e C(0.a0)) ’

(2.36)

where the expectations are with respect to canonical (equilibrium) initial conditions and for all
realizations of the dynamics (SCL).

Generalizations of (2.36) (fluctuation relations a la Crooks, defined using forward and backward
processes, and involving path functionals) are given in [H29].

We also propose in [H29] an original numerical scheme allowing to compute free energy dif-
ferences without time discretization errors. This numerical scheme is based on a modification of
the splitting scheme used to discretize the constrained Langevin dynamics (CL). We are able to
prove a discrete-in-time version of the associated Jarzynski free energy estimator (2.36), based on
energy differences in the RATTLE steps.

Moreover, for some choice of the parameters, the numerical scheme yields a Jarzynski-Crooks
relation similar to (2.36) for an Euler discretization of the overdamped Langevin dynamics with
a projection step associated with the evolving constraints, without time discretization error. This
can be seen as an extension of the scheme formerly proposed in [P6].

2.3 Sampling constraints in average

This section presents a method to compute properties of systems with constraints fixed in aver-
age, proposed in [H15] and applied in [H23] to a real system of interest to physicists. Sampling
configurations of systems with constraints fixed in average is also of interest in other applications
fields such as polymeric fluids, although the formulation of the problems under consideration are
slightly different than (2.43) below (see [104] and references therein).

We make precise in Section 2.3.1 the original physical motivation. The method we have pro-
posed is then described in Section 2.3.2, while numerical results illustrating the approach are
provided in Section 2.3.3.
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2.3.1 Physical motivation: the computation of Hugoniot curves

When a fluid is hit by a shock wave, its pressure and energy increase. The variations of thermody-
namic quantities of interest (pressure, density, energy) across a shock interface are governed by the
Rankine-Hugoniot relations, which relate the jumps of the quantities under investigation to the
velocity of the shock front. The third Rankine-Hugoniot conservation law for the Euler equation
governing the hydrodynamic evolution of the fluid reads (macroscopic quantities are denoted by
curly letters)

E— & — %(P+Po)(V0 -V)=0. (2.37)

In this expression, & is the internal energy of the fluid, P its pressure, and V its volume. The
subscript 0 refers to the initial state, the other quantities are evaluated after equilibration after
the passage of a shock wave. The Hugoniot curve corresponds to all the possible states (&, P, V)
satisfying (2.37), given (&y, Po, Vo). In practice, it is computed by considering shocks of different
strengths, inducing various compressions.

A reference temperature Ty and a simulation cell Dy, for instance Dy = (LoT)?, characterize
the equilibrium state before the shock. In numerical experiments, the compression rate

el
Do
is varied from 1 to some maximal compression rate 0 < cpax < 1, so that D = (¢'/3LoT)?

when the compression is isotropic. Since all macroscopic quantities arising in the hydrodynamic
equations are obtained thanks to some local thermodynamic equilibrium assumption, (2.37) can be
reformulated at the microscopic level using statistical mechanics. For a given compression rate c,

1

(H)p,r = (H)Do,10 = 5((P)D,1 + (P)D0,75)(|D0| — |D]) = 0, (2.38)

where the pressure observable for a domain D is

N
1 p?
Plg,p) = 5= — —a¢ - VgV(g),
(2:7) = 35 ; .~ 9 Va V(@)
and the notation (A)p p refers to canonical averages

<A>D7T=/£A(q,p) pp,7(q,p) dg dp (2.39)

with respect to the canonical measure on & = DV x R3V

po,7(q,p) = e PH(P), Zpr = / e PH@P) g dp, (2.40)
£

Zp,T
with 8= = kgT. The final temperature T is the only unknown in (2.38), and is such that

(H@p) = oo, + 5(Pan) + (Pin)(1 = OPol) =0,
D, T

Introducing the Hugoniot observable (parameterized by the compression parameter c)

1

AC<Q7p) = H(Qap) - <H>'D0,T0 + §(P(qap) + <P>DO7TO)(1 - C)|D0‘7 (241>
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the identification of the thermodynamic states which can be obtained by a shock compression (the
so-called Hugoniot problem) can be reformulated as:

For a given compression cpax < ¢ < 1, find T such that (Ac)./3p, r = 0. (2.42)

Once the temperature 7' is known, the pressure and the internal energy of the fluid can be com-
puted. The compression rate ¢ parameterizes a curve in the (P,T') diagram, called the Hugoniot
curve.

Since shock waves propagate in one direction (for instance parallel to the z axis), anisotropic
versions of the Hugoniot problem are of interest. In this case, the compression acts in the x
direction only, and D = ¢LoT x (LoT)?. This is relevant when the initial state before the shock
compression is in a solid phase. The average pressure P is replaced by the P,, component of the
pressure tensor:

v;
Pyy(q,p) = |D|Z - — Gi,20q,.,V(q),
where g; ., pi . respectively denote the & components of the position and momentum of the i-th
particle, and the observable A, is replaced by

 (Pas(@.0) + (Paa)po (1 — |0l

Axa:,c(va) = H((],p) - <H>D07TO + 9

Again, the issue is to find the temperature T such that (A, ), = 0 for given D.

2.3.2 A nonlinear dynamics to sample constraints in average

In the sequel we focus on constraints depending on the temperature 7', and therefore drop the
mention of the volume in the notation of the canonical averages when it is not relevant. Constraints
on the volume can be handled similarly. An abstract reformulation of questions such as (2.42) reads:
for a given observable A,

find T such that (A)p = 0. (2.43)

In order to have a well-defined problem (and possibly upon replacing A by —A), we assume in the
sequel that (2.43) has a unique solution 7™ and that, at least locally around T,

O<a<%<a. (2.44)
This assumption on the observable is satisfied as soon as the derivative of T+ (A)r is smooth
and does not vanish at 7. For simplicity, we also assume that A,V are smooth (see [H15] for
precise conditions).

Several ways of solving (2.43) have been proposed in the literature. The first one relies on a
Newton-like strategy, in which case the derivative of the function T+ (A)7 should be computed
with a good accuracy. This is a non trivial task since this derivative is approximated in practice by
a finite difference ((A)r a7 — (A)1—a7)/2AT, so that the statistical error inherent in the numer-
ical approximation of the quantities (A)7+ a7 should be sufficiently small compared to AT'. This
requires a substantial computational effort. A second strategy is to resort to dedicated dynamics,
with some appropriate feedback mechanism to increase or decrease the energy of the system de-
pending on the current value of A (see [111]). However, the invariant measure of the corresponding
dynamics is not known, and so it is unclear in which sense (2.43) is satisfied.

In the dynamics we propose in [H15], the temperature is a variable and the state of the system is
described by the variables (¢, p, T'). The idea is that the update of the current configuration (g, p) is
governed by a dynamics consistent with canonical sampling at the instantaneous temperature T'(t),
while the temperature is updated depending on the current estimate of (A)p(;: the temperature
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is decreased if the estimate is positive, increased otherwise. For instance, consider the following
dynamics of overdamped Langevin type:

{ dgy = —VV(q)dt+ /2ksgT(t) dW;,

(2.45)
T'(t) = —yE(A(q)),

or the corresponding Langevin version:
dgy = M 'pydt,

dp; = —VV(q) dt — EM ™ py dt + \/26ksT (L) AW, (2.46)
T/(t) - _VE(A(Qtapt)%

for some friction parameter £ > 0. In both cases, v > 0 determines the time scale of the temperature
feedback term, and W; is a standard 3N-dimensional Brownian motion. To prove mathematical
results, it is convenient to use an overdamped Langevin dynamics, since the associated Fokker-
Planck equation describing the evolution of the law of the process ¢; is parabolic. However, we
use the hypoelliptic Langevin dynamics in numerical applications since this dynamics is more
commonly used in molecular simulation codes. Using tools of hypoellipticity and hypocoercivity
(see [150]), it should be possible to prove results similar to Theorems 2.3 and 2.4 below when the
underlying dynamics is of Langevin type.

The dynamics (2.45) and (2.46) can be motivated as follows. If the configurations followed
adiabatically the temperature changes, the positions ¢; (and possibly the momenta p;) would
be distributed canonically at the temperature T'(t) at all times, and T'(t) = —v (A)7(). The
condition (2.44) then implies —va(T(¢t) — T*) < T'(t) < —ya(T(¢t) = T*) < 0 T(0) > T*, and a
similar inequality if T'(0) < T*. In any case, T(t) — T* exponentially fast.

Now, the positions are not canonically distributed at all times since the temperature varies at
a finite rate. The hope is that, even if equilibrium is not maintained at all times, the nonlinear
dynamics can still converge if the typical time arising in the temperature update is sufficiently small
compared to the typical relaxation time of spatial part of the dynamics on ¢, p. These heuristic
considerations can be quantified using functional inequalities, see Theorem 2.4 below.

2.3.2.1 Well-posedness of the dynamics

Let us first show that the dynamics (2.45) is well posed. This is not clear a priori since the
temperature 7'(¢) should remain nonnegative. To this end, we consider a weak formulation of (2.45).
The Fokker-Planck equation describing the evolution of the law of the process reads

O = ksT(t)V - {um)v ( )} = kpT(t) AV + V - (bVV),

HT(t)

(2.47)
T'(t) = —v | Alg)(t,q)dg,
DN
where the periodic function ¢ € DV + 1)(t,q) is the law of the process ¢; at time ¢, and
_ V(g)
pr(q) = Zz" exp (— T ) (2.48)

The well-posedness of (2.47) for short times is given by the following result, whose proof is based
upon an appropriate application of the Schauder fixed point theorem.

Theorem 2.3. For a given initial condition (T°,+°), with T° > 0 and
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WO e H* (DY), w0, v =1,
DN
0

29[ Al
CH([0,7],Ry) and v € C°([0, 7], H*(DY)). Moreover, 1 > 0, and 1) > 0 when ° > 0.

there exists a time T > > 0 such that (2.47) has a unique solution (T,t) with T €

2.3.2.2 Convergence to the target temperature

To study the convergence of the nonlinear dynamics (2.47) under its formulation as a partial
differential equation, entropy methods can be used (see for instance the review papers [6,70]). The
total entropy we consider here is the sum of a spatial entropy E(t), related to the distribution of
configurations at time ¢, and a temperature term:

£(t) = B(t) + 3 (T(#) ~ T*)
with ;
E(t) = h(f(t)) pry, ) = v, '), h(z) =xInz —x+1. (2.49)
DN H(t)

Note that the reference measure pip(y) is time-dependent. If £(¢) — 0 as t — 400, then T'(t) — T
and w(t) — W

A typical convergence result can be stated for initial data not too far from the fixed point
(T, pr~+), provided that the canonical measure satisfies some functional inequalities. Roughly
speaking, these functional inequalities mean that the dynamics at a fixed temperature converges
sufficiently fast to equilibrium.
Assumption 2.1. There exists an interval I¥S" = [TESUTLSI (pith TESU > 0 and TES! < T+ <
TESL) such that the family of measures {MT}TGI%SI satisfies a logarithmic Sobolev inequality (LST)
with a uniform constant 1/p, namely

Lo
[ ptowr < [ I

A LST holds for instance in the following cases: when the potential V' satisfies a strict convexity
condition of the form Hess(V) > v 1d with v > 0 (as a special case of the Bakry and Emery crite-
rion [10]), or when the measure p7 is a tensorization of measures satisfying a LSI (see Gross [68]).
Moreover, when a LSI with constant p is satisfied by Z‘jl e~ V(9 dg, then Z;iw e~ (V(@+W(9) gq
(with W bounded) satisfies a LSI with constant p = pe™W—=suPW This property expresses some
stability with respect to bounded perturbations (see Holley and Stroock [87]). In particular, the
canonical measure associated with smooth potentials on a compact state space (as is the case here)
satisfies a LSI. The uniformity of the constant can be ensured by restricting the temperatures to
a finite interval isolated away from 0.

N

Theorem 2.4. Consider an initial data (T°,°) with ¢° € H*(DV), ¢° > 0, Y =1, and
DN
associated entropy £(0) < E*, where

1 1
e = inf {TEE - T T - T |
Then, there exists o > 0 such that, for all 0 < v < 79, (2.47) has a unique solution (T,v) €
CH(R,,R) x C°(R,, H?(DV)), and the entropy converges exponentially fast to zero: There exists
k> 0 (depending on ~y) such that
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E(t) < £(0) exp(—kt).

TLSI

In particular, the temperature remains positive at all times: T(t) > T2 > 0, and it converges

exponentially fast to T™*.

The proof of this result follows from a Gronwall inequality on the entropy E(t), which, in turn,
is a consequence of the assumed uniform LSI and some algebraic computations to control the
time derivatives of the temperature. These computations allow to give an expression of the critical
temperature update rate vy and the exponential decay rate s in terms of the the LSI rate p and
other parameters of the model (||A|oo, |V ||oo, TE51).

An alternative convergence result can be stated provided a Poincaré inequality holds (which
is a weaker statement than LSI) under a smallness condition on the L? entropy of the initial data

(corresponding to the choice h(z) = 3(z — 1)? in (2.49)).

2.3.3 Some numerical results

We applied the proposed method (2.46), with expectations approximated by appropriate time
averages along a single trajectory, to a model Lennard-Jones fluid, using the code S-TAMP from
CEA/DAM (see the extensive numerical results presented in [H15]). We discussed in particular
the choice of the parameters, with a focus on the rate v at which the temperature is modified. As
expected (and as predicted by Theorem 2.4), the convergence is slower for small values of v (the
temperature is not updated fast enough), whereas larger frequencies trigger fast initial oscillations
in the temperature which may lead to numerical instabilities in the scheme. We present in Fig-
ure 2.2 typical time evolutions of the temperature for a given compression rate (left) and a typical
Hugoniot curve obtained from computations at various compression rates (right).
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Fig. 2.2. Left: Plot of the temperature as a function of time (in reduced units) for various values of
the frequency v = Nkp~y (in sil), for a system of size N = 4,000 and a given compression rate. Right:
Hugoniot curve for Argon (in reduced units, solid line and crosses). The reference results from [111] are
also reported (circles).

We have also applied the method in [H23] to compute the Hugoniot curve of TATB, a material
of interest for the physicists at CEA/DAM, before and after the passage of a detonation wave. In
this case, the underlying dynamics is a discrete Metropolis algorithm [114] rather than a Langevin
dynamics.
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This chapter is devoted to theoretical results and numerical methods for steady-state nonequi-
librium systems in computational statistical physics. Section 3.1 recalls the general frame-
work of linear response for nonequilibrium perturbations of equilibrium dynamics. Section 3.2
then presents some results related to thermal transport in one dimensional chains (see our
works [H16, H18, H22, H24, H28]); while Section 3.3, based on [H26], focuses on the computation
of the shear viscosity.
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3.1 Nonequilibrium systems and linear response theory

The aim of this section is to provide a general introduction to linear response theory for nonequi-
librium perturbations of equilibrium systems. Section 3.1.1 discusses general features of nonequi-
librium dynamics. Nonequilibrium perturbations of equilibrium dynamics are then considered in
Section 3.1.2. We introduce in particular two prototypical examples which illustrate our abstract
presentation throughout this section: the self-diffusion of a particle and the thermal transport
in one dimensional chains. Linear response is then studied in Section 3.1.3, where we provide in
particular a formal expression for the invariant probability measure of the system and connect the
computation of transport properties to appropriate correlation functions.

3.1.1 Equilibrium and nonequilibrium dynamics

Nonequilibrium systems are characterized, from a physical viewpoint, by the irreversibility of their
evolutions. We consider in this chapter dynamics in their steady-states. The irreversibility then
often manifests itself through the existence of non-zero fluxes or currents flowing from one part
of the system to another one. To create and maintain such fluxes, an appropriate external forcing
has to be applied. To study thermal transport for instance, a typical set-up is to maintain two
parts of the system at different temperatures, henceforth creating an energy flux from the hottest
to the coldest region. Of course, to reach some steady-state, some dissipation mechanism has to
be considered as well, otherwise the external forcing may lead to an uncontrolled growth of the
energy of the system.

In order to give a mathematical definition of steady-state nonequilibrium systems complement-
ing the above physical picture, we need to introduce a few notions. We consider in this introductory
section a general stochastic dynamics on a configuration space X’ (typically, the configuration space
R3N or T3V when z = g, or the phase-space R*Y x R3Y or T3 x R3Y when = = (¢, p)):

d.l?t = b(l‘t) dt—FO’(J}t)th, (31)

where W, is a standard Brownian motion. Recall that invariant measures of such processes are
stationary solutions of the Fokker-Planck equation (2.5) associated to (3.1) (see the introduction
of Chapter 2). The existence and uniqueness of an invariant probability measure with a smooth
density for the process (3.1) can be proved for instance by the techniques reviewed in [128].

From a mathematical viewpoint, equilibrium systems are characterized by the self-adjointness
of the generator A (defined in (2.6)) on the weighted Hilbert space L?(t)s.), where 1, is the
density of the (unique) invariant probability measure of the dynamics:

/}(Afgwooz/fogwoo. (3.2)

This expresses the reversibility of the dynamics with respect to the invariant measure of the
process. In some cases, such a reversibility property holds only up to a one-to-one transformation
preserving the invariant measure. For example, for the Langevin dynamics, whose generator and
invariant probability measure respectively read

1
B

reversibility is valid only upon momentum reversal S(q,p) = (¢, —p):

A=M"1p.-V,—VV -V, —yM 'p-V, + A, Voo (g, p) dgdp = Z~ e PH@P) dq dp,

/ Af gt = / (f 0 5)A(g 0 S) tho. (3.3)
£ £

Reversibility properties such as (3.2) or (3.3) are no longer true for nonequilibrium dynamics.
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An important property of nonequilibrium systems is that their invariant measures in general
depend non-trivially on the details of the dynamics. This is not the case for equilibrium dynamics.
Indeed, consider for instance the overdamped Langevin dynamics on the compact configuration
space T¢ = (R\Z)4

for a smooth periodic potential V. Its unique invariant probability measure is Z e V(@) dg.
Now, if the dynamics (3.4) is perturbed by a smooth gradient modification of the drift term as

dzy = ( —VV(xy) + V‘7(xt)>dt + \/gth, (3.5)

then the unique invariant measure becomes e~ #(V @)=V (=) 4z In particular, the invariant measure
is modified only on the support of the perturbation V. For nonequilibrium dynamics (for instance,
when b does not derive from a gradient), the invariant measure is in general modified everywhere
even if the perturbation is restricted to a small domain. This is due to long-range correlations which
are generically present in nonequilibrium systems (see for instance [42]). Let us illustrate these
physical considerations by a simple analytical example (taken from [127, Section 2.5]). Consider
the dynamics (3.4) perturbed by a force which is not the gradient of a periodic potential, in
dimension d = 1 and in the case g = 1:

dy = ( V(@) + F)dt + V2 AW,

where F' € R\{0} is a constant force. Standard techniques (see again [128]) allow to show the exis-
tence and uniqueness of an invariant probability measure ¥ (x) dz, which satisfies the stationary

Fokker-Planck equation
d

dzx

((V’ — F)ioe + d;”;") ~0. (3.6)

In fact, it can be checked that the periodic function

x+1 1
Yoo (2) = Zfle—V(:E)+F:v/ VWFY gy — 271/ eV @ty —V@)~Fy g,
T 0

with Z chosen such that fol oo = 1, indeed satisfies (3.6). It is clear from the expression of the

invariant measure that, even if the potential V' is only locally perturbed by some potential 177 the
invariant measure is in general modified everywhere on T.

