LANGEVIN MOLECULAR DYNAMICS DERIVED FROM EHRENFEST
DYNAMICS

ANDERS SZEPESSY

ABSTRACT. Stochastic Langevin molecular dynamics for nuclei is derived from the Ehrenfest
Hamiltonian system (also called quantum classical molecular dynamics) in a Kac-Zwanzig
setting, with the initial data for the electrons stochastically perturbed from the ground state
and the ratio, M, of nuclei and electron mass tending to infinity. The Ehrenfest nuclei dy-
namics is approximated by the Langevin dynamics with accuracy o(M_l/Q) on bounded time
intervals and by o(1) on unbounded time intervals, which makes the small O(M ~1/2) friction
and o(M*1/2) diffusion terms visible. The initial electron probability distribution is a Gibbs
density at low temperture, derived by a stability and consistency argument: starting with any
equilibrium measure of the Ehrenfest Hamiltonian system, the initial electron distribution is
sampled from the equilibrium measure conditioned on the nuclei positions, which after long
time leads to the nuclei positions in a Gibbs distribution (i.e. asymptotic stability); by con-
sistency the original equilibrium measure is then a Gibbs measure. The diffusion and friction
coefficients in the Langevin equation satisfy the Einstein’s fluctuation-dissipation relation.
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1. INTRODUCTION TO AB INITIO MOLECULAR DYNAMICS

One method to simulate molecular motion is to use quantum classical molecular dynamics
(QCMD), also called Ehrenfest dynamics, where the nuclear positions X,, : [0,00) — R3 n =
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1,..., N and the electron wave function 1) : [0,00) x R3/ — C solve the Hamiltonian system
(1.1) MX| = —(@'0x, H(X")"),
12) g = mao,

see [26], [17]. The wave function belongs to a Hilbert space with inner product (-,-) and the
operator H(X) is self-adjoint in that Hilbert space. In computational chemistry the operator H,
the electron Hamiltonian, is precisely determined by the sum of kinetic energy of the electrons
and the Coulomb interaction between nuclei and electrons; the Hilbert space is then a subset of
L?(R37) with symmetry conditions based on the Pauli exclusion principle for electrons, see [25],
[4]. Therefore the complex valued L? inner product

X)) = [ ) H X0, ) dey

is used here. The mass of the nuclei, which are much greater than one (electron mass), are the

diagonal elements in the diagonal matrix M.
The Ehrenfest dynamics (1.1-1.2) is a Hamiltonian system with the Hamiltonian

p*
2

in the real variable ((X,¢"), (p,¢")) =: (rp,pr), where p = MX,

M 6, H) = H

(1.3) ¢ =: ¢" +1i¢" is the decomposition into real ¢” and imaginary ¢’ parts,

(¢, ) = 2 and ¥ := ¢/(¢, ¢)*/?; the normalization ¢/ (¢, ¢)*/? is possible since the Schrédinger
equation (1.2) is linear and the norm (¢!, ¢*) remains constant in time. Conequently, the Ehren-
fest dynamics conserves the energy Hg. The superscript ¢ denotes the time variable Xt := X (),
in the fast electron dynamics time scale.

The Ehrenfest dynamics can be derived from the time-independent Schrédinger equation for
the full nuclei-electron system, see [27], and from the time-dependent Schrédinger equation, cf.
[3, 26]. The work [29] describes with examples some of the weaknesses and strengths of the
Ehrenfest approximation.

The Ehrenfest dynamics can be coarse-grained by eliminating the electron dynamics and
assuming the electron wave function is in its ground state Wy, satisfying the eigenvalue prob-
lem H(X)¥o(X) = M(X)To(X) for the lowest eigenvalue A\g(X), which reduces the Ehrenfest
dynamics (1.1)-(1.2) to so called Born-Oppenheimer dynamics [26]

MXbL, = —0xMo(X50).

The large mass M > 1 together with the bounded forces dxAo(X5,) ~ 1 make the dynamics
slow and position increments are better studied in the slower time scale, where 7 := M ~1/2t and
7= MY2r =1t

a2 . R

3 XB0o = —0xM(XEo),
since this dynamics does not depend on M; we will use greek letters 7,0,... to denote time in
the slow scale and latin letters ¢, s, ... for time in the fast scale. The Born-Oppenheimer approx-

imation leads to accurate approximation of observables for the time-independent Schrédinger
equation,

(- M) Ax + H(X))(X,) = ES(X, ),
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in the case electron eigenvalues do not cross:

(1.4) | g(X){(®(X, ), ®(X,-))dX — 9(X)ppo(dX)| = O(M ™)

R3