3.1.2 Nonequilibrium perturbations of equilibrium dynamics

We consider in this chapter nonequilibrium perturbations of equilibrium dynamics, through:

(i) the addition of non-gradient forces as in Section 3.3, a prototypical example being given in
Section 3.1.2.1;

(ii) fluctuation terms with different temperatures, an example being thermal transport in one-
dimensional chains (Section 3.1.2.2).

These perturbations of equilibrium dynamics are introduced to compute a transport coefficient «,
which relates the magnitude of the response of the system in its steady-state (an average current)
to the magnitude of the external forcing (see (3.18) below).

Recall that there are three main types of techniques to compute transport properties:

(i) equilibrium techniques based on Green-Kubo formulas, which are integrated correlation func-
tions of the general form
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a= /Om E(A(xt)B(xo)> dt,

where A, B are two appropriate observables, and where the expectation is taken with respect
to all initial conditions distributed according to the invariant probability measure of some
reference dynamics, and for all realizations of this dynamics;

(ii) transient methods, where the system is initially locally perturbed, and the relaxation of this
perturbation is monitored as a function of time. The comparison with the assumed macro-
scopic evolution equation (for instance the heat equation for thermal transport) allows to
identify the physical parameters of the macroscopic evolution (such as the thermal conduc-
tivity); see [89,143] for an application of this technique.

(iii) steady-state nonequilibrium techniques where a forcing is permanently applied to the system.

The latter methods can be decomposed into two subcategories: boundary driven techniques
where the external forcing is imposed only in boundary regions, and bulk driven dynamics
where the perturbation is experienced by all particles in the system. In both cases, an appro-
priate flux is measured, and the transport coefficient is obtained as the ratio of the average
flux to the magnitude of the external forcing. The expression of the flux function is again
defined in analogy with macroscopic thermodynamics.
Bulk dynamics are often numerically more efficient since the forcing is applied globally to
the system, and therefore the steady state can be reached faster. Besides, it is in general
impossible to prove the existence and uniqueness of an invariant probability measure for
boundary driven dynamics, except in very simple geometries such as one dimensional atom
chains.

It should be emphasized that the definition of transport coefficients is based on an analogy with
macroscopic evolution equations. This is clear for transient and steady states dynamics. It is in
fact also the case for equilibrium methods since the expression of the transport coefficient as some
correlation function can be seen as a reformulation of the linear response result for steady state
nonequilibrium dynamics (see (3.19) below).

3.1.2.1 Non-gradient perturbations

Consider the following dynamics for a system in a periodic potential V:

dg = M~ 'p, dt,
5 (3.7)
dp = (= VV(q) +EF ) dt — M~ pydt + /% AW,

where (¢, p;) € T? x R and F € R?. Note that a non-zero constant force F' does not derive from
a periodic potential.

It is expected, from a physical viewpoint, that the application of a non-zero constant force in
a given direction induces a non-zero velocity in this direction. The relevant response of the system
is therefore chosen to be the observable

R(q,p)=F-M 'p. (3.8)

This allows to define the mobility as the ratio of the average projected velocity R divided by &, in
the limit of small forcings (see (3.20) below).

3.1.2.2 Fluctuation terms with different temperatures

Consider a one dimensional chain of N atoms of equal masses 1, with positions ¢ = (¢1,...,qn)
and momenta p = (p1,...,pn). The left end of the chain is attached to a wall (go = 0 and py = 0
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at all times), while the right end is free. Attaching the chain on one side is important to remove
the translation invariance of the whole system. Denoting by v the interaction potential among the
atoms when only nearest neighbor interactions are considered, the Hamiltonian reads

N o N-—1
H(q,p) = Z % +V(g), Vig) =v(q1) + v(qit1 — i) (3.9)

i=1

The evolution is governed by the Hamiltonian dynamics in the bulk (that is, for i € {2,..., N—1}),
and Langevin dynamics at the two ends of the chain in order to impose temperatures 11, Tr at
the left and right boundaries respectively:

dq; = pi dt,

dp; = (v/(q’iJrl —qi) —v'(qi — Qifl))d@ i#1,N,
dpy = (U/(QQ —q1) — v’(q1)>dt — yprdt + /29T1, AW,
dpn = —v'(gn — gn—1) dt — ypy dt + /2T AW},

(3.10)

where v > 0 is the intensity of the thermostats.

The existence and uniqueness of a smooth invariant probability measure for the dynamics (3.10)
can be proved under appropriate assumptions on the interaction potential v. In particular, some
(super)quadratic growth at infinity is required. Such results are based either on methods from
spectral theory [49,51] (in which case some additional pinning potential of the form wu(g;), with
u growing sufficiently fast at infinity, is required at each site), or on probabilistic techniques [25,
50,130,131]. In all cases, it is shown that the generator of the dynamics has a compact resolvent
in an appropriate Hilbert space. When 71, = Ty = T, this invariant probability measure is the
Gibbs measure at inverse temperature 5~ = kgT. When Tj, # TR, there is in general no simple
expression of the invariant measure. Note that there are also situations such as the one studied
in [75] where the existence of an invariant probability measure is not known. The main obstruction
is the lack of a spectral gap in the spectrum of the generator.

When T1, # Tr, an energy flow through the system from the cold to the hot region is expected.
This can be proved by computing the entropy production in the system [15,50]. The thermal
conductivity is defined as the energy flux divided by the temperature difference (see (3.21) below).
The relevant physical response of the system is the total energy current J across the system

Di + Pit1

it (3.11)

N-1
J(q,p) = Z Ji+1,i(4,p), Ji+1,i(a,p) = =" (¢i+1 — @)
i=1

which is the sum of the local currents j; ;1 expressing the local conservation of the energy. The
expression of these currents is motivated as follows. Consider an index i = 2,..., N — 1. The
energy ¢; at the i-th site is the sum of the kinetic energy and half of the interaction energies with
the neighboring sites:

2
gi(g,p) = % %(U(Qi+1 —qi) +v(g — %-1)), (3.12)

with appropriate modifications at the boundaries:

i 1 Py 1
eila:p) =5 +ola) +gol@—a),  eile,p) ==+ 5vlan = gv-1)-
A simple computation shows that the variation of the local energy in the bulk (2 <i< N —1) is

given by the following conservation law:
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de; = (jm‘fl - ji+1,i)dt~

The quantities j; ;1 can therefore be interpreted as energy fluxes from the site i — 1 to the site 1.

3.1.3 Linear response for nonequilibrium dynamics

We present in this section a formal study of nonequilibrium dynamics that are perturbations of
equilibrium processes. The various assumptions we make need to be justified for the particular
dynamics considered in applications.

3.1.3.1 Reference equilibrium dynamics

We denote by Ag the generator of the reference equilibrium dynamics on the state-space X, and
by g its invariant measure, which is assumed to be unique. The generator of the perturbation
is Ay, so that the generator of the nonequilibrium dynamics reads Ag + £A4;.

Let us give the expressions of the above quantities for the two examples presented in Sec-
tion 3.1.2:

(i) For the dynamics (3.7), the generator of the reference dynamics (corresponding to the case
F =0) and of the perturbation respectively read

Ag=M"1p.V,—VV -V, —yM p.-V,+ %AP, A =F-0,  (3.13)

The invariant probability measure is
- 1 _
Yo(q,p)dgdp = Z~" exp (—6 {2PTM '+ V(Q)D dg dp. (3.14)

(ii) Consider now the dynamics (3.10) with 7y, = T+ AT and T = T — AT. We set £ = AT. The
reference equilibrium dynamics is the Langevin dynamics (3.10) with the two thermostats at
the boundaries at the same temperature T'. Its generator reads

N
Ay = 3" pidy, = (0,V) By, =7 (218, + PNy ) 9T (02, + 82, ), (3.15)
i=1

and the invariant probability measure has a density 1o(q,p) = Z e H(@P)/T where H is
given by (3.9). The generator of the perturbation is A; = ~v(92 — 92 ).

3.1.3.2 Invariant measure of the nonequilibrium dynamics

Denote by ¢ the density of the invariant measure of the nonequilibrium dynamics (assuming that
it exists). We also assume that the invariant measure is unique. Recall that some techniques to
prove existence and uniqueness of invariant measures are reviewed in [128]. The function )¢ is
the stationary solution of the Fokker-Planck equation. Equivalently, ¢ is defined by the following
requirement:

| (Ao+ear)oue =0

for all test functions ¢. It is convenient to write ¢¢ as a perturbation of the reference measure:

e = fe o,

and to work on the Hilbert space L?(1y) endowed with the scalar product
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F-9)soquy = [ F@)ala) vofa) da.

The function f¢ is then the unique solution of the Fokker-Planck equation

(A5 + EA7) fe =0, /g fetbo = 1, (3.16)

where adjoints are considered on L?(1/g). Note that the invariance of the reference measure g is
expressed in this framework as
Ajl = 0.

The uniqueness of the reference invariant measure ¢y means that Ker(A§) = Span(1). It is useful
to introduce the Hilbert space

w={re ) ’/Xfwo —0} = L) n {1},

where the orthogonality is understood with respect to the L?(¢)) scalar product.
The following result gives the expression of the function f¢ as a power series in & when ¢ is
sufficiently small, under appropriate assumptions on the perturbation A;.

Theorem 3.1. Assume that (3.16) has a unique solution, and that

(a) (properties of the equilibrium dynamics) Ker(A§) =1 and A is invertible on H;
(b) (properties of the perturbation) Ran(A}) C H and (A3)~" At is bounded on H.

Denote by r the spectral radius of the bounded operator (A5)™" At € B(H):
1/n

r— lim H((A;)*A;)”

n—-+oo

Then, for |€| < r~t, the unique solution of (3.16) can be written as
1 -1 o 1 "
fe= (146 A7) 1= (1430 (a1 (3.17)
n=1
The linear term in £ in the expression of f¢ is denoted by

f = — (A5) " AL

Note that the measure (3.17) is a probability measure: the normalization constant for ¢ does not
depend on ¢. This owes to the fact that Ran((Ag) ™" A7) C 4, and

/Xh@z;o:o
A%:A%:L

The first assumption in the above theorem means that the equilibrium dynamics has good
ergodic properties, while the second one ensures that the perturbation is not too strong. A typical
way of proving that (A%) ™" A% is bounded on H is to show that A; is Ag-bounded: D(Ag) € D(A;)
and there exists a,b > 0 such that || A1¢|| < allAog| + b||¢|| for ¢ € D(Ay).

The proof of Theorem 3.1 is very simple. We already know that the solution of (3.16) is unique
and that (3.17) provides the solution when the series on the right-hand side of (3.17) converges.

for any h € H, so that
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This convergence is guaranteed by the convergence in B(H) of the series

S(-gr [CHR

n=1

which is ensured by the condition |¢|r < 1.

3.1.3.3 Linear response and correlation functions

Linear response properties are first order deviations (in &) of average properties computed in the
nonequilibrium steady state compared to the same average property computed at equilibrium.
Averages in the nonequilibrium steady state are obtained by the integration of an observable h
with respect to the measure v:

(hye = /X B(x) (@) do = (B, fe)avo),

while equilibrium averages, denoted by (h)g, correspond to an integration with respect to ¢. In
fact, upon considering h — (h)( instead of h, there is no restriction in studying the linear response
of an observable h € H, for which (h)p = 0 and (h)e = O(§).

The appropriate response functions to be averaged, denoted by R in the sequel, are determined
by the physics of the problem. For instance, it is the projected velocity (3.8) for the Langevin
dynamics with an additional constant forcing term, and the thermal current (3.11) for one dimen-
sional chains coupled to thermostats with different temperatures at the boundaries.

Susceptibilities or transport coefficients are then defined as follows (recall that R € H):

a = lim & (3.18)
£—0 f
In practice, an estimate of « can be obtained by choosing a value of ¢ sufficiently small, approx-
imating (R)¢ by a longtime average over one realization of the dynamics similar to (2.3), and
dividing this quantity by £. In order to check that the value of £ is indeed small enough to neglect
higher order contributions, it is possible for instance to check the linearity of the response by
computing approximations of (R)e with ¢ replaced by, say, £/2 or 2¢.
Now, using the expression (3.17) of the invariant measure in terms of the perturbation param-
eter £, and the equality

“+o0
Ayt = / etAo dt
0

as operators on H (which, to be justified, requires some decay properties of the semi-group),
linear response properties can be rephrased using correlation functions. Introducing the function
S = Aj1, it holds

o= /XRfl o = —/X [AT R [A71] o :/O+OOIE(R(a:t)S(xO))dt, (3.19)

where the expectation is taken over all initial conditions distributed according to ¥(x) dx, and
over all realizations of the reference equilibrium dynamics (with generator Apy). The function S
may be called a conjugated response. Note that its expression is determined by the applied per-
turbation A7, and not by the response function R.

The autocorrelation of R is recovered for perturbations such that S oc R. For the two examples
presented in Section 3.1.2, studied in greater detail below, S(q,p) = BR(q, p) = BF-M ~'p for (3.7),
while S(q,p) = v8%(p? — p3%) for (3.10). In the latter case, S cannot be related to the response
function defined in (3.11).
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3.1.3.4 Some examples

We present an application of the general definitions provided in Section 3.1.3.3 to the two proto-
typical examples introduced in Section 3.1.2. This gives the definition of the mobility of a system
described by a Langevin equation, and of the thermal conductivity of one dimensional chains.

Definition of the mobility.

We consider the dynamics (3.7). The linear response of the projected velocity (3.8) allows to
define the mobility in terms of the autocorrelation of the projected velocity for a system evolving
according to the reference dynamics with generator Ay defined in (3.13):

< F- M‘1p>§ +o0
a=lim— "¢ 5/ E((F M) (F - M_lpo)) dt. (3.20)
£—0 19 0

In fact, a simple computation also allows to relate the mobility defined by the linear response of a
nonequilibrium dynamics, to the self-diffusion coefficient obtained from the longtime behavior of
the projected position F'-q; for an equilibrium dynamics, in a diffusive scaling. Diffusive properties
of Langevin dynamics were studied in [120,133]. The diffusion coefficient is defined by the so-called
FEinstein formula

2
E(F (ar — )
D= lim
T—+oo 2T

)

where the expectation is over all initial conditions distributed according to (3.14), and over all
realizations of the reference equilibrium dynamics (with generator Ay defined in (3.13)). The
relation between the mobility and the self-diffusion coefficient is

a=pD.
This equality is based on the identity

t

E<F' (g7 — qo))2 = 2T/OT]E((F M p)(F - M’lpo)) <1 - T) dt.

An application of the dominated convergence theorem gives the conclusion when the autocorrela-
tion function is integrable, using the expression (3.20) of the mobility .

Definition of the thermal conductivity.

We now turn to the dynamics (3.10). The thermal conductivity is defined by the linear response
of the energy current :

o Dar oo A s
K= m oA = 7/0 /g(e J) (9} — o dt. (3.21)

Some (non trivial) manipulations allow to rewrite the above correlation in terms of the energy
current autocorrelation (see for instance [15,100]):

232
N-1

Kk =232 /O+OO E(jiﬂ,i(%pt)J(%,Po)) dt = /0+°C E(J(Qtapt)J(QO,po)) dt, (3.22)

where the equalities hold for any ¢ =1,..., N — 1.
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3.1.3.5 Artificial dynamics

Transport coefficients can be computed by specifying both a perturbation (described by its gen-
erator A;) and an appropriate response function R. Once these two quantities are provided, the
transport coefficient is obtained by (3.18) or (3.19). In general, the expressions of A4; and R are
motivated by an analogy with experimental setups.

Now, the perturbation A, actually enters only through the function S = Aj1. There is therefore
some freedom in choosing a perturbation different from the physically relevant one, while ensuring
that the linear response is correct since A1 is preserved. This is the basis of the “synthetic NEMD”
algorithms (with the terminology of [55]), in which non physical perturbations are considered. The
interest of these non physical perturbations is that they may have better numerical properties than
the standard, physically motivated perturbations: the average linear responses are the same, but
the variance of the observables may be different, or the sizes of the transient regime before the
steady state is reached may be different.

Two synthetic dynamics can be proposed for thermal transport in one dimensional chains.
They perturb the reference dynamics (Hamiltonian dynamics with Langevin thermostats at the
same temperature at the boundaries) by nongradient forcing terms, instead of modifying the
temperatures at the boundaries. These dynamics are bulk driven (the forcing is felt directly at
every site in the chain).

(i) In [54,56,103,110] a non-gradient perturbation —¢ (v’(qi_H —q) +v' (g — qi_1)> is applied

at site 7, with appropriate modifications at the boundaries:
dg; = p; di,
dp; = ((1 — &' (qiv1 — @) — (1 +&v' (@ — Qifl))d@ i # 1N,
dpy = (1= €)' (a2 = a1) = /(@) ) dt = ypy dt + /29T AW,
dpy = —(1+)v' (v — an-1) dt —p dt + /24T WY,

The generator of the perturbation of the reference dynamics with generator (3.15) reads

2

A== (q2 — q1)0p, — (UI(QiJrl —q;) +v'(qi — qu))api —v'(gn — qn—1) Opy

~
I|
N}

so that A} = —A; — 248J.
(ii) Hamiltonian perturbations can also be employed. In this case, the dynamics is the Hamilto-
nian dynamics associated with the Hamiltonian Hy + £ H; with

N
Hi(q,p) = _iei(g,p),
=1

where ¢; is defined in (3.12), and the two end sites are still coupled to Langevin thermostats
at the same temperature T'. The generator of the perturbation is

Ay =V, H, -V, —V,H, -V,

so that A} = —A; — 8J.

In both cases, S = Aj1 = —¢fJ for some constant ¢ > 0, so that the linear response of J allows
to recover the thermal conductivity, up to a known multiplicative constant (in view of the general
result (3.19) and of the definition (3.22) of the thermal conductivity).
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3.2 Thermal transport in one dimensional chains

Thermal transport properties are usually investigated using Fourier’s law: denoting by T the
temperature in the system,
o(T)OT =V - (k(T)VT), (3.23)

where ¢, is the heat capacity and x is the thermal conductivity (a matrix, in general). Fourier’s
law allows to discuss the relaxation to equilibrium of isolated systems. It expresses a diffusive
behavior of the energy. It can also be used to describe nonequilibrium steady states where the
system is put in contact with two reservoirs at different temperatures. In this case, there is a net
energy flow from the hotter to the colder reservoir. The heat current density j is proportional to
the temperature gradient j = —x(T)VT, and is such that

V.j=0.

In this setting, the diffusive behavior of the energy is hidden in the transient relaxation to the
steady state.

Section 3.2.1 discusses the relevant space-time scalings to consider for microscopic systems
governed by dynamics such as (3.10) in order to obtain macroscopic evolution equations such
as (3.23). Section 3.2.2 then presents some results on the (non)validity of Fourier’s law in one
dimensional systems, mostly numerical in nature. Finally, Section 3.2.3 summarizes a numerical
study on the surprising behavior of a one dimensional system far from the linear response regime.

3.2.1 Space-time scalings for energy transport

Energy transport properties depend on the space-time scale on which the evolution is observed.
Before studying the energy transport in a diffusive time-scale where the evolution is followed over
long times N2t with space renormalized by a factor N~! (this is the relevant scaling for Fourier’s
law), the system should first be understood in the hyperbolic time-scale, where the system is
studied over long times Nt with space renormalized by a factor N~!. Locally, the state of the
system should be close to some equilibrium Gibbs measure consistent with the local invariants
of the system, such as the energy, the momentum and the volume for Hamiltonian dynamics. In
the hyperbolic scaling, a reduced description of the evolution of the microscopic system is given
by a system of partial differential equations involving the invariants of the dynamics, known as
the hydrodynamic limit (see [96]). The limiting set of equations is often not difficult to obtain
formally. To rigorously prove the convergence, the method of choice is the relative entropy method
of Yau [156]. Some appropriate ergodicity properties are however required to apply it. It is currently
a major open problem to rigorously derive hydrodynamic limits for deterministic systems [18].
The situation is more favorable when the Hamiltonian dynamics is perturbed by appropriate
stochastic processes. Together with Cédric Bernardin, we have proved the hydrodynamic limit
for a modified Hamiltonian dynamics, where the kinetic energy function and the potential energy
function are equal. Our aim was to consider the simplest possible dynamics relevant for thermal
transport. In the model we have investigated, momenta and positions play the same role, and a
very simple dynamics is obtained, whose equations formally read (for the i-th degree of freedom)

dn; = [V (0i41) — v'(ni-1)] dt.

The proof of the hydrodynamic result follows the lines of the proof given in [60]; see [H28, Theorem 1].
Once the behavior of the system is understood in the hyperbolic space-time scaling, it is possible
to study the diffusion of the energy on a longer time-scale. If the process has a diffusive behavior
consistent with Fourier’s law, then the relevant time scale is indeed the diffusive one. However,
the energy often “superdiffuses” in one dimensional chains, so that the correct time scaling for
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time should rather be Nt for 1 < a < 2 instead of N2t (see for instance [117] for a review of
the cases when such statements can be made mathematically rigorous). Another signature of the
anomalous diffusion in one dimensional systems is the fact that the thermal conductivity defined
by an appropriate scaling of (3.21) has no thermodynamic limit as the size of the system goes
to infinity. These two anomalous behaviors are a sign that Fourier’s law may not be valid in one
dimensional system; see Section 3.2.2 for a more precise discussion.

3.2.2 Validity of Fourier’s law and thermodynamic limit of the conductivity

For usual three dimensional materials, it is observed in numerical simulations that Fourier’s law
appropriately describes the behavior of the system. In particular, the thermal conductivity does
not depend on the system size, and so, it is a well-defined thermodynamical quantity. On the
other hand, the validity of Fourier’s law is questionable in one dimensional systems. In particular,
there is, in many cases, no thermodynamic limit for the thermal conductivity in these models, see
Section 3.2.2.1. This is consistent with some experimental results on the length dependence of the
thermal conductance of carbon nanotubes [29,153].

3.2.2.1 Some facts on the thermodynamic limit of the conductivity in one
dimensional systems

Define the thermal conductivity for a one-dimensional chain of oscillators of size N as the total
energy current (3.11) divided by the temperature gradient AT'/N, assuming a linear temperature
profile (see (3.21) and (3.22)):

o NWar . N [T ‘
v = dim ==y | ;E(]2,1(%7pt)]1+1,z(QOvp0)> dt. (3.24)

The question is whether kx has a finite limit as the system size goes to infinity:

47 ®= 1 . 3.25

R= lm sy < +o0 (3.25)
This issue has been the subject of many theoretical and numerical studies, see the review papers [18,
44,107]. The limit (3.25) is often studied using numerical experiments (except in very simple
analytical cases corresponding to harmonic potentials). The following facts have been established
to date, by theoretical or numerical arguments:

(i) for harmonic systems [132] (even in the presence of a harmonic pinning potentials), Ky = ¢N.
This is established by an analytical proof showing that the value of J is independent of N.
It is also expected that kny ~ N for integrable systems [158] (for which there are as many
invariants of the dynamics as the number of degrees of freedom). A famous example of such
a system is the Toda lattice [83,146], which corresponds to a chain of oscillators with the
interaction potential (b > 0)

e tbr—1
v(r) = —
For this potential, it is observed numerically that xy is constant.

(ii) the limit (3.25) exists for rotor chains (i.e. (3.10) when the interaction potential is v(r) =
1 — cos(r); see the references in Section 3.2.3), systems with pinning potentials for which the
interaction potential and/or the pinning potential is anharmonic, or systems subjected to
specific random perturbations for which the momentum of the system is not conserved while
energy is (typically, changing the sign of the velocities at random times) [15,16].
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(iii) for chains with “generic” anharmonic potentials (non-integrable systems) and no pinning
potentials, the conductivity is observed to diverge as N® with 0 < o < 1. The addition
of a stochastic perturbation preserving both the total momentum and the energy (such as
exchanging the velocities of neighboring atoms) does not change qualitatively the picture.
Such perturbations, introduced in [12], aim at modeling the effect of the nonlinearities of the
potential, and also ensure that the only invariants of the dynamics are the energy and the
total momentum. For harmonic interactions, it can be proved theoretically that ky ~ /N,
while for anharmonic interactions ky < CvV/N (see [13]).

(iv) systems with atoms of random masses can be considered as well. For harmonic systems with
free boundary conditions [134], the conductivity diverges as ky ~ /N (this is also what
we observed for carbon nanotubes in our numerical study [H16]), while xx ~ N~1/2 for
fixed boundary conditions [27] and ky decreases exponentially when some harmonic pinning
potential is considered. Depending on the boundary conditions, other scaling regimes can be
obtained [43]. There are also several studies on the influence of mass disorder on anharmonic
chains, such as [45], but the general conclusion is that mass disorder per se is not sufficient
to prevent the divergence of the thermal conductivity.

A question related to the convergence (3.25) is whether the dynamics of infinite dimensional
chains of oscillators is such that the energy current autocorrelation (an appropriate generalization
of the integrand in the rightmost term of (3.24)) is an integrable function of time or not. For
instance, for the simplified Hamiltonian dynamics studied in [H28], we proved that for harmonic
interactions and a stochastic perturbation preserving the invariants of the system, the current
autocorrelation function decays as t~/2, so that the thermal conductivity obtained from the
Green-Kubo formula (generalizing (3.22) for infinite systems) is infinite, see Theorem 4 in [H28].

3.2.2.2 Numerical studies of stochastically perturbed systems

The scaling of the thermal conductivity for systems subjected to stochastic perturbations preserv-
ing both the energy and the momentum (such as [13]) can be rigorously determined for harmonic
interactions, while only an upper bound is obtained for anharmonic interactions (see the discussion
at the end of item (iii) above). To complement the theoretical results and characterize more pre-
cisely the divergence of the thermal conductivity for anharmonic potentials, we have performed ex-
tensive sets of numerical computations. In particular we have considered the Toda chains in [H22],
and various additional potentials for the simplified Hamiltonian dynamics proposed in [H28].

For Toda chains, we chose the simplest possible stochastic perturbation conserving both mo-
mentum and energy: Nearest neighbor particles exchange their momenta at random times dis-
tributed according to an exponential law of parameter v > 0. We observe that the divergence
kn ~ N is destroyed by the addition of a stochastic perturbation, and transforms into a diver-
gence ky ~ N for 0 < o < 1/2. The exponent « depends on the noise intensity -, in a seemingly
monotonically increasing way, which is quite surprising (it is indeed expected that stronger noises
lead to less conduction). This may be explained by the fact that the noise destroys some diffusive
phenomena due to nonlinearities, like localized breathers, so that the current-current correlation
decays slower when more noise is present.

This dependence on the noise intensity is also observed in [H28]. It suggests that any theory
claiming the existence of a universal parameter « for the divergence of the thermal conductivity
(see the references in [107]) has to be properly circumstanced.

On the other hand, recent theoretical results [14] seem to indicate that, in an infinite one
dimensional chain perturbed by a stochastic noise locally preserving energy and momentum, the
decay of the current autocorrelation function depends only very mildly on . It is not completely
clear whether the exponent in the decay of the current autocorrelation function is the same as the
one characterizing the divergence of the thermal conductivity in the thermodynamic limit — but
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this theoretical result definitively calls for additional numerical works studying the dependence of
thermal properties with ~.

3.2.3 Nonlinear response under a strong mechanical forcing

The previous sections dealt with properties of the system in the linear response regime. We consider
in this section a system far from the linear response regime, and subjected to two forcings: a (weak)
thermal forcing and a (strong) mechanical one. We are not aware of any previous numerical study
of energy transport in mechanically forced atom chains. The aim is to study the interplay between
the thermal and the mechanical forcings. This presentation is based on [H24].

We consider a chain of N rotors. The name “rotor” is motivated by the fact that the config-
uration of a particle is described by an angle ¢ and an angular velocity p, while the interaction
potential between neighboring particles is v(q) = 1 — cos(gq). The leftmost rotor is attached to a
wall and put in contact with a Langevin thermostat at temperature Tt,, while the rightmost rotor
is subjected to a constant external force ' and put in contact with another Langevin thermostat
at temperature Tg. We consider a system with free boundary conditions on the right end (fixed
boundary conditions give very similar results), the evolution equations of which read:

dg; = p; dt,
dp; = (Sin(Qi-‘rl —qi) — sin(q; — Qi—l))dt7 i#1,N,
dp, = (sin(qg —q) - sin(q1)>dt — yp1 dt + \/2~Tx, thl7

de = (F — Sin(qN — qN_l))dt — YPN dt + v/ 2vTR thN,

(3.26)

where W} and W/ are independent standard Wiener processes, and v > 0 determines the strength
of the coupling to the thermostat. In the sequel, we work with v = 1. Note that the external
constant force F' is non-gradient since it does not derive from a periodic potential.

To our knowledge, there is currently no mathematical result ensuring the existence and unique-
ness of a smooth invariant measure for (3.26), even in the case F' = 0. Indeed, the standard tech-
niques used to prove existence and uniqueness of an invariant measure for chains of oscillators
under thermal forcing (see for instance [25,129]) do not apply here. In particular, there is no
mechanism to prevent energy from concentrating in the center of the chain. However, we have not
observed such problems in our numerical simulations.

Our numerical results indicate that a steady state is reached. If F = 0 and T}, = Tg = T,
the system is in equilibrium, and the Gibbs measure at temperature 7" is an invariant probability
measure. When Ty, # Ty with F' = 0, the properties of the non-equilibrium stationary state have
been studied numerically by various authors [63-65,155]. If F' # 0, the system is out-of-equilibrium
even if 11, = Tr. The force, in the stationary state, induces an energy current towards the left. The
stationary state cannot be computed explicitly and, if F' is large, linear response theory cannot be
used to obtain information about the conductivity of the system. If 71, # Tr and F # 0, there are
two mechanisms that separately generate an energy current in the system: The mechanical force F
and the thermal force given by the temperature gradient. It is however difficult to separate the
contributions of each mechanism. The numerical experiments reported in [H24] show that these
two mechanisms are not necessarily additive. In particular, even when the two forcings generate
a current in the same direction, one mechanism may reduce the effect of the other one, leading to
counterintuitive results.

Details on the numerical integration of the dynamics are given in [H24]. Figure 3.1 shows plots
of the average velocities, kinetic and potential temperatures for different system sizes. The potential
temperature is obtained by inverting the function which, to a given temperature, associates the
canonical average of the potential energy. Note that the temperature is maximal in the center of
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the system, whereas, in systems where there is no mechanical force, the temperature decreases
monotonically from the hot end to the cold one. We also checked in [H24] by various statistical
tests that, for sufficiently long systems, a local Gibbs equilibrium parameterized by the average
velocity and the (kinetic or potential) temperature holds.
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For large mechanical forcings F' (see Figure 3.2), we observe numerically that

(a) when Ty is fixed (Figure 3.2, left), the current varies qualitatively as when there is no me-
chanical forcing: The absolute value of the current increases when 77, decreases. In this case,
a positive thermal conductivity is observed (for a fixed value F' of the mechanical forcing,
considering only the response in the limit when Tg — 11, — 0).

(b) when T1, is fixed (Figure 3.2, right), the current has a surprising behavior: Its absolute value
increases when Tg decreases. This means that the thermal forcing, which is naively expected
to reduce the current induced by the mechanical forcing, actually enhances it. In this case,
a negative thermal conductivity is observed (again, for a fixed value F' of the mechanical
forcing).
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We have no satisfactory explanation for this surprising behavior at the moment, although some
physical conjectures are provided in [H24].

3.3 Shear viscosity: A mathematical study of a bulk driven
nonequilibrium dynamics

Many mathematical works studied the definition and the properties of the self-diffusion coefficient
(see for instance the recent contributions [76,77,121] and references therein), or the thermal
conductivity of one dimensional chains (see the references in Section 3.2). On the other hand, the
mathematical literature on the atomistic definition and the properties of the shear viscosity is
rather scarce in comparison with the numerous works in computational physics. This motivated
us to study numerical methods to compute the shear viscosity in [H26].

The shear viscosity characterizes the resistance of a fluid to flow when subjected to a shear
stress. For Newtonian fluids, it is the tensor linearly relating the shear stress to the velocity
gradient (see (3.36) below). A review of the most standard approaches in molecular simulation to
compute the shear viscosity can be read in [55,147]. A popular method is to use a version of the
SLLOD algorithm (see the references in [35]), in which an external non-Hamiltonian forcing term
is added both to the positions and the momenta. This method is used in conjunction with Lees-
Edwards boundary conditions [102], which are boundary conditions consistent with a constant
shear rate and a linear velocity profile. However, a mathematical study of the linear response in
this framework is cumbersome since the boundary conditions for the associated Fokker-Planck
operators are time-dependent and also depend on the shear rate. It is easier to study techniques
relying on periodic non-gradient forcings. In this case, standard periodic boundary conditions can
be used. This is the path we follow here.

We decided to use a standard Langevin dynamics as the underlying dynamics of the system
since this dynamics is ergodic and has many nice mathematical properties, while still being suffi-
ciently close to the Hamiltonian dynamics. We are able to rigorously prove linear response results
using recent developments on hypocoercivity [150], and also obtain an effective equation on the ob-
served velocity profile in terms of the applied external force through some closure relation. One of
our main concerns is the dependence of the viscosity as a function of the parameters of the under-
lying dynamics, in particular the friction. We analyzed the large friction asymptotics by extending
and adapting mathematical studies of the properties of the self-diffusion coefficient [76,77,121].

This section is organized as follows. The dynamics we use is presented in Section 3.3.1. The
shear viscosity is then defined in Section 3.3.2 (see in particular Section 3.3.2.2), and its behavior
as a function of the Langevin friction is studied there as well. Finally, some numerical results
illustrate the theoretical results in Section 3.3.3.

3.3.1 Description of the dynamics

We consider a system of N particles, enclosed in a periodic simulation box D. For simplicity of nota-
tion, we restrict ourselves to two-dimensional systems, so that D = L, Tx L, T. The particles are de-
scribed by their positions ¢ = (q1,...,qx) € DV and their momenta p = (p1,...,pn) € RN, and
we assume that they have identical masses m > 0. Our results can however straightforwardly be ex-
tended to the general case of particles with different masses and/or three-dimensional systems. We
write ¢; = (qui, @yi) € D, pi = (Dais Pyi) € R?, as well as ¢z = (¢ue1,- -, ¢uN), Pr = (D1, Dan)
and similar definitions for ¢,,p,. The mass density of the system is p = mN/|D|, |D| = L,L,
being the volume of the box. As usual, we denote by




3.3 Shear viscosity: A mathematical study of a bulk driven nonequilibrium dynamics 45

the Hamiltonian of the system, the function V' being the potential energy.

3.3.1.1 Nonequilibrium Langevin dynamics

The equations of motion we consider are a linear perturbation of the Langevin equations, with
some additional non-gradient external force in the z-direction (the direction of the flow), the
magnitude of the force depending only on the y coordinate of the particle. The non-gradient term
mimicks the effect of some shear stress, and hence allows to create a velocity profile in the direction
of the forcing, from which the viscosity of the fluid can be extracted. The dynamics reads (for
i=1,...,N):

_ Dig

dqi}t = dt,
m
DPxit 2’)/37 i
dpoie = —Vq,, V(g dt + EF (qyie) dt — o= = dt + 3 dwi, (3.27)
dpyis = —Vg, Vg dt — yypj%’t dt + | /—gy AWY",

where 8 = 1/(kgT) is the inverse temperature, £ is the magnitude of the external nongradient
force, (WgF, W{)i>0 is a 2N-dimensional standard Brownian motion and the friction coefficients
Yz, 7y are real positive numbers. In order to avoid irrelevant technical issues, we assume in the
sequel that the potential V and the external force F' belong respectively to C°° (DY) and C* (LyT).

The infinitesimal generator of the equilibrium Langevin process (i.e. (3.27) in the case when
¢ =0), reads Ao = Anam + Athm, with

Aham =

S=

o 1
-Vq—=VV(g) -V, Athm = Z Yo <_I;n Vo + ﬂApu> :

a=wxy
Note that the canonical measure
Yolq, p)dgdp = Z~ e PP dgdp (3.28)

is invariant by the dynamics (3.27) when & = 0, and is actually the only invariant measure (see
[H26, Theorem 1]). The adjoint operator on L?(1pg) of the generator is A = —Anam + A¢hm. The
generator of the nonequilibrium perturbation and its adjoint on L?(1)y) respectively read

N

N
A=Y P A== P+ D pak(ay).

=1 i=1

The generator of the dynamics (3.27) is therefore Ae = Ay + £A;.

3.3.1.2 Existence and uniqueness of an invariant measure

When ¢ # 0, there is no obvious invariant probability measure for (3.27), and the very existence
of such a measure is not guaranteed a priori. However, in the case when v,,v, > 0, standard
techniques based on Lyapunov functions and hypoellipticity arguments can be used to prove the
existence and uniqueness of an invariant measure that has a smooth density with respect to the
Lebesgue measure.

Theorem 3.2. Consider 7,7, > 0 and suppose that V, F' are smooth. Then, for any § € R, the
dynamics (3.27) has o unique smooth invariant probability measure with density e € C>(DN x
R2N). In addition, there exists £* > 0 such that, for any & € (—£*,€%), the following expansion
holds in L? (1)
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Ve = feto, fe=1+ Z&kfk, (3.29)

E>1

where f;, € " = {1} is such that ||[fy]|12(yy) < C(*)7F for some constant C' > 0 independent
of €.

The existence and uniqueness of an invariant measure in the case when either v, =0 or v, =0
is a much more difficult question.

Let us briefly sketch the proof of Theorem 3.2. The existence and the uniqueness of an invariant
measure that has a smooth density with respect to the Lebesgue measure for any ¢ € R is a
standard result since the position space is compact and the forces are smooth. It suffices to use
hypoellipticity arguments and take the kinetic energy as a Lyapunov function (see for instance [128]
for the general strategy, and [121, Appendix A] for the specific case under consideration). To obtain
the expression of this invariant measure as an expansion in the parameter £, we follow the lines
of the general argument sketched in Section 3.1. Standard hypocoercivity results show that Ay !
is bounded on H (and in fact compact by a treatment similar to [76,77,118]). Moreover, a simple
computation shows that there exists a constant C' > 0 such that, for any smooth test function ¢,

4100122 (50) < C [0 409) 20y | < Cllllz2 (o) Mol 2 ()
so that, for any ¢ € H,
||A1A51<PH%2(1/;0) < CllAg el L2(o) 1€l 2 1p0) -

Since Ran(A;) C H, this shows that A;.A; " is a bounded operator on H. The same holds true for
(Ap) 1A% |5, which is its adjoint on H C L2(3y).
3.3.2 Mathematical analysis of the viscosity

The nonequilibrium perturbation is such that

3 N
—Ajl = T ZPmF(qm)

i=1
In view of Theorem 3.2, and relying on the argument presented in Section 3.1.3, it easy to prove

the following linear response result.

Corollary 3.1. Under the same assumptions as in Theorem 3.2, and for any sufficiently reqular
function h,

<-A0h>§ B il
lim = —— h7 mF i . 3.30
e € m ;p (qyi) e ( )
Moreover, for any function h € H,
(e _ B < -
lim ~—* = == (AR, > priF(gy0) : (3.31)
oL m =1 L2 (40)

In the next sections, our aim is to understand the behavior of the average velocity profile of
the fluid as a function of the applied force F'.
3.3.2.1 Local conservation of the longitudinal velocity.

We prove in this section a conservation equation for velocities in the z-direction, when spatial
averages over small windows in the transverse direction y are considered. This allows to state an
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equation relating the off-diagonal terms of the stress tensor and the nongradient force acting on
the system, see (3.35) below. Our derivation may be seen as a mathematically rigorous rewriting
of the seminal work of Irving and Kirkwood [91]. We henceforth assume that the potential energy
is given by a sum of pairwise interactions:

V((h,.-.,QN): Z V(|q¢qu‘|)7 (332)

1<i<j<N

for some given smooth potential V.
Consider the following average longitudinal velocity:

N

L
Uz (Y.q,p) = 3 ;pxiXs (0yi = Y), (3.33)
where x. (with 0 < & < 1) is an approximation of the identity on L,T. The factor L, in (3.33)
accounts for the fact that y. has units of inverse lengths: in fact,

1 L 1 &
— US(Y.q,p)dY = —— .
Ly/o = (Y.q,p) Nm;me

is the average velocity of the system. In practice, averages such as (3.33) are computed with bin
indicator functions.

We also need a spatially localized (with respect to the altitude Y') version of the off-diagonal
term of the stress tensor. This quantity is given by the following expression:

L[ S= pribyi Qzi — Quj [
2,V = — | D (g = Y) = Y Vil —gl) T— Xe(s —Y)ds
L, = m LT <N |qi _qj| Qy;
(3.34)
The fact that it can be interpreted as some stress tensor is motivated by the conservation law (3.35).
Besides, the spatial average over Y of Eiy(Y, q,p) is the standard expression for the off-diagonal
term of the pressure tensor. The expression (3.34) comes out naturally from the mathematical
analysis (see the proof of Proposition 3.1 in [H26]), and was already proposed in [148].
The relationship between the local longitudinal velocity and the off-diagonal term of the stress
tensor is made precise in the following proposition.

Proposition 3.1. The limits

us(V) = lim Jim ———=, 00y (¥) = lim lim ————
belong to C>°(L,T) and
dog, (Y _ _
WlY) | s pun (V) = (V). (3.35)

where p = p/m is the particle density.

The proof is based on an application of Corollary 3.1 with (3.33) as a test function. The order
of the limits ¢ — 0 and £ — 0 cannot be inverted since the linear response result of Corollary 3.1
cannot be applied with h replaced by the limit of x. (which is a Dirac mass).

3.3.2.2 Closure relation and definition of the viscosity

We now discuss a closure relation for (3.35), which allows to obtain an equation on the average ve-
locity only, from which the viscosity can be extracted. By analogy with continuum fluid mechanics,
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we define the shear viscosity 7 as follows:

du, (Y)

Ty (V) = —n(¥) H2

(3.36)

This definition leads to the following equation on w,:

d du, (Y)
gy (11 252

) T apa(Y) = PE(Y).
In the bulk of homogeneous fluids, the simplest closure is to assume that
nY)=n>0, (3.37)

so that the following equation on u, is obtained:

—nui (V) + vapua (V) = pF(Y). (3.38)

In order to ensure the uniqueness of the solution when v, = 0, an additional condition on wu,
should be added (such as a vanishing integral over the domain L,T).

The equation (3.38) obtained with the help of the closure relation is the basis for numerical
methods to compute the shear viscosity given a potential energy function V. We were not able
to justify mathematically the assumption (3.37), and therefore rely on the numerical validations
presented in Section 3.3.3, where we compare numerical profiles of o,, and —nu,.

3.3.2.3 Dependence of the viscosity on the friction parameter

An important issue is the dependence of the viscosity on the parameters of the dynamics. For
the Langevin dynamics (3.27), this means understanding the dependence of the viscosity on the
friction parameters 7,,y,. The limits v, — 0 or v, — 0 are very difficult to study mathematically
without strong assumptions on the potential and/or the geometry of the system. We therefore rely
on numerical simulations for these cases (see [H26]). As expected, the viscosity has a finite limit
when only one of the friction parameters vanishes.

On the other hand, the limit when one of the friction parameters goes to infinity can be studied
mathematically. To this end, we have to understand the limit of the velocity field u, as either ~,
or v, goes to infinity. This is done by rigorous asymptotic analysis. Thanks to (3.38), limiting
behaviors of the viscosity may be inferred from the limiting behaviors of the velocity profiles. The
key result to obtain the limiting velocity profile is to characterize the limit of some averages with
respect to specific solutions of the Poisson equation (see (3.39) below).

In the case v, — +oo for a fixed value v, > 0 for instance (see [H26] for the case v, — 400
with a fixed value of ,), we can prove the following result.

Theorem 3.3 (Infinite transverse friction). Consider a given smooth function G and a
longitudinal friction v, > 0. Define Ao(vy) = Anam + YoAzthm + YAy thm, With Agthm =
—m ™ py -V, + B7LA,., and denote by [y, the unique solution in H of the equation

N
_AO('Vy)fvy = priG(Qyi)~ (3.39)

Then, there exist f© € H' (1) and a constant C > 0 such that, for all Yy = Vas

C
0
||fvy —f ||H1(w0) S 77, (3.40)



3.3 Shear viscosity: A mathematical study of a bulk driven nonequilibrium dynamics 49

N
Besides, the function f° is of the general form f°(q,p) ZG (@yi)9i(4z, Qys Pz), with ¢; € C.
i=1

The proof is standard: we first write formally an expansion of the velocity in inverse powers of the
friction parameters, obtain the equations defining the higher order terms in the expansion, and
determine these terms by the solvability conditions of the associated equations (through a Fredholm
alternative). The formal computations are then made rigorous thanks to uniform hypocoercivity
estimates.

The above result can be used to understand the limit of u,(Y) as v, — +oo. Indeed, by
Proposition 3.1,

—0
¢ i=1

Us }/’ . N
L2 (o)

where —Ao(vy) %y, (Y,-) = Uz (Y, ) is a Poisson equation of the form (3.39) (with G(y) proportional
to x:(y — Y)). The convergence result (3.40) shows that % (V,-) has a limit as v, — +oo, and
the limiting velocity field reads

N
ugo’a( ng <ZX€ Qyj — ¢](Qxaanpm me Qy1)> .
L2(3o)

=1

The latter quantity has a limit as ¢ — 0. Therefore, the viscosity extracted from (3.38) also has a
finite limit. These theoretical considerations are illustrated by numerical simulations in [H26].

3.3.3 Numerical results for the Lennard-Jones fluid

We conclude this section by presenting a few numerical results validating the closure assump-
tion (3.37). Additional numerical results, including a careful study of the dependence of the viscos-
ity on the friction parameters of the Langevin dynamics, can be found in [H26]. The computations
are performed for a 2-dimensional Lennard-Jones fluid (with a smoothly truncated potential), and
the results are presented in reduced units. The thermodynamic state of the system is determined
by the temperature and the density: 3 = 0.4, p = 0.69. We consider L, = 360 and L, = 18,
so that the number of simulated particles is N = 4500. The remaining adjustable parameters of
the model are the force amplitude ¢ and the friction parameters 7,, 7,. The dynamics (3.27) is
integrated using a standard splitting strategy, and average values of the profiles as a function of
the altitude y are computed with a binning procedure.

Estimation of the shear viscosity.

The shear viscosity is obtained from a Fourier analysis of (3.38). More precisely, consider the
Fourier coefficients

1 [ 2ikmy 1 [ 2ikmy
Uy = 7/ uz (y) exp ( ) dy,  Fp= 7/ F(y) exp ( ) dy.
Ly 0 ) Ly Ly 0 Ly

The coefficients U}, can be estimated numerically using averages over a trajectory (¢")1<n<Nye, 85

g = L NS (B,
b T NN = m CP\TL, )

while F}, can be computed analytically for the forces we have considered (see below). The viscosity
is then obtained as
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[ Fu L, \°
- e () 3.41
= (U,ﬁV 7 ) (m) (341)

This equality is valid for any k € Z\{0}. However, the coefficients U}, decrease very rapidly as |k|
increases, so that the relative statistical errors in their estimation increase rapidly. We therefore
restricted ourselves to |k| = 1 in our numerical simulations.

Nongradient forces.

We consider three different external perturbations, which are all normalized so that —1 < F(y) < 1:

2
(i) sinusoidal perturbation: F(y) = sin ( y);

(ii) piecewise linear perturbation: F(y) = Ly
4 <3Ly _ y) Ly e
L, \ 4 r oy SYS Y
1, O<y< ﬂ,
2

(iii) piecewise constant constant perturbation: F(y) =

Note that only the sinusoidal force satisfies the smoothness assumptions required to derive our
results. This shape of perturbation, introduced in [67], is the most popular choice for shear viscosity
computations.

Validation of the closure

Fig. 3.3. Velocity profile and off diagonal component of the stress tensor for the sinusoidal nongradient
force.

We present in Figures 3.3, 3.4 and 3.5 the numerical approximations of the longitudinal ve-
locity u, and the off-diagonal term of the stress tensor o,,. The latter function is compared to
the quantity —nu!, where u} is evaluated from the velocity profile using a second order finite
difference scheme. The good agreement between o, and —nu/, validates the assumption (3.37),
the discrepancies resulting from statistical fluctuations magnified by the numerical derivative, and
also, for the piecewise constant force, from the singularity at L, /2.
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Besides, the velocity profile is consistent with (3.38), as can be checked by comparing the
numerical solution and the solution of (3.38) computed with the value of n estimated from the
simulation using (3.41) with k£ = 1.
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We present in this chapter two works on time-dependent dynamics in quantum physics. A
general introduction to some aspects of quantum physics is provided in Sections 4.1.1 and 4.2.1
(following the lines of our proceeding [C4]). In the first study (Section 4.1), the time dependence
is actually artificial since the dynamics is a fictitious one allowing to switch from a degenerate
eigenstate of some reference Hamiltonian to an eigenstate of a perturbed Hamiltonian. For the
time evolution of electronic defects in perfect crystals presented in Section 4.2, there is on the
other hand a genuine time dependence arising both from some time dependent external forcing
and from the nonlinear dynamics of the defect.
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4.1 Adiabatic switching of degenerate eigenstates

This section starts by presenting some elements on the spectral theory of N-body Schrodinger
operators (Section 4.1.1), for systems with interacting electrons (Section 4.1.1.1) and also for
simpler but non-physical systems with non-interacting electrons (Section 4.1.1.2). The idea is
that the eigenstates of non-interacting systems are considered as reference states for which the
interaction is turned on progressively in order to transform them into eigenstates of the system
with full interactions. This procedure, known as adiabatic switching, is presented in Section 4.1.2
in the simple case when the initial state of the non-interacting system is an eigenstate associated
with an isolated, non-degenerate eigenvalue. Section 4.1.3 then presents our contributions to this
field [H14, H20, H19]: we show how to perform the adiabatic switching when the eigenstate of the
non-interacting system belongs to a degenerate eigenstate. An application of adiabatic switching,
the definition of Green’s functions and correlation functions for interacting systems using states
of non-interacting systems, is finally provided in Section 4.1.4.

4.1.1 Some elements of quantum physics

4.1.1.1 The N-body Schrédinger model

Consider a molecular system with M nuclei of charges z1,...,z),. We omit the spin variable in
this presentation, and state the models in atomic units where

1
47‘(60

h=1, me = 1, e=1, =1,
so that z,, is a positive integer. Within the Born-Oppenheimer approximation, the nuclei are
modelled as classical point-like particles. This approximation results from a combination of an
adiabatic limit (the small parameter being the ratio between the mass of the electron and the mass
of the lightest nucleus present in the system), and a semi-classical limit. We refer to [2,3,119,144]
and references therein for the mathematical aspects of this approximation.

If the M nuclei are located at points Ry,..., Ry of R3, the nuclear charge distribution and
the Coulomb potential generated by this distribution respectively read

M M 5
pnuc _ Z Zm(SRma VnuC(x) _ Z m
m=1 m=1 |£L‘ - le

where g, is the Dirac measure at point R,,. In order to avoid some technical difficulties due to
the singularity of the potential generated by point-like nuclei, the nuclear charge distribution is
sometimes replaced by the charge distribution of smeared nuclei

M
pnuc(m> = Z me(l' - Rm)a
m=1

where y is a smooth approximation of the Dirac measure dg, or more precisely a non-negative
smooth radial function such that fR3 x = 1, supported in a small ball centered at 0. The associated
Coulomb potential is then V1U¢(z) = —(p™u¢ x| - |71)(x).

Any (pure) state of a system of N electrons is entirely described by a wavefunction ¥ € H
satisfying the normalization condition ||¥||z2gs~y = 1. The space H, defined as

N
H= /\ LZ(RS) = {W € Lz(RsN) w(xp(l)a to 7xp(N)) = €(p)W(CE1, T ,’I’N), Vp S SN}
i=1
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(where Sy is the group of the permutations of {1,---, N} and e(p) the parity of p), is the set
of antisymmetrized tensor products of N spaces L?(R?). The antisymmetry constraint originates
from the fermionic nature of electrons. The spaces /\ZI\;1 HY*(R3) for k = 1,2 are defined in a similar
manner. The electronic density associated with ¥ is the function

pp(x) =N | (z, 20, ,xn)|*deg---dy. (4.1)
R3(N-1)

Clearly,
pw > 0, pw € L'(R?), / pw = N.
R3

It can be checked that if ¥ € /\Z]\L1 H'(R®), then \/p € H'(R?), which implies in particular that
pw € LY(R3) N L3(R3).

The ground state wavefunction ¥, is the normalized solution of lowest energy of the time-
independent Schrodinger equation

N
Hyw =E¥, Wwe \H R, ||| =1, (4.2)

i=1

where Hp is the electronic Hamiltonian. The latter operator is self-adjoint on /\lj\;1 L?(R3), with
domain /\fil H?(R3) and form domain /\fil H'(R3), and is defined as

1 al = nuc 1

1<i<j<N "

The first term in the right-hand side of (4.3) models the kinetic energy of the electrons, the second
term the Coulomb interaction between nuclei and electrons and the third term the Coulomb
interaction between electrons. For later purposes, we write

HN:T+Vne+V;eea

where

1 ol nuc !
TifézAz,;a Vnc:;‘/ (i), Vee = Z m

1<i<j<N

It is proved in [157] that if the molecular system is neutral (Z%Zl zm = N) or positively charged
(Z%:l zZm > N), then the essential spectrum of Hpy is an interval of the form [Yy,+00) with
YN <0 (Xy <0if N > 2), and its discrete spectrum is an increasing infinite sequence of negative
eigenvalues converging to Y. This guarantees the existence of ¥. If Ejy, the lowest eigenvalue
of Hy is non-degenerate, ¥y is unique up to a global phase, and pygo is therefore uniquely defined
by (4.1). If Ey is degenerate, the ground state electronic density is not unique.

Note that ¥y can also be defined variationally. It is the minimizer of

N
inf{@, Hyw), we \ H'(R?), |[#|p2@en) = 1}. (4.4)
1=1

Otherwise stated, it is obtained by minimizing the energy (¥, HyW) over the set of all normalized,
antisymmetric wavefunctions ¥ of finite energy.
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4.1.1.2 The N-body Schrodinger model for non-interacting electrons

Neither the Schrédinger equation (4.2) nor the minimization problem (4.4) can be solved with
standard numerical techniques when N exceeds 2 or 3. On the other hand, these problems be-
come rather simple when the interaction between electrons is neglected. In this case, the N-body
Hamiltonian is separable and reads

N
HYy =T+ Vae=Y ha,
=1

where )
hy, = —iAm S

is a self-adjoint operator on L?(R3) with domain H?(R3) and form domain H'(R?), acting on
functions of the variable ;. It is known that the essential spectrum of h (formerly denoted by h,,)
is [0,+00) and that the discrete spectrum of h is an increasing infinite sequence of negative
eigenvalues converging to 0. Let us denote by €1 < €5 < £3 < -+ the eigenvalues of h counted with
their multiplicities (it can be shown that &; is simple) and let (¢;);>0 be an orthonormal family
of associated eigenvectors:

ho; = €i¢i, g1 <ez<eg <, ¢; € H*(R?), (bis @) L2®s) = Oij- (4.5)

The eigenfunctions ¢; are called (molecular) orbitals and the eigenvalues ; are called (one-particle)
energy levels. It is easy to check that if ey < en41, then

N
inf{@, H{w), we \ H'(R®), |[¥p2mey) = 1} (4.6)
i=1

has a unique solution up to a global phase, given by the determinant (called a Slater determinant)

o1(x1) d1(x2) -+ dr(zn)
P2(1) ¢2(w2) - -+ d2(zN)

1
733N) = W

Wo(xl,'-- (47)

on(x1) on(22) - - - N (TN)

On the other hand, the ground-state of (4.6) is degenerate when ey = en41.

Since Hy = HR, 4 Vee, it is natural to think of the interelectronic potential V. as a formal
perturbation of the reference Hamiltonian HY, and to try to obtain eigenstates of the full N-
body Hamiltonian Hy from the eigenstates of HS. This can be completed by adiabatic switching,
a procedure described in Section 4.1.2. More precisely, we recall there how eigenstates of HY
can be transformed into eigenstates of Hy using an artificial dynamics, in the case when the
initial eigenstate is not degenerate (see [116]). The case of degenerate eigenstates is dealt with in
Section 4.1.3.

4.1.2 Adiabatic switching of non-degenerate eigenstates

Adiabatic switching is a crucial ingredient of many-body theory (see Sections 4.1.1.1 and 4.1.1.2).
It provides a way to compute eigenstates of a perturbed Hamiltonian Hy + V from eigenstates
of the reference Hamiltonian H,. The method is presented is an abstract fashion here. A typical
application is the case described at the end of the previous section, where Hy = HY¥ and V = V..
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The basic idea of adiabatic switching is to start from an eigenstate ¥ of Hy (for instance, the
ground state), and to very slowly turn on the interaction term V. This is done for instance by
following the dynamics generated by the time dependent Hamiltonian H(t) = Hy + f(et)V on the
time interval [0,e71], where f is a smooth function such that f(0) = 0 and f(1) = 1, and the small
parameter £ > 0 eventually vanishes. As we explain below (see Section 4.1.2.2), this procedure is
not well defined as such because of a non-convergent phase factor. When the eigenstate belongs to a
non-degenerate eigenspace, Gell-Mann and Low solved the problem by dividing out the oscillations
by a suitable factor [62] (see (4.12) below). Mathematically, the convergence of this procedure has
been proved in 1989 by Nenciu and Rasche [116], elaborating on the adiabatic theorem [19,61,94]
(see also the more recent contributions [9,71-73,113,115,119,140, 144] and references therein).

The situation is more complicated when the eigenstate 1) belongs to a degenerate eigenspace.
Understanding for which states adiabatic switching can be performed is precisely the aim of our
contributions [H14, H20, H19], described more precisely in Section 4.1.3. We restrict ourselves, for
the simplicity of exposition, to the case of non-degenerate eigenvalues in this section.

In practice, since the system of interest is the one described by Hy 4+ V, physicists prefer to
consider a switching procedure where the perturbed Hamiltonian is obtained at time 0, with a
dynamics started in the distant past from an eigenstate of the reference Hamiltonian (H (e~ 'tg) =
Hy with tg < 0, and H(0) = Hy + V). Besides, non-compactly supported switching functions may
be considered, provided some integrability conditions are satisfied (see Assumption 4.1 below).
The prototypical example is

H(t) = Hy + e =ty (4.8)

on the time interval (—oo,0]. This corresponds to a limiting procedure where the switching is
performed on a time interval [e71¢(,0], and the limit ¢y — —oo is then considered (see the dis-
cussion at the end of Section 4.1.2.1). The choice (4.8) is motivated by the greater simplicity of
some algebraic computations in the evaluation of the Green’s functions [59]. Since this is the phys-
ically relevant case, we therefore restrict ourselves in the sequel to Hamiltonians of the form (4.8),
see (4.10) below.

4.1.2.1 Switching procedure

Consider a Hilbert space H, a self-adjoint operator Hy, with dense domain D(Hy) C H, and a
symmetric perturbation V' (such as the multiplication by a real-valued potential), Hy-bounded
with relative bound a < 1. For instance, the interelectronic repulsion operator V. is relatively
bounded with respect to the N-body Hamiltonian H{" of non-interacting electrons, with relative
bound 0 (see Section 4.1.1.2 for a definition of these operators).

Then, according to the Kato-Rellich theorem (Theorem X.12 in [124]), Hy + AV is self-adjoint
on D(Hy) for any 0 < A < 1. We denote

H(\) = Hy + \V, (4.9)
with A € [0,1], and introduce, for T € (—o0, 0],
H(r) = H(f(r)) = Ho + f(r) V, (4.10)

where the switching function f has values in [0, 1] (in order for the operator H(7) to be well-defined
as a self-adjoint operator on D(Hj)). For the subsequent analysis, we assume that

Assumption 4.1. The switching function f : (—00,0] — [0,1] is a C? function such that
(i) £(0) = 1 and_lim_f(r) =0;
(ii) f, [’ f" € L'((—o0,0]).
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The most common choice in practice is f(7) = e”. The assumption f € C? ensures that the
adiabatic evolution, which is a unitary evolution introduced for technical reasons in the proof, is
well-defined (see [144]).

We denote by U.(s,so) the unitary evolution generated by H(es), i.e. the unique solution
(which is well-defined by Theorem X.70 in [124]) of the problem:

idUE(S, S())

ds :H(Es) U6(8780)7 Us(80750) =1

It is actually more convenient to rescale the time and to consider a macroscopic time t = €s. The
unitary evolution U¢(t,tg) in terms of the macroscopic time is the solution of

1

EdUE(t,to)

dt :H<t)U€(t,t()), Ug(t(),to) =1.

In order to remove trivial divergent phase factors, evolution operators should be considered in
the interaction picture:
ignt(ta tO) _ eltH()/E Us(t, tO) efltgHo/E.
To see why this is necessary, consider the case when V' = 0. Then, an eigenstate 1 of Hy, with
eigenvalue F, evolves as

Us(t, o)) = exp (—it — to) ),

3

while UZ, (¢,t9)Y = 1. The interaction picture allows to get rid of the divergence of the phase (at
fixed ¢) related to the free evolution generated by Hy, and therefore allows to consider the limit
where tg — —o0. Indeed, when V' # 0, it is easy to show that U;, (¢, —o0)v = limy, o U, (¢, to) 0
exists for v € D(Hy) (for instance, by rewriting this operator as the integral of its derivative with

respect to tp).

4.1.2.2 The Gell-Mann and Low wavefunction

Once the phase factors related to the free evolution e Ho have been removed, the state
Ut (0, —00)t is well defined for any ¢ > 0. The key point is that this state does not have a
limit as € — 0 since it carries in general a phase factor of the form e~1%/¢. To make this statement
precise, we consider in the remainder of this section the case of a non-degenerate eigenvalue E()\)
of H()) (defined in (4.9)), isolated from the remainder of the spectrum. Note that E can be chosen
to be a smooth function since, by the results of [95], the projectors and eigenvalues of H()) can

be chosen to be real analytic functions of A on an open interval containing [0, 1].

Assumption 4.2 (Gap condition). There is a gap between the eigenvalue E and the remainder
of the spectrum, in the sense that

A(\) = dist {E()\), o (ﬁ(x)) \{E(/\)}}
is bounded from below by a positive constant:

inf A(N) =A% >0.
A€[0,1]
In accordance with (4.10), we introduce E(r) = E(f(r)). When Assumptions 4.1 and 4.2

hold, it can be proved that an eigenstate 1) associated with the eigenvalue E(O) = F(—o0) of the
reference Hamiltonian Hy evolves under the switching procedure as [116]

UE, (0, —00)y = e <0y + R, 0= /0 (E(t) - E(—oo))dt, (4.11)

— 00
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where (21 is an eigenstate of Hy + V and ||R.|| < Ce. Note that 0 is well defined since

0 0
/ |E(t)—E(—oo)\dt<a/ 1£] < +o0,

— 00 — 00

where the constant « is such that |E(X) — E(0)| < a|A| (this constant exists since the eigenvalue E
is a smooth function of A).

The expression (4.11) allows to fully understand the origin of the divergence in the switching
procedure. It is then easy to remove the divergence by introducing a suitable ratio. This is the
Gell-Mann wavefunction:

. £:(0,—00)y 2
¥ = lim it (0 = . (4.12)
=0 <wv Uisnt(oa_oo),(/)> <'(/)>Q’(/}>
In order for this ratio to be well defined, the denominator has to be different from 0. It can be
shown that this is the case when [[P(—oc0) — P(0)|| < 1, where P(t) is the orthogonal projector
onto the eigensubspace associated with the eigenvalue E(t).

4.1.3 Adiabatic switching of degenerate eigenstates

The physics community realized about fifty years ago [17] that a generalization of the Gell-Mann
and Low formula is needed when starting from a state associated to a degenerate eigenvalue of Hy.
Degenerate states, and in particular degenerate ground states, arise in many practical situations,
for instance when the system is an atom or a molecule containing unfilled shells (this corresponds
to the condition exy1 = en in (4.5)). This problem has been discussed in several fields, including
nuclear physics, solid state physics, quantum chemistry and atomic physics, see the references
in [H14,H19].

More precisely, the aim is to find the initial states ¢ in (4.12) for which the switching can be
performed. Indeed, the Gell-Mann and Low formula (4.12) is not applicable in general when the
initial state is chosen at random in the degenerate subspace, as illustrated in the simple model
analytically studied in [H14], where

(=6 0 (0w
Ho< 0 u+5>’ V(vO)’ (4.13)

for some v # 0. The switching procedure is well defined when § # 0. On the other hand, in the
case of a degenerate eigenvalue (§ = 0), the switching procedure cannot be performed for almost
all initial conditions in the degenerate eigenspace. There are only two directions for which the
procedure makes sense. They correspond to limiting eigenstates of the operators Hy+ AV as A > 0
goes to 0. In this very simple setting, they turn out to be eigenstates of V.

A more precise mathematical analysis shows that the eigenstates for which the switching proce-
dure is well defined are eigenstates of the restriction of the perturbation operator to the degenerate
eigenspace, that is, eigenstates of PyV Py | £ (where Py is the orthogonal projection onto &y, the de-
generate eigenspace; see (4.14) below for a precise definition). The result, as in the non degenerate
case, is based on the mathematical analysis of adiabatic problems.

4.1.3.1 Spectral structure of the problem

As usual in results from adiabatic theory, we need some assumptions on the spectrum of the
operators under considerations, in particular some gap conditions. A schematic representation of
the spectrum we have in mind is provided in Figure 4.1.

Throughout this section, we assume that the spectrum has the following structure.
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Assumption 4.3 (Structure of the spectrum). The spectrum of ﬁ(/\) = Ho + AV (for \ €
[0,1]) consists of two disconnected components

o (H()\)) — on(A) U (a (ﬁ(x)) \UN(A))
where on(N) is a finite subset of the discrete spectrum:
o) = { B0, j =1, N} € oaee (HV)

corresponding to an initially degenerate eigensubspace: there exists an integer N > 1 and Ep € R
such that E;(0) = Ey for all1 < j < N.

Assumption 4.4 (Gap condition). There is a gap between the two parts of the spectrum, in the
sense that:

AN = _min

_min [inf (‘Ej(A) _E

is bounded from below by a positive constant:

inf A(\) = A* > 0.
A€[0,1]

The projectors associated with the N eigenvalues Ej(/\) are denoted by P, (\), for 1 <m < M
with M < N. The case M < N corresponds to the case when an eigenvalue Em()\) is permanently
degenerate on the interval [0,1]. The projector onto the subspace orthogonal to the eigenspace
spanned by the N eigenvectors is Py41(A) =1 — Zn]\le P,,(\). We denote in the sequel

M
Po=Y_ Pn(0) (4.14)

the projector onto the eigenspace & = Ran(Pp) spanned by the N degenerate eigenstates of H.
Recall that, by the results of [95], the projectors and eigenvalues of H()) can be chosen to be real
analytic functions of A on an open interval containing [0, 1].

For simplicity, we assume that the perturbation V is sufficient to split the degeneracy (so that
M = N), in the sense that the following assumption holds true.

Assumption 4.5 (Degeneracy splitting). The finite rank self-adjoint operator PoVPo : &y —
&o has non-degenerate eigenvalues, and there is a gap between the N eigenvalues Ey (1 < k < N)
in the interval (0,1]: for any \* > 0, there exists a (depending on X\*) such that

in_min |Er(\) — Ei(\)| > . 4.1
,Jgin  min k(A) = E(A)|Z2a>0 (4.15)

This implies that the projectors ﬁj (M) are rank-1 projectors for any A > 0 (since the pertur-
bation V is sufficient to split the eigensubspaces, and the gap condition on (0, 1] ensures that no
eigenvalue crossing can happen). In fact, Assumption 4.5 may be relaxed in several ways, see the
discussion in [H20].

4.1.3.2 Well-posedness of the switching

The switching procedure is the same as the one described in Section 4.1.2.1, except that, for
technical reasons, we require in addition to Assumption 4.1 that f is non-decreasing.
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Eigenvalue
=

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 4.1. Splitting of the eigenspace & of the initial Hamiltonian Hy by the applied perturbation. The
three eigenvalues of interest, which all start from F = 1 at A = 0, are plotted with a fat solid line. The
remaining parts of the spectrum (eigenvalues in thin solid line in this case) are isolated from the portion
of the spectrum of interest.

We denote by P;(7) the eigenprojectors and eigenvalues corresponding to the N eigenvalues
E;(1) of H(T); also, Pyyi(1) = 1 — ZgzlPk(T). Of course, Pj(t) = Pj(f(r)) and E;(1) =

E.

i (f(7)). We are now in position to state the main result of [H20].

Theorem 4.1. Suppose that the gap conditions on Hy and V (Assumptions 4.3 and 4.4) are
satisfied, and that the perturbation term V' lifts the degeneracy (Assumption 4.5). Consider a non-
decreasing switching function f satisfying Assumption 4.1. Let (11,...,¥N) be an orthonormal

basis of &y which diagonalizes the bounded operator POVP()’&). Then, the limait

U0, oo,
U, =1 4.16
i = i T, U (0, o)) (4.16)

ezists and is an eigenstate of Hy + V associated with the eigenvalue E;(0), provided
[|Pj(—o0) = P(0)[| < 1. (4.17)

The labelling of the basis (1, ...,%y) is a priori unknown, but a relabelling can be performed a
posteriori, after the switching, depending on which eigenstate of Hy + V' is obtained.

As an intermediate step in the proof, the eigenprojector P;(0) and a corresponding eigenfunc-
tion ¥; can be recovered by Kato’s geometric evolution [94].

Definition 4.1. The Kato evolution operator A(s,so), for s,so € R is the unique solution of the

problem
dA(s, sg)

Fra K(s)A(s,s0), A(so,80) =1, (4.18)

with
N+1 )
K(s) == 3 Pi(s) G2 06).
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By our assumptions, the operator K(s) is uniformly bounded. The Kato evolution operator is a
unitary operator which intertwines the spectral subspaces of H(s) and H(sp), in the sense that

A(s,50)Pj(s0) = Pj(s)A(s, s0)-

Our assumptions ensure that the limit A(s,—o0) = lim A(s, sg) is well-defined.
S0—>—00

We can then prove the following result, where no condition analogous to (4.17) is assumed.

Proposition 4.1. Let Assumptions 4.1, 4.3, 4.4 and 4.5 be satisfied. Let (¢1,...,1¥N) be an or-

thonormal basis of &y which diagonalizes the operator POVPO‘&)' Then

g’j = A(O, —OO)QZ}j
is an eigenvector of Hy + V.

It is actually much simpler to consider the geometric evolution operator A rather than the
evolution operator U, since less conditions on Hy and V' are required. Indeed, there is no ratio
to consider in order to remove a divergent phase. However, the many-body theory used in physics

is defined in terms of U5, and not in terms of A (see Section 4.1.4).

4.1.3.3 Sketch of the proof

We shortly sketch the structure of the proof of Theorem 4.1, which is completed in four steps:

(i) first, we use the Kato geometric evolution backward in time, in order to identify, though
in a non explicit manner, the initial subspaces of Py whose vectors can be considered as
convenient initial states;

(ii) in a second step, we give an explicit description of these initial subspaces, in terms of the
eigenvectors of P0V790| 0 At this stage, we are already in position to prove Proposition 4.1;

(iii) then, we show how the limit of the full evolution U, can be related to the geometric evolution
as € — 0. A first step is to introduce an intermediate concept, the adiabatic evolution, which
takes some dynamics into account (arising from the Hamiltonian operator). The adiabatic
evolution is also an intertwiner. Since intertwiners differ only by a phase (in a sense to be
made precise), and, provided this phase can be removed, the adiabatic evolution can be
reduced to the geometric evolution A(0, —o00);

(iv) the last point is to show that the limit as € — 0 of the full evolution agrees with the limit of
the adiabatic evolution.

Steps (iii) and (iv) are straightforward extensions of previous results in adiabatic theory, and our
proofs are based on the paper by Nenciu and Rasche [116] for (iii) and the book by Teufel [144]
for (iv). The main point of our proof is the identification of the initial subspaces in (ii) using
results of perturbation theory.

4.1.4 Physical application: definition of the Green’s functions

The previous results can be used to rigorously define correlation functions of two operators A, B
(see the definition (4.19) below). The extension to Green’s functions, where the operators A, B are
replaced by field operators, is discussed in [H19]. Statistical and nonequilibrium Green’s functions
are also considered there.

We consider for simplicity bounded operators A, B, although the argument can be extended
to more general cases. The operators A and B read, in the Heisenberg picture:

itH —itH itH —itH
Ahsnbrg(t) =e"Ae™! ) Bhsnbrg (t) =e"" Be™! )
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and, in the interaction picture:
Ajpo(t) = eitHo g g=itHo Bing(t) = eitHo B oitHo,
The correlation function is defined as

CA,B(ta t/) = <7/1a T [Ahsnbrg(t)Bhsnbrg(t/)] 1/)> s (4~19)

where ¢ an eigenvector of Hy + V satistying ||[¢|| = 1, and T is the time-ordering operator:

Ahsnbrg (t)Bhsnbrg (t/) if ¢t > t/7

T B0 = { (e 0

The aim is to rewrite C4,p in terms of an expectation value with respect to v, an eigenvector
of Hy (belonging to a possibly degenerate eigensubspace). To this end, we consider an initial
state ¢ for which the Gell-Mann and Low switching can be performed (see Theorem 4.1), and
for which 1 is recovered. Note first that U, ijnt (0, —00) = Ug,, (0, —o0) for any € > 0, so that (4.16)
can be rewritten as

UE mt( )wO
w_;l_r}(l) <7/}0a slnt(o 00)77[}0>

Similarly,

s Ue int (0, +00)to
v= ;g% <'(/)07 € mt(O +OO)LD0>

when the switching is done using Hy + f(—&t)V and ¢t > 0. We are then in position to obtain
an expression of the correlation function in terms of an eigenstate of Hy. Consider first the case
t >t

(4.20)

T [Ahsnbrg (t)Bhsnbrg (t/)] d) - Ahsnbrg (t)Bhsnbrg (tl>'l/)
= ll_I:f(l) Ua,int (ta 0)*Aint (t) U.E}int (t7 t/> Bint (t/) Ua,int (t/7 0)"/}7

where the second equality is a consequence of the strong convergence U, jut(t,0) — eltHoe =t ag

e — 0 (for a given t € R). Therefore,
CA,B(ta t/) = ig% <1/)7 Ua,int (t7 O)*Aint (t) Ue,int (t7 t/) Bint (t/) Ue,int (tlv O)¢>

<'¢ Ua int (t 0) Alnt( ) UE,il‘lt (t7 t/) Bint (t/) Ua,int (tlv O)W

- (.0)

iy $%0 U ing (0, 400)" U e (£, 0)* A (1) U i (¢, £') Bing () Ue i (', 0) U s (0, —00)h0)
e—0 <¢07 51nt(+oo O) emt(o OO)¢0>

— lim <w07 € 1nt(+oo t)Aint(t) Elnt(t tl) mt( ) smt(t —00)1/Jo>
e—0 <¢o, € 1nt(+oo OO)¢0>

_ hHl <w07 T [ int (t) Bint (t/) Us int(+oo 700)] 7/}0>
e—0 <1/}07 3 1nt(+oo OO)’(/}0> '

In the last equality, the notation
T[Aint (t) Bint (t/) Us,int(+ooa 700)] = Us,int(+ooa t)Aint (t) Us,int (t, t/) Bint (tl) Us,int (t/a *OO)

is motivated by the fact that U, ing(4+00,t)Us int (¢, ) Us int (', —00) = Ug int (400, —00), so that
the right-hand side of the latter identity can be seen as the time ordering of the product of five
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operators appearing on the left. The same result holds for ¢ < /. The final expression for C4 p is
the basis for a perturbative treatment of the Green’s function, where the operators Uy jn (+00, —00)
in the numerator and denominator are expanded using Feynman diagrams (see [59, Chapter 3]).

4.2 Evolution of defects in crystals

This section describes our work [H30], whose aim was to extend the results on the static polar-
ization of crystals [24] to the time-dependent setting. Crystals are electronic systems composed
of an infinite number of nuclei and electrons, the nuclei being periodically arranged on a lattice.
The analysis presented in [H30] allows to place on rigorous grounds well-known results from the
physics literature on the frequency-dependent dielectric permittivity of crystals.

We start by recalling in Section 4.2.1 the mathematical framework to describe crystals and
their local defects. We then turn in Sections 4.2.2 and 4.2.3 to the response of the crystal to
an external perturbing field. Physically, it is expected that the material responds by a global
charge redistribution. When the external perturbation is weak, or, more precisely, when only the
linear response is considered, the perturbation of the electronic density can be expressed as the
time convolution of some causal response function (the dielectric permittivity) with the applied
external electric field. The case of a crystal subjected to an effective external field is considered in
Section 4.2.2. Now, in practice, the effective external potential should be replaced by an external
perturbation plus the electronic response of the crystal to this external perturbation. Since crystals
are described by nonlinear models, the electronic response turns out to be the solution of a self-
consistent evolution equation. This is made precise in Section 4.2.3, where we also provide an
expression of the macroscopic dielectric permittivity in terms of the band structure of the crystal
(by some homogenization limit).

4.2.1 A quantum description of crystals

We described in Section 4.1.1 the electronic states of a set of N non-interacting electrons in terms
of their orbitals. Such a description cannot easily be extended to infinite systems such as crystals,
where the number of orbitals is infinite. For this reason, we introduce in Section 4.2.1.1 a formu-
lation based on the concept of one-particle density operators, abbreviated as density operators,
and relate the description of electronic states in terms of wavefunctions and density operators in
Section 4.2.1.2. We then present in Section 4.2.1.3 the Hartree model for systems composed of a
finite number of particles, which is one important nonlinear model approximating the Schrodinger
equation. The Hartree model for crystals is obtained by passing to the thermodynamic limit on the
model for finite systems (see Section 4.2.1.4). Finally, we recall in Section 4.2.1.5 the framework
proposed in [23] to describe defects in perfect crystals.

4.2.1.1 Density operators

The (one-particle) density operator of a system of N electrons is an element of the convex set
Dy = {v e SIA®) [0 <7< 1, T(y) = N},

where S(L?(R?)) C B(L?(R?)) is the subset of bounded, self-adjoint operators on L?(R3). Recall
that the notation A < B for A, B € S(L?*(R?)) means that (1, Ay) < (1, By) for all ¢ € L*(R3).
A density operator v € Dy is trace-class. Recall that a bounded linear operator A on L?(R?)

is said to be trace-class [125,139] if >, <¢i, \/A*A¢¢>L2 < oo for some (hence, all) orthonormal

basis (¢;) of L*(R®). Then Tr(A) = Y, (¢;, Ad;) - is well-defined and does not depend on the
chosen basis. A density operator v € Dy can be diagonalized in an orthonormal basis:
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“+oo

v = nilgi){eil, (4.21)
i=1

with (¢, ;) L2(rs) = d;5, and where operators such as P = | f) (g| (for f,g € L*(R?)) are bounded
operators defined for ¢ € L?(R3) by P¢ = (g, ¢)f. The eigenvalues n; in (4.21) are called occu-
pation numbers; the eigenfunctions ¢; are called natural orbitals. The conditions 0 < v < 1 and
Tr(y) = N are respectively equivalent to

—+oo
0<n; <1, Zni:N.
1=1

The fact that 0 < n; < 1 is a mathematical translation of the Pauli exclusion principle, stipulating
that each quantum state |¢;) is occupied by at most one electron. The sum of the occupation
numbers is equal to N, the number of electrons in the system. The density associated with ~ is
defined by

+o0o
py () = Zni|¢i(x)|27 (4.22)

this definition being independent of the choice of the orthonormal basis (¢;);>1 in (4.21), and
satisfies

p~y =0, p,YGLl(R?’), /Rgp'y:N~

The kinetic energy of the density operator v is defined as
1
T(1) = 5T(IVHIV).

and can be finite or infinite. Recall that the operator |V| is the unbounded self-adjoint operator
on L*(R3) with domain H!(R?) defined by

Vo e H'(R?),  F(|VIg)(k) = [k|F(¢)(K),

where F is the unitary Fourier transform

1

@ | (z) e F dr. (4.23)

Fo(k) = d(k) =

The kinetic energy of a density operator v decomposed as (4.21) is finite if and only if each ¢; is
in H'(R?) and 37 1i[|[ Vil 72 ms) < 00, in which case

“+o0
1
T(y) = 3 Z”iHV@H%%Rs)-
=1

As |V| is the square root of —A (i.e. |V] is self-adjoint, positive and |[V|? = —A), the element
Tr(|V|v|V]) of Ry U{+oo} is often denoted by Tr(—A~). Using this notation, we can define the
convex set Py of the density operators of finite energy as

Pr = {7 € SILAR?) |0 <7 <1, Te(y) = N, Tr(—47) < oo},
Finally, it is useful to introduce the integral kernel of a density operator v € Py, which is called

a (one-particle) density matrix, and is usually also denoted by ~. It is by definition the function
v € L?(R3 x R?) such that
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Vo e B, (19)(w) = | swa)ol) di' (424)
R3

The expression of the density matrix 7 in terms of natural orbitals and occupation numbers thus
reads

“+o0
V(,2') = Znimd)i(f)

Formally p(z) = v(z, z) and this relation makes sense as soon as the density matrix v has a trace
on the three-dimensional vector subspace {(x, x), x € R3} of R? x R3.

4.2.1.2 Electronic states

Let us now clarify the link between the description of electronic structures in terms of wavefunctions
and the one in terms of density operators. The density matrix associated with a wavefunction
¥ e AL L?(R?) such that [|¥|p2gavy = 1 is the function of L?(R* x R?) defined as

yo(z,2') =N U(z,z9, - ,an)W (2, x2, - ,xN)dTe - dy, (4.25)
R3(N—-1)

and the corresponding density operator is

Vo e I2RY), (vwé)(x) = /

» yo(z, 2" )p(x") da'. (4.26)

It is easy to see that the density operator vy is in Dy. Under the additional assumption that ¥
belongs to AN | H'(R?), the density operator has better regularity properties and belongs to Py .
In addition, the definition (4.1) of the density associated with ¥ agrees with the definition (4.22)
of the density associated with ~y, i.e. py = p,,, and the definitions of the kinetic energy coincide
when ¥ € AN HY(R?), namely (¥, T¥) = T(yy). Note however that not all elements of Dy and
Pn can be written as (4.25). In general, the elements of these sets are convex combinations of
pure states (4.25), and are called mixed states.

We can now reformulate the electronic structure problem for a system of N non-interacting
electrons (see Section 4.1.1.2), in terms of density operators:

(1) The energy of a wavefunction ¥ € AY  H'(R?) is a linear form with respect to the density
operator Yy :

1 n
O HYE) = Efclon), Ene) =T (—520) [ o

(2) The ground state density matrix, that is, the density operator associated with the ground
state wavefunction W0 defined by (4.6), is the orthogonal projector (for the L? inner product)
on the space Span(¢1,---,dnN):

N
Ywo = Z i) (¢il;
i=1

(3) The ground state energy and the ground state density operators are obtained by solving the
minimization problem

inf {Egm(y), v e S(LAR?)), 0< v < 1, Tr(y) = N, Tr(—Aq) < oo}. (4.27)
The advantages of the density operator formulation, which are not obvious for finite systems

(except for numerical purposes [22]), will clearly appear in Section 4.2.1.4, where we deal with
crystals.
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4.2.1.3 The Hartree model
Variational formulation.

Let us now reintroduce the Coulomb interaction between electrons, taking as a starting point the
non-interacting system introduced in Section 4.1.1.2, reformulated in terms of density operators.
There are several approximations of (4.4), which all share the same mathematical structure: their
ground state energies and densities are obtained by minimizing some explicit functional Enue(7y)
over the set of density operators Py. We focus in Sections 4.2.2 and 4.2.3 on the Hartree model

inf {Eﬁ%ﬁiﬁree(y), v e S(LA(R%), 0< v <1, Tr(y) = N, Tr(—Ay) < oo}, (4.28)
with
Hartree 1 nuc 1
Epi™ () =T (=547 ) + [ p V™ + 5 D(py, 1),
]RB

where ,
D(f,g) = / F@ ) 4o g (4.29)

rs Jrs [T — 7|

is the classical Coulomb interaction. Note that D(f, g) is well defined for example for f and g in
LS/5(R3), see for instance [124, Section IX.4]. Recall also that for each v € Py, p, € LY(R3) N
L3(R?) — LO/5(R3).

The existence of a minimizer to (4.28) for a neutral or positively charged system is established
in [141]. The key-property allowing for a comprehensive mathematical analysis of the bulk limit
for the Hartree model considered in Section 4.2.1.4 is that the ground state density is unique.
This means that in the Hartree framework, all the minimizers to (4.28) share the same density.
Such a uniqueness property of the ground-state density is not known to hold for other models
of electronic structure, such as the Hartree-Fock model or Kohn-Sham models [99] of Density
Functional Theory (DFT) [46,86,108|.

Euler-Lagrange equations.

The Euler equation for the Hartree model reads

+oo too

7’ = Zm|¢z><¢z|, () = pryo(x) = an’|¢z‘(x)|2,
i=1 i=1

HO¢; = ei¢;, (hi, dj) = ijs

+oo
ni:11f5i<sp7Ogniglifgi:gp, ni:Oif5i>5F, Zni:Na (430)
i=1

1
H = —§A + V0,
_Avo — 47T(pnuc _ pO).

It can be proved that the essential spectrum of the self-adjoint operator H? is equal to R, and
that, for a neutral or positively charged system, H° has at least N negative eigenvalues. The
scalar ep, called the Fermi level, can be interpreted as the Lagrange multiplier of the constraint
Tr(7%) = N.

Assuming that ey < en41, the ground state density operator 4% of the Hartree model is
unique: It is the orthogonal projector

N
"’ = Z|¢z><¢z|
i=1
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In this case, (4.30) can be rewritten under the more compact form

"YO = 1(—00,51:] (Ho)a pO = PO,

1
HO= —tatve, (4.31)
_AVo — 47T(pnuc _ pO)’

for any ep € (en,en+1). In this equation, the notation 1(_ ., (H?) is used for the spectral
projector of H° corresponding to the spectrum in the interval (—oco, ex].

Time-dependent model.

The time-dependent version of the Hartree model formally reads

: 1 nuc —

L= [HYA), HO = =S AV ][ (4.32)
where [A, B] = AB — BA denotes the commutator of the operators A and B. When the system is
subjected to some external time-dependent potential v(t) (modeling for instance the displacement
of some nuclei), the evolution is

i‘% =[H,5), HY=H+v. (4.33)
We do not give the precise mathematical meaning of the formal equations (4.32) or (4.33) for finite
systems, but refer the reader to [5] and references therein (see in particular [39, Section XVII.B.5])
for further precisions. On the other hand, we will define and study a mild solution of such equations
(see for instance [122] for a definition of this class of solutions) in the case of crystals with defects
in Section 4.2.

The time-evolution corresponding to the Hartree model is known as the time-dependent self-
consistent field equation, and is in fact equivalent under some assumptions to the so-called random
phase approximation; see the discussion in [52].

Propagators are an important tool to study the evolution of systems described by time depen-
dent Hamiltonians. Recall that a two-parameter family of unitary operators U(t, s) (s,t € R) on
L?(R3) is a unitary propagator provided (see [124, Section X.12]) (i) V(r, s,t) € R®, U(t, s)U(s,r) =
U(t,r); (i) U(t,t) = 1 (the identity operator); and (iii) U(¢,s) is jointly strongly continuous in ¢
and s.

4.2.1.4 The Hartree model for crystals

The Hartree model presented in the previous section describes a finite system of N electrons in
the electrostatic potential created by a nuclear density of charge p™'¢. Crystals are, on the other
hand, infinite periodic assemblies of nuclei surrounded by their electronic clouds. We consider
therefore the bulk limit where the nuclear density of the perfect crystal is described by a R-
periodic distribution ppir, R = Zay + Zaz + Zag denoting a periodic lattice of R3 ((ay, as,a3) is a
given triplet of linearly independent vectors of R?). A unit cell of R is denoted by I". Functional
spaces of periodic functions are defined as
L? (= {u € LIZOC(R?’) ’ u R—periodic} ,

per

and similar definitions hold for H¥_ (I"), etc.

per
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Bloch-Floguet transform

The Bloch-Floquet theory was introduced by Floquet for periodic differential equations and gen-
eralized by Bloch to periodic partial differential equations. We just recall the basic results we need
and refer the reader to [125] for instance for further precisions.

The reciprocal lattice of the lattice R is R* = Zaj + Za3 + Zaj, with a;-a} = 2md;;. We denote
by I'* the first Brillouin zone (which is in particular a unit cell of R*). Any function f € L?(R?)
can be decomposed by the Bloch-Floquet transform as

fla) =1 fyla)e?dqg,
-

where f,., is a notation for |[I™*|~! [}, and where the functions f, are defined as

: R (2m) 3/2 K

=Y flz+R)e i+ = > Flg+ K)o, (4.34)
RER o KeR*

For almost all ¢ € R?, f, € L2, (I). Besides, forx(z) = fy(z)e 7 for all K € R* and almost

all ¢ € R3. Lastly,

1 = 1 llt cry o

The main interest of the Bloch-Floquet transform (4.34) is that it provides a “block diagonaliza-
tion” of any R-periodic operator, that is of any operator on L?(R?) that commutes with trans-
lations operators 7x for all R € R. Consider first a bounded R-periodic operator A on L?(R3).

Then there exists a family (Aq)qer+ of bounded operators on L2, (I") such that

Vv € L*(R?), (Av), = Ayv, for almost all ¢ € I'*. (4.35)

If, in addition, A is self-adjoint on L*(R?), then A, is self-adjoint on L2 (I") for almost all ¢ € I'*
and

qel™

Introducing the orthonormal Fourier basis (ex)xer+ of L2, (I"), with e (z) = |I'|71/2eE it

follows from (4.35) that any bounded R-periodic operator on L?(R?) is completely characterized
by the Bloch-Floquet matrices

([AK,K’(Q)] (K,K')ER* xR*)qu*

defined for almost all ¢ € I'™* by Ak k/(q) = (eK,Aqu/>L§cr(p). In particular, for all (K, K') €
R* x R* and almost all ¢ € I'*,

Yo e L*(RY), F(Av)(g+K)= > Agx(g)Fv(g+K'). (4.36)
K'eR*

For unbounded operators, the situation is slightly more intricate. Let us limit ourselves to the
case of R-periodic Schrédinger operators of the form

1
H - 7§A + Vpcr

with Vier € L2 (I"). By the Kato-Rellich theorem and [125, Theorem XIIL.96], the operator H is

self-adjoint on L?(R3), with domain H?(R?). It can also be decomposed as follows:
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Vv € H*(R?), v, € Hper(F) and (Hv), = Hyv, for almost all ¢ € I'",

where H, is the self-adjoint operator on L2, (I") with domain HZ, (), defined by

per per

\ql2

o+ Voer.

1
H, = —§A —iq-V + —
It is easily seen that for each ¢ € I'*, H, is bounded below and has a compact resolvent. Conse-
quently, there exists a sequence (g5, ¢)n>1 0f real numbers going to +o0o, and an orthonormal basis

(tn,, )n>1 of L2 (I') such that
+oo

H, = Z Enyqltn,g) (Un,ql-

n=1

As the mapping ¢ — H, is polynomial on R?, it is possible to label the eigenvalues ¢, , in such a
way that (£,,,0)n>1 1S non-decreasing and that for each n > 1, the mapping ¢ — ¢, 4 is analytic in
each direction. Then, the spectrum is the union of bands

oH)=|J oy =J [Z0. 577,

qerl™ n>1
with
- _ . +
Y =mine,, X =maxe,,. (4.37)
qer™ qel™

The interval [X, X:+] is called the n'® band of the spectrum of H. It is possible to prove that the
spectrum of H is purely absolutely continuous [145]. In particular, H has no eigenvalues.

Perfect crystals

The bulk limit argument allowing to obtain the correct limiting model to describe crystals in the
Hartree framework has been rigorously founded by Catto, Le Bris and Lions in [28], for nuclei of
unit charge on the cubic lattice Z3. It is also possible to justify the periodic Hartree model by
passing to the limit on a supercell model with artificial periodic boundary conditions (see [23]).
The latter approach is less physical, but technically much easier, and its extension to arbitrary
crystalline structures is straightforward.

The model obtained by passing to the limit in (4.31) reads

WSer = 1(—oo er| (ngr)a pger = p"/ger’
HY, = fA + V2, (4.38)

_AVO = 47T(pglelt? - pper)

per
[t [ m=n (4.39)
r r

in order for the periodic Coulomb equation —AVY, = 4m(phuc — pf..) to have a solution. As

with

V0., is R-periodic (and belongs to L2, (I") even for point-like nuclei), the operator HJ, can be
decomposed using the Bloch-Floquet transform:
1 q

(Hper), = —5A =iV + - o | +VO, = Zen oltn.g) (Ung)- (4.40)

n=1

The operator ’Yper = 1(—ooer]( is a bounded self-adjoint operator which commutes with the

per)
translations (7r)rer, and its Bloch-Floquet decomposition reads
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—+oo
(’Vper Z ]-{En g<er} |Un q><un q|

n=1

Actually, the set {g € I'* |In > 1 s.t. €, 4 = er} is of measure zero since the spectrum of Hper
purely continuous. It follows that yper is always an orthogonal projector, even if e belongs to the
spectrum of Hper

Using the Bloch decomposition of 'ygcr, we can write the density chr as

pper 7[ Zl{é‘n ngF}|’u’n’Q( )l dq

Integrating on I', using (4.39) and the orthonormality of the functions (uy,q)n>1 in L
obtain

I, we

per(

|F*| ZHQGF | En,g < 5F}| (4.41)

This equation uniquely determines the value of the Fermi level ep. It is easy to see that if the
periodic Coulomb potential is shifted by a uniform constant C, and if e is replaced with ep 4 C,
then VSer and pger remain unchanged.

The results from [23,28] ensure that (4.38) is well-posed. In particular, the Hartree ground
state density operator 7y, and the density pJ. are uniquely defined. In addition, the periodic
Coulomb potential Vpoer and the Fermi level ep are uniquely defined up to an additive constant,
while Vper er is uniquely defined. Besides, 'Yger can be obtained by minimizing some periodic
energy functional on the unit cell I".

In Sections 4.2.2 and 4.2.3, we assume that the system is an insulator (or a semi-conductor) in

the sense that the N*® band is strictly below the (N + 1) band:

+ _ . —
Xy = ;Iéax EN,g < ;2}11 EN+1,9 = Lnyq-

I*

In this case, one can choose for ep any number in the range (E]J{,, E;,H). For simplicity we set in
the following

o+
ep=———
2
and denote by
9=y, -2 >0 (4.42)

the band gap.

4.2.1.5 The time-independent Hartree model for defects in crystals

Finally, we briefly recall the main properties of the time-independent model for crystals with a
localized defect (see [23,24] for a detailed analysis). The charge of the defect is denoted by v, so
that the total nuclear charge density is ppgy +v. Conditions on v are provided in (4.50) below. It is
proved in [23] by means of bulk limit arguments that, for insulating and semiconducting materials,

the ground state density matrix of a crystal reads

Y= Yoor + Queer- (4.43)

The proof is performed for a nuclear charge ppey € L2 (R3), corresponding to smeared nuclei.
However, as proved in [24], the limiting model describing the state of the defect (see (4.48) below)
makes sense for point-like nuclei.

We first need to introduce the Coulomb space
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C={re s ®) | JeLi®) |- f() e L*®R)},

where .7’ denotes the space of tempered distributions, the dual of the Schwartz space .. Endowed
with the scalar product extending (4.29) and defined by

D(f1, f2) :== 47-1-/R3 fl('I<|3])€|];2(k)dk7

the space C is a Hilbert space. Recall that L%°(R?) < C and that, for f; and fy in L5/5(R3),

g = [ [ LW 4, (4.44)
r Jrs [T =y
Considering L?(R3) as a pivot space, the dual space of C is
¢ :={V e L°R% |VV € (L*(R*))%},
endowed with the inner product
Vi Voo = — [ 9V; -9V = i/ |k[* Vi (k) Va (k) dk.
41 Jps 41 Jps
The appropriate functional space to describe local defects is the convex set
K={Q€ Q| 1e<Q<1I e } (4.45)
with
0={Qec6:|Q"=Q, Q@ €6y, Q" ey, (4.46)

|V‘Q € GQa |V|Q77|V| S Gla ‘V‘Q++|V| S Gl}a

where &7 and G, respectively denote the spaces of trace-class and Hilbert-Schmidt operators
on L*(R%), Q77 =10,Q70 and QT = (1 —~3,,)Q(1 — 73,,). Endowed with the norm defined
by

IQlle = 111 = 24)2Qlls, + (1 = 2)/2Q7 (1 = 4)'2|le, + [I(1 = 2)2Q (1~ 4)!2|s,,

the space Q is a Banach space. It is proved in [23] that although a generic operator @ € Q is
not trace-class, it is possible to define a generalized trace Tro(Q) = Tr(Q*+) + Tr(Q~ ") and a
density pg € L?*(R?*) N C. In addition, the mapping which to Q € Q associates pg € L*(R?) NC is
continuous (see [23, Proposition 1]): there exists C,, > 0 such that

Ip@llz2ne < CollQllo (4.47)

for any @ € Q. Note that if Q@ € K N &y, then of course Tro(Q) = Tr(Q), po € L'(R?) and
Tr(Q) = f]RS PQ-

The operator (), ., is obtained by minimizing over K the energy functional

_ 1
Brce(@ = Tro (H30@) = [ pov1-17)+ 5D(ng. ). (1.45)
where Trg (H 0 Q) is a notation for

per

Tro (H0eQ) = Tr (| Hbr — v /* (@ = Q77) [Hir — v ') +exTro(@).  (4.49)
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The energy functional F, .. is well-defined on K for all v such that
(vx|-|7h) e L2(R?) +C'. (4.50)
The first term of E, ., makes sense as it holds

(1= A) < [HY,, —er| < e2(1 - A) (4.51)

for some constants 0 < ¢; < ¢3 < 00 (see [23, Lemma 1]). The last two terms of E, ... are also well
defined since pg € L*(R*) NC for all Q € K.

4.2.2 Response to a given time-dependent effective potential

The state 'yger of a perfect crystal at equilibrium does not evolve in time. On the other hand, if
originally the system is not at equilibrium and/or if some external perturbation is applied, the
state of the system evolves in time. We describe in this section how the crystal responds to some
local (in space) external perturbation. By local we mean here that the potential generated by the
defects has some integrability properties, see (4.58) below. Recall also that our analysis is limited
to insulating (or semiconducting) materials, i.e. (4.42) is assumed to hold.

More precisely, consider the case when the mean-field Hamiltonian ngr = —%A + VpOe]r of the
perfect crystal (defined in (4.38)) is perturbed by a time-dependent effective potential v(t, z), so
that the system is described by the time-dependent Hamiltonian

Hy(t) = H)o, +0(t,) = —%A + Ve + 0(t,-). (4.52)

The dynamics is characterized by the unitary propagator U,(t,s) associated with the effective

time-dependent Hamiltonian H,, (see Section 4.2.2.1 for conditions on v ensuring that the evolution

operator is indeed well defined), and the state of the system at time ¢ is described by the density
operator

v(t) = Uul(t, O)’YOUU (t,0)", (4.53)

where 7 is the state of the system at time ¢ = 0. Similar considerations hold for mean-field models
such as (4.38), although the situation is more complicated since both the periodic potential Vpoer
and the perturbation v depend self-consistently on the state . This situation is dealt with in
Section 4.2.3, using the results obtained in this section.

Considering v(t) as a perturbation of the time-independent Hamiltonian ngr, it is natural, as
in the time-independent description of defects presented in Section 4.2.1.5 (see in particular the
definition (4.43)), to introduce

Q(t) = 7(t) — Yper- (4.54)

The first aim of this section is to prove that, if initially Q(0) € Q, the Banach space allowing to
describe local defects in crystals, then Q(t) € Q at all subsequent times (see Section 4.2.2.1). We
then focus on the linear response of () with respect to v. This allows to define the polarization
operator, which gives the electronic response of the crystal as a function of the external effective
perturbation (see Section 4.2.2.2). Finally, we show in Section 4.2.2.3 how the results of [24] on
the static polarization of crystals (which is the response of the electronic density to a given, time-
independent potential) can be recovered from the time-dependent setting in some adiabatic limit
where the effective time-dependent perturbation varies very slowly in time.

4.2.2.1 Nonlinear response to an external perturbing potential

We first define the evolution operator U, associated with the time-dependent Hamiltonian (4.52)
and give some of its properties. When v € C'(R, L>°(R3)), Theorem X.71 in [124] gives the
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existence of a unitary propagator (Uy(t,t0))t,.1)erxr 00 L*(R?) such that for each ¢ € H?(R?),
and each tg € R, t — ¢y, (t) = U,(t, to)? is in CY(R, L2(R?)) N CO(R, H?(R?)), and satisfies

id¢t0 (t)
dt

(t) = Hy(t) s, (1), b1, (to) = V.

Besides, denoting by Up(t) = e —itHpo the unitary propagator associated with the time-independent
Hamiltonian HY, , (U,(t, t0))(to,t)er xR is the unique unitary propagator satisfying the Dyson equa-

per’
tion
t

V(to,t) €R xR, Uv(t,to) = Uo(t — to) —1i Uo(t — S)’U(S)UU(S,to) ds. (455)

to

Under the weaker assumption that
v e Lo (Ry, L% (RY)), (4.56)

it can be proved (see [H30,Lemma 1]) that there exists a unique unitary propagator solution
o0 (4.55). By extension, we will call (Uy(t,%0)),,t)crxr the unitary operator associated with the
time-dependent Hamiltonian H,(t).

We now consider the evolution equation (4.53). This evolution automatically propagates for-
ward in time the conditions 7° € S(L*(R3)) and 0 < +° < 1. Using (4.53)-(4.55) and the fact
that 7)., is a steady state of the system in the absence of perturbation (Up(t)ype,Uo(t)* = Yper),
a simple calculation shows that Q(t) satisfies the integral equation

vte Ry, Qt)=Us(t)QUp(t)" — i/o Uo(t — $)[0(8), Yoer + Q(8)]Uo(t — 5)* ds, (4.57)

where Q° = ~° ffyger. It is easy to see that under the assumption (4.56) on the effective potential v,
the above integral equation has a unique solution in C°(R,, S(L?(RR?))).

We now focus on the interesting and important case when v(t) is the effective potential gener-
ated by a local defect, that is when

o(t) = velp(t)) = p(t) x| - |, (4.58)

In order for the time evolution to be well defined, we assume that the electronic density of the
defect is sufficiently regular, namely p € Ll (R, L?(R?) N C). The mapping v. is an invertible
bounded linear operator from C to C’, and it also defines a bounded operator from L?(R3) NC to
L>(R?). Hence, if p € L] (R, L*(R3) N C), the potential v defined by (4.58) satisfies (4.56). The
following proposition shows that, in this case, (4.57) can be considered not only as an integral
equation on S(L?(R3)), but also as an integral equation on the functional space Q.

Proposition 4.2. Consider Q° € Q, p € L (R, L*(R*)NC) and v the effective potential (4.58).
Then, the integral equation (4.57) has a unique solution in C°(R.,Q), and for all t € R,
Tro(Q(t)) = Tro(QP). In addition, if Q° € K, then Q(t) € K for allt € Ry..

The Dyson expansion consists in writing (formally for the moment) the solution Q(t) of (4.57)
as the series

where the operators )y, ,(t) are obtained by inserting (4.59) into (4.57) and equating the terms
involving n occurrences of the potential v. In particular, the linear response is given by

Q1,0(t) = —1/0 Uo(t — 5) [0(s), e + Un(8)Q°Uo(s)*] Up(t — )" ds, (4.60)
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and the following recursion relation holds true:

Vn>2, Qnu(t) = —i/o Uo(t — s) [v(s), Qn-1.(5)] Up(t — s)* ds. (4.61)

The main result of this section is the following proposition.

Proposition 4.3. Consider p € L (R4, L*(R*)NC) and v the effective potential (4.58). For each

n > 1, the operator Q. defined by (4.60) for n = 1 and by (4.61) for n > 2 is in CO(R4, Q),
and, for anyn =1, Tro(Qn(t)) =0 for allt € Ry. Besides, there exist 3, Ceom,0 > 0 such that

1+1Q° f "
vzl weRe Qe < SHL (50 [Ip6lneds) a2
: 0

and the right-hand side of (4.59) converges in Q, uniformly on any compact subset of Ry, to the
unique solution to (4.57)-(4.58) in C°(Ry, Q).

4.2.2.2 Linear response and definition of the polarization

The aim of this section is to motivate, using rigorous mathematical arguments, the formulae (4.73)
for the polarization matrix usually encountered in the physics literature, known as the Adler-Wiser
formulae [1,154]. These expressions are established for a modified linear response involving some
damping. Proposition 4.6 gives a mathematical meaning to the polarization formulae when the
damping vanishes.

Definition of the polarization

Since the polarization is defined as the linear response of the electronic density with respect to
variations of the external potential (see (4.64) below), we focus on the linear response operator

Quo(t) = —i/o Uo(t = 5) [v(5), Yper + Uo(s)Q°Uo(5)"] Uo(t — 5)* ds

defined in (4.60). We choose in the sequel Q° = 0. When the external perturbation v(¢) is compactly
supported in time in some interval [—tg,tg], we can view the perturbation process as a dynamics
starting in the distant past from an equilibrium state described by Q(t) = 0 up to time t = —ty,
and perturbed only for times ¢ > —to. Upon changing the the reference time from 0 to —t¢, the
following integral equation is then obtained:

vt € R, Q1.,(t) = fi/ Uo(t — ) [v(s),fyger] Uo(t — s)* ds. (4.63)

— 00

The interest of this formulation (compared to the original formulation (4.60)) is that it can be
interpreted as some time convolution, which can then be rewritten in a simpler manner using
Fourier transforms in time. Since v + @y, defines a continuous linear mapping from L'(R,C’)
to CY(R, Q), where CP(RR, Q) denotes the space of the continuous bounded Q-valued functions
on R, it is then possible, by density, to consider external perturbations v € L(R,C’), and not only
perturbations with compact supports in time. Alternatively, for a given perturbation v(t) defined
only for positive times, it is possible to write the linear response (4.60) as (4.63) upon considering
v(t) = 0(t) 10

Since Q1,,(t) € Qforallt € R, adensity pg, , (t) € L*(R*)NC can be associated to this operator
in view of [23, Proposition 1]. This defines the polarization operator, which is the bounded linear

mapping
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xo @ L'R,C') = C2(R, LA(R3*) NC)

(4.64)
V= PQu .

In fact, it is more convenient to work with the mapping & = ’UC/ X0 vl/ ? As vl /2 is an invertible
bounded linear operator from L?(R3) onto C’, and from C onto L?(R3?), and as L?(R3) NC' =
H'(R3), & is a continuous linear operator from L' (R, L*(R?)) to CL(R, H!(R?)):

& : LMR,L*(R3)) — CY(R, H'(R3))

1/2 4.65
fe v (lemé/z(f)> ' ( )

In order to state our results, we need to introduce additional Fourier transforms taking the time
variable into account. The partial Fourier transform with respect to the time variable, denoted
by F:f, has the following normalization:

“+oo

(Fif) (w,2) = / £t z) et dt. (4.66)

— 00

The spatial Fourier transform (4.23) is denoted by F, in the sequel in order to avoid confusions.
The space-time Fourier transform is then F; , = F.F, = FoFy.

Damped linear response

In order to study the properties of the linear response, it is convenient to first focus on the damped
linear response defined, for n > 0, as

7o) = i / Uo(t — ) [0(s)7%] To(t — 5)*e1=) ds. (4.67)

We introduce the associated damped linear response operator
& o LY(R,LA(R3)) — CY(R, H (R3)) N LY(R, H'(R?))

4.68
f — 'Ué/z (pQ"I ) . ( )
12

As shown below (see Proposition 4.6), the operator & is indeed an approximation of the oper-
ator &. The interest of the operator &" is that it has better regularity properties than the plain
linear response &.

For a given 7 > 0, we consider a simple closed contour %;, in the complex plane, symmetric
with respect to the real axis, enclosing o(H},,) N (=00, ex], containing no element of R = in (see
Figure 4.2), and such that

dlst(%,, o (Hpe) N (—oo,ep]> >

w3

, dist (‘Kn, R+ 177)

03\3

(4.69)

We can then prove the following result.

Proposition 4.4. The operator &" is bounded on L?(R,L?(R3)) and, for f1, fo € L*(R, L*(R?)),

s 6" ) 2y = [ (Fefalw), 67 Fuf @) esy o (4.70)
R
where, for hy,hy € L*(R3),
1 (Vger)l 1/2 (’Yger> 1/2
<gn(w)h1’h2>L2(R3) = ;Im (%gn TI'L2(]R3) [ (ngr +w+177) Ve (hg)TgerUC (hl) dz | .

(4.71)
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=
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Fig. 4.2. Integration contour %,.

In addition, there exists a constant C > 0 such that
C
||gn||B(L2(R,L2(R3))) = sup ||gn(w)||B(L2(R3)) < "2
weR n

Since the linear response commutes with time translations, it is not surprising that the op-
erator &7 is diagonal in the frequency domain (in the sense of (4.70)). Besides, the operators
&"(w) commute with spatial translations of the lattice. They are hence decomposed by the Bloch
transform associated with the lattice R. Equalities similar to (4.36) can be obtained. The action
of &(w) on the fiber associated with the Bloch vector ¢ € I'* is denoted by &"(w, q). The Bloch
matrices of the operator &"(w) are then defined using the Fourier basis (ex)xer+ of L2, (I') as

per

& (W, ) = (e, 7w, g)ex)

2 9
per

and it holds

VKGR*a ft,x (5’77]") (waq+K): Z g]@yK’(qu)Ft,mf(qu_’_K/)a fOI' a.a. (w’q)ERXF*'
K/eR*
(4.72)
As stated in the proposition below, the Bloch matrices of the operators &" can be written
in terms of the Bloch decomposition of the mean-field Hamiltonian ngr. As mentioned at the
beginning of this section, the expressions (4.73) are known in the physics literature under the
name of Adler-Wiser formulae [1,154].

Proposition 4.5. For each n > 0, the Bloch matrices of the damped linear response operator &"

are given by

1r-(q) |¢ + K|
(W, q) = 7] WT};K/(UJ,Q), (4.73)

where the continuous functions T};K, : Rx R?® = C defined by

+00 iK K’

n (U, g, @717 “n,q+q’>L§,cr<un>q+q” e 'x“m,q’>L§m ,
TK,K' (WaQ) = E (1n§N<m—1m<N<n) : dq
s . En,g+q — Em,g — W —in

(4.74)
are uniformly bounded.

The above expressions are well defined (in particular, the sums are normally convergent).
Standard linear response

We now come back to the linear response defined in (4.65), which corresponds to the limit of the
damped response (4.68) as 7 — 0 (this limit is made precise in Proposition 4.6 below). It is not
possible to pass to the limit directly in (4.73) since the denominators in (4.74) may vanish when
|w] > g (recall that ¢ is the band gap of the host crystal, defined in (4.42)). The limit of the
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expressions (4.73) is rather singular, and should be understood as a tempered distribution. It is
therefore useful to first rewrite (4.72) using tempered distributions: for all f € .7 (R x R3),

Foa @)= > ric(ror (Foaf) Gl icr), (4.75)

K,K'eR*

where 7k f(w, q) = f(w,q — K) is the momentum space translation of vector K. It can be proved
that the series on the right hand side of (4.75) converges to F; , (& f) in the sense of the tempered
distributions. The Bloch-frequency decomposition of the operator & defined by (4.65) is then
obtained by passing to the limit in (4.75) when 1 — 0.

Proposition 4.6. The operators & converge to & in the following sense: for any f € L*(R, L?(R3)),

lifg Ef=&EF in L (R, HY(RY)).
n

Besides, for each (K,K') € R* x R*, the Bloch matriz &} ;. converges in (R x R?), when 1
goes to zero, to a limiting distribution denoted by Ex . Finally, for each f € (R x R3), the
following equality holds in .7 (R x R3):

Fua@= > ric(roxr (Faf) bicrcr). (4.76)

K,K'eR*

This result shows that the matrix (&kx ')k k can be interpreted as the Bloch matrix of the
operator &.

4.2.2.3 Adiabatic limit: static linear response

The linear response of the electronic density for time-independent perturbations was studied in [24].
The aim of this section is to recover the static polarization operator from the time-dependent one
in some adiabatic limit.

The time-independent polarizability operator defined in [24, Proposition 1] reads

(g«>~static . L2(R3)—)L2(R3>
/2 ) (4.77)

1
h — Ve Pstatic
Ql.vé/2(h)

with, for V € C/,
1

sit,;\l/‘;ic = T¢ (Z - ngr)_lv(z - ngr>_1 dZ,
17T %o
where %) is a simple closed contour in the complex plane enclosing o(H?,,) N (=00, er] and con-

per
taining no element of o (H3,,) N [ep, +00). We deduce from the results in [24] that

V(K,K') e R* x R*, &5°(q) = Ex,x0(0,q) for aa. g€ I'™.

The time-independent polarizability operator is therefore the zero-frequency limit of the dynamical
response, obtained by setting w = 0 in (4.73) and passing to the limit n — 0.

This observation leads us to study the adiabatic limit of the linear response, where, for some
sufficiently small parameter o > 0, the evolution of the time-dependent potential v is slowed down
by replacing v(t) by v(at), and the effect of the perturbation is considered on longer times ¢/« in
order to obtain a non-trivial result. More precisely, given a time dependent perturbation v(t), we
introduce the linear response Qv(fv (t) = Q1,v(a) (t/a) (where Q1 is defined in (4.63)):
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@uw=4/ww(t—ﬁhm%ﬁgw(;—ﬁ*w

oo @

Equivalently, this procedure may be seen as accelerating the free evolution generated by ngr and
appropriately rescaling the result. Indeed, a change of variables shows that

~n@=—;[;%(ff)h@n&uhc;ﬂ*@

For any o > 0, we introduce the rescaled linear response operator

&Y Ll(R, LQ(R?’)) — CS(R,HI(R?’))
1/2 4.78

Proposition 4.7. For any function f € /(R x R3),

li%@g’lf =& in (R x R?),

where for all t € R, (é?‘of) (t) = &static(f(1)).

This result means that, in the adiabatic limit we consider, the linear response at time ¢ only
depends on v(t). There is no memory effect. Moreover, the linear response at time ¢ is given by
the time-independent (or static) polarization operator &5'*%¢ studied in [24, Proposition 4].

4.2.3 The time-dependent Hartree model for defects in crystals

We consider in this section the evolution of the state of a crystal with defects when the system
evolves according to a nonlinear evolution equation generalizing the evolution (4.33) for finite
systems. Formally, we write, as in (4.54), the state of the system in the thermodynamic limit
as Y(t) = Yper + Q(t). The key point is to take into account the perturbations of the potential
arising from the perturbation of the electronic density. Still denoting by v(¢) the applied external
perturbation, this amounts to replacing the effective time dependent Hamiltonian (4.52) by

H}y}(t) = ngr + /U(t) + UC(pQ(t))'

The equation governing the time evolution of the defect can then be motivated by a formal
thermodynamic limit of the evolution equation (4.33) for finite systems, leading to the following
nonlinear dynamics:

,4Q(1)
dt

= [Hper + 2oy * | - |7 +0(t), 1per + Q(1)] - (4.79)

The well-posedness of this dynamics is discussed in Section 4.2.3.1. In a second step, we obtain in
Section 4.2.3.2 the expression of the macroscopic dielectric permittivity in terms of the microscopic
description of the crystals through some homogenization limit.

4.2.3.1 Well-posedness of the dynamics

We consider mild solutions of the von Neumann equation (4.79), for an applied perturbation
v(t) = —ve(v(t)), with a nuclear charge distribution of defects v(t) € L*(R3) N C for all ¢t. The
notion of mild solution is defined in [122] for instance. Since [HJ,,, 5] = 0, the mild solutions
satisfy the following nonlinear integral equation:
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t
VtERL, Q) = Up(QUo(t)" —i / Uo(t=3) [ve(pa(s) = (5))s Yoer +Q(s) | Uo (1) ds, (4.80)
0

for a given initial condition Q¥ € K (recall that K is defined in (4.45)). We can prove the following
result.

Theorem 4.2. Letv € LL _(Ry, L*(R*)NWb (R, C). Then, for any Q° € K, the time-dependent
Hartree equation (4.80) has a unique solution in C°(R,, Q). Besides, for allt >0, Q(t) € K and
Tro(Q(t)) = Tro(Q°). Finally, if VSer + QY is an orthogonal projector, then ’yger + Q(1) is also an
orthogonal projector for all t > 0.

The proof of local existence and uniqueness is classical and is based upon a Banach fixed point
argument in a well-chosen ball of Q. Once local-in-time existence and uniqueness is ensured, it is
possible to extend the well-posedness of the dynamics to all times by proving that the Q-norm of
Q(t) does not blow up in finite time. This can be completed by controlling the growth of ||Q(¢)] o
by means of the energy functional £ : Ry x Q — R defined by

£(1,Q) = Tro(HD,Q) — Dlpa,v() + 5 Dlpq: pa), (481)

where Tro(H),,Q) is defined in (4.49).
Under appropriate regularity assumptions on Q° and v, the unique solution of (4.80) is a

classical solution of (4.79) (see [H30, Proposition 12]).

4.2.3.2 Macroscopic dielectric permittivity

We motivate in this section the definition of the dielectric matrix starting from the nonlinear
evolution equation (4.80). We start with formal computations, which, to be justified, would require
estimates on the long time behavior of Q(t). Unfortunately, we do not have such estimates, see
the discussion after Proposition 4.8. For the same reasons as the ones presented before (4.63), we
choose @° = 0 in (4.80) and change the reference time from 0 to t(, letting then ¢y go to —oo,
formally obtaining

Q) = *i/ Uo(t = 5)|ve(pqs) = ¥(5)), Yper + Q(s) |Un(t — 5)"ds. (4.82)

— 00

The above integral equation can be rewritten as
Q(t) = Ql,vc(pQ—u) (t) + QQ,vc(pQ—u)(t)v (483)

where the linear operator ()1, is defined in (4.60), and where the remainder @2%(%_”) (t) collects
the higher order terms. Equation (4.83) can be reformulated in terms of electronic densities as

pQ(t) = [L(v — pq)] () + r2(t), (4.84)
where £ = —xov. and r2(t) = p@Q,vc(pQ—u)(t)’ or, equivalently,
(L + L) (v = po)] (t) = v(t) —r2(1). (4.85)

This motivates the following result.

Proposition 4.8 (Properties of the operator £). For any 0 < {2 < g (where g is the band
gap of the host crystal), the operator L is a non-negative, bounded, self-adjoint operator on the
Hilbert space
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A = {g € L*(R,0) ‘supp(]:t,mg) C[-02,0] x R3},

endowed with the scalar product

Y
(02, 01)12(0) = / D(oa(t, ), enlt, ) dt = 47r/ Fro@2@ ) st @ F) g, gy,
R

2
—0 Jrs |K|
Hence, 1+ L, considered as an operator on g, is invertible.

This result cannot be used as such to study (4.85) since, even when v belongs to /%, the
nonlinear response 75 generally involves frequencies with absolute values larger than (2. This can
be seen from the relation (4.61). For instance, Q2 , is a convolution between the time evolution Uy
of the perfect crystal, and products such as vQ; ,. Since the time Fourier transform of each of the
element of the latter product has support in (—2, 2), the time Fourier transform of their product
has support in (—2£2,2(2).

In order to rigorously obtain the macroscopic dielectric permittivity from (4.85), some spatial
rescaling should be performed. In the time-independent case dealt with in [24], the equivalent
of the nonlinear term 75 turns out to become negligible under this spatial rescaling. In order to
prove that the same phenomenon occurs in the time-dependent case, we would need estimates
on the time growth of the nonlinear term r5(¢). Controlling this term is probably difficult since
very few is known about the long time limit of dynamics such as (4.82). Typical tools to this
end are Strichartz-like estimates, which allow to establish appropriate decays in time and prove
scattering results (see for instance [126, Section XI.13]). Such inequalities are easy to prove for
the operator —A on L?(R3). To our knowledge, the only known dispersion inequality for periodic
Schrodinger operators is restricted to the one-dimensional setting, see the recent work [34]. The
proof is based on the stationary phase method, but several fine estimates rely explicitly on the
fact that the system is one-dimensional. It is unclear whether such results can be extended to
three-dimensional systems.

We will therefore limit ourselves to pass to the macroscopic limit on the following linear prob-
lem, which can be seen as a simplification of (4.84): 2 € (0,9) and v € Hg, being given, seek
puv € Hg such that

VteR, [(1+4+L)(v—p)](t)=uv(t). (4.86)

In order to obtain some macroscopic property, we consider the regime where the perturbation is
weak but spread out over a large region, using the same spatial rescaling as in [24]. For n > 0,
introduce the rescaled charge of the external perturbation

vy(t,z) = n’v(t,nx). (4.87)

Note that the total charge of the defect is preserved since [ps vy(t, ) dx = [ps v(t, ) dz for all
n > 0 and all ¢ € R. We also define the rescaled potential generated by the total charge of the
defect v, — p,, as

Wi(t,x) = 7)71110(1/,7 - pyn) (t,nilz) . (4.88)

The scaling of the potential is such that, in the absence of dielectric response (£ = 0), the potential
effectively seen by the crystal is W)! = v.(v). We are then able to prove the following result.

Proposition 4.9. There exists a smooth mapping em(w) for w € (—g,g), with values in the space
of symmetric 3 x 3 matrices, satisfying en(w) = 1 for all w € (—g,9g), and such that, for all
veHqg (0<2<g) the rescaled potential W defined by (4.86)-(4.88) converges weakly in He
when n goes to 0, to the unique solution W, in Hq to the equation

—div (EM(w)v FaW,] (w, .)) = 4 [Fiv] (w, "), (4.89)
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where div and V are the usual divergence and gradient operators with respect to the space variable x.

A precise expression of ey(w) in terms of the Bloch decomposition of the mean-field Hamilto-
nian ngr is given in [H30]. Note that in the macroscopic equation (4.89), the pulsation w enters
only as a parameter: there is no coupling between different values of w. In the space-time do-
main, this means that the charge v(t,z) and the potential W, (¢,x) are related by a space-time

convolution.
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5.2 Mathematical and numerical analysis of models in quantum physics 88

I present in this chapter some of the research tracks I intend to explore in the near future: nu-
merical methods for nonequilibrium systems in statistical physics (Section 5.1), and mathematical
and numerical analysis of models from quantum physics (Section 5.2).

5.1 Numerical methods for nonequilibrium systems in statistical physics

The computation of average properties of nonequilibrium systems, such as average values of the
response functions considered in Section 3.1.3, is almost always performed using longtime averages
over the nonequilibrium dynamics. In many situations however, these averages are not converging
very fast because of the large variance of the estimator compared to the average value to be
computed (see for instance the discussion in [H22]). Moreover, in some situations such as thermal
transport computations in very long atom chains, long transient regimes have to be removed from
the computation of the average. With my implementation of the numerical algorithms and the
computers we have at CERMICS, this means sometimes discarding several weeks, if not months,
of computations for the longest chains (N ~ 100,000). There is clearly a need for more efficient
numerical techniques to compute linear response properties, and properties of nonequilibrium
systems in general.

5.1.1 Variance reduction techniques

Variance reduction techniques are used on a daily basis in equilibrium simulations. The use of such
techniques is often based on the explicit expression of the invariant measure, and its modification
under appropriate perturbations. I have three strategies in mind: importance sampling, stratifi-
cation, and the control variate method. As I argue below, none of these methods can be used as
such for nonequilibrium systems. Indeed, the control variate method is an interesting technique for
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very specific dynamics only; while the unpleasant behavior of the invariant measure of nonequi-
librium systems under perturbations (described below) somehow prevents the use of importance
sampling and stratification by constrained dynamics. This is of course related to the fact that
nonequilibrium systems are really characterized by their dynamics, and the invariant measure is
not as central a concept as for equilibrium systems.

5.1.1.1 Importance sampling

Importance sampling in computational statistical physics is implemented in practice in equilib-
rium methods by adding some biasing potential A to the Langevin dynamics or the Metropolis
algorithm. The correctness of the procedure is based upon the fact that the perturbed measure is
the original measure Z~te~#Y multiplied by a factor proportional to e, so that the microscopic
configurations sampled by the biased dynamics can be reweighted in order to be distributed ac-
cording to the measure of interest. There are several ways to find appropriate biasing potentials,
using for instance the free energy associated with a slow degree of freedom (see the discussion in
Section 2.2.1.3).
On the other hand, consider a nonequilibrium dynamics

dqt = b(qt> dt + O'th,

with invariant measure ¥ (q) dg, perturbed by a gradient term, such as
dgy = (b(Qt) + VA(Qt))dt + odW;.

We denote by 12 (¢) dq the invariant measure of this process (assuming that it exists). In general,
Y2 (q) dq is different from Z~ ") (q)e*(® dq (consider for instance the simple example discussed
after (3.5)). The expression of 17} is actually not known, and has in general no simple relationship
with the expression of 9. It is therefore unclear how to use importance sampling strategies for
nonequilibrium systems.

5.1.1.2 Stratification

Stratification is another way of decomposing a difficult sampling problem in several easier ones.
Typically, it can be applied by constraining the dynamics on the iso-surface of some slowly evolving
degree of freedom, and varying the values of the constraint in order to sample the full phase-
space, as is done in thermodynamic integration (see Section 2.2.2). For equilibrium systems, it is
easy to construct constrained dynamics sampling the restriction of the invariant measure of the
unconstrained dynamics.

The invariant measure of constrained nonequilibrium dynamics may, on the other hand, have no
relationship whatsoever with the invariant measure of the unconstrained nonequilibrium dynamics.
Let us illustrate this point by a simple example. Consider the dynamics

dr} = 0,,H(x},2?) + \/ithl,

da? = =0, H(z!,22) + V2dW?,
on the state space T2, for a given smooth periodic function H. A simple computation shows that
Yoo = 172 is an invariant probability measure. Besides, this is the unique invariant probability
measure since the process is ergodic. Consider now the constraint £(x) = zo. The restriction of

oo to the space {z € T?|£(z) = 0} = T x {0} is ¥, (r1) = 1. The process constrained using a
constraining force in the direction of V¢ reads

de} = f(x)dt +V2dW),  f(z') = 0., H(z",0).
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In general, the invariant measure for this process is different from 1. Indeed, introduce

P V)= / " ) - Fds,

Note that V is a periodic function (V(0) = V(1) = 0). The computations made in Section 3.1.1
show that the unique invariant measure of the constrained process is

1
0

which is different from 1t in general.

5.1.1.3 Control variate method

As far as I know, the only variance reduction technique I have seen applied to nonequilibrium
systems is the control variate method, in the case of a fully stochastic dynamics [66], where the
average flux of particles across the system is measured. The general idea of the control variate
method for nonequilibrium systems is to simulate a system at equilibrium and a system subjected
to a small external forcing, and to monitor the difference between the flux of interest in the
nonequilibrium system, and the flux in the equilibrium one (which, up to statistical errors, should
vanish). When the coupling is sufficiently strong, the variance of the difference of the fluxes is much
smaller than the variance of the flux of the nonequilibrium system alone. On the other hand, this
approach is useless in systems where the bulk dynamics is Hamiltonian since the coupling is too
weak. An interesting question is then: Is there a way to modify the dynamics in order to increase
its coupling properties, while keeping an appropriate linear response?

5.1.2 Variance reduction for nonequilibrium systems: some possible tracks

Finding general variance reduction techniques for nonequilibrium systems is a very challenging
problem. A more amenable path is to understand the standard variance reduction techniques
used for equilibrium systems in the linear response regime, benefiting from the expression of the
invariant measure as a series expansion in powers of the magnitude of the forcing (see (3.17)).

5.1.2.1 Constraining nonequilibrium systems (stratification)

What does it mean to constrain nonequilibrium systems? Or, in a less schematic way, how should
the constraining be performed, and what is the measure sampled by the constrained process? I
have two motivations in mind:

(i) the computation of free energy differences. In this case, the constraint fixes the value of the
reaction coordinate £, and the aim is to compute the normalization factor for the restriction of
oo to X = £71{0}. To this end, the constrained dynamics should sample the marginal of the
invariant measure of the unconstrained dynamics. I expect that the appropriate constraining
process to fulfill this requirement involves the (unknown) invariant measure, but the hope
is that this dependence can be made explicit in the linear response regime, at least at first
order;

(ii) the computation of transport properties of systems with molecular constraints, such as the
computation of the shear viscosity by bulk-driven steady-state nonequilibrium methods for
rigid models of water. The question is in this case: How should the constraints be implemented
in order to have a consistent linear response theory, in the sense that the constraining process
and the linear response procedure commute?
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5.1.2.2 Non-physical dynamics

Another path to more efficient simulations is to more systematically explore the use of “non-
physical” dynamics, that may have better convergence properties than standard dynamics.

(i) As described in Section 3.1.3, there are (infinitely) many equivalent ways of obtaining the
correct linear response by choosing appropriately the perturbation applied to the system.
This does not mean however that the corresponding numerical approaches are equivalent.
In particular, the convergence to the steady state may be faster for some dynamics. The
latter question may be reformulated mathematically by saying that we are looking for a
perturbation .4; maximizing the spectral gap of the generator of the nonequilibrium dynamics
Ao + €A1, under the constraint that the conjugated response £A71 is fixed.

It would be interesting for instance to compare the numerical performances of the three
dynamics presented in Section 3.1.3.5 to begin with.

(ii) A possibly interesting approach is the simulation of systems with fixed fluxes, called Norton
ensembles (see [55, Chapter 6] and [135]). In standard nonequilibrium dynamics, a forcing
is applied to the reference dynamics (for instance, a temperature difference for thermal
transport) and the average of some response function R (such as the energy current) is
monitored. It may however be possible as well to fix exactly the value of the response function
by appropriately constraining the system, and determine the forcing induced on the system.
Linear response properties would then be obtained by dividing the fixed value of the response
by the average forcing. I would like to understand how such a procedure works, and under
which assumptions it is indeed consistent with the standard approach; and then compare its
convergence properties (theoretically and/or numerically) with the convergence properties of
the standard approaches.

5.2 Mathematical and numerical analysis of models in quantum physics

There are several problems which I would like to study in quantum physics, at the intersection of
theoretical mathematical physics and numerical analysis.

First, many extensions of the work on the time dependent linear response of crystals presented
in Section 4.2 can be envisioned:

e The linear response of the system can be studied in the case when the perturbation is not local,
but is rather a global (weak) electromagnetic field.
There are several models to describe magnetism in finite (molecular) systems. Let us present
for instance the Hartree-Fock model for finite systems. It is fundamental to take the spin
variable into account. The state of the system is therefore described by a density operator
v € S(L*(R?,C?)), such that 0 < v < 1 and Tr(y) = N, with kernel

(zy) = <7¢T(%y) Vu(%y)) .

Yir (@, y) v (2, y)

The electronic density is p,(z) = Tre2(y(z, ) = y44(z, ) + v, (z, ), and the magnetization
is the vector

Moy () = (M0, (€)M 2, (2), My 2 (7)), My (2) = T2 (oy(2, 2))

where 01, 09,03 are the Pauli matrices. The energy of such a state in the Hartree-Fock model
reads
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1 . nuc 1
E(’}/) = iTI‘((—IV + Aext)Q’Y) + /]R3 |4 Py + /]R3 My - Bext + 7D(p7’p’y)

2
1 [ Zosetruhertel?
2 Jrs Jrs |z -y

dx dy,

where Beyt is an external magnetic field, and Aey is the associated potential vector. Other
first principle models of electronic structure, such as spin density functional theory or current
density functional theory and their extensions (see [53] and references therein), have forms
similar to the Hartree-Fock energy.

At the macroscopic level, magnetism is described by Maxwell’s equations. For crystals (infinite
systems obtained in the thermodynamic limit), a fundamental issue would be to obtain an
expression of the magnetic permeability from a homogenization limit of a quantum model
describing magnetic crystals. I expect the mathematical techniques involved in this derivation
to be similar enough to the ones used in Section 4.2. A first question is however to write an
appropriate model describing magnetic crystals depending on the type of magnetism of interest
(orbital vs. spin magnetism). For the free electron gas and tight-binding models, there are some
recent results on the definition of the magnetic susceptibility for orbital magnetism [21,137].
For nonlinear models of density functional theory, this is not the case. In fact, the spectral
theory of effective, periodic magnetic Hamiltonians is still an active research topic [69,98].
Another interesting issue is the interaction of the electronic defects and the nuclear degrees of
freedom. Vibrations of the nuclei around their equilibrium positions are described by phonons,
which represent the elementary displacement waves of the underlying crystal lattice. Interac-
tions between electronic states and phonons are modeled in the physical literature by appropri-
ate (linear) couplings. I would like to investigate how such empirical couplings can be derived
rigorously in some limiting regime from an underlying reference fully ab-initio model. This
involves incorporating nuclear degrees of freedom in the model of electronic defects presented
in [23,24]. One mathematical difficulty will be that the perturbations of the nuclear lattice,
arising from the relaxation of the nuclear degrees of freedom, are not necessary local.

There are also other models that are very relevant in applications, and which have not been
investigated from a mathematical viewpoint:

A first one is the GW method to compute electronic excitations such as the ones created
by the incident light on photovoltaic cells [8,58,84,85]. The unknown in this method is the
Green’s function of the system, which satisfies a self-consistent equation for a non-self adjoint
Hamiltonian. The non-self adjointness arises from a frequency dependent exchange correlation
term, which generalizes the standard functionals used in density functional theory (such as
LDA or GGA). Formulating this model in an appropriate functional framework is already
quite challenging.

I would like also to investigate models for transport at the quantum level, in particular self-
consistent models in the framework of nonequilibrium Green’s functions (see [38] for a simple
introduction to such techniques). For instance, it is not clear whether these nonlinear models
are well posed (existence and uniqueness of a solution).

The mathematical difficulties common to all the models hinted at above are the nonlinearity of
the equations and their genuine time-dependence.
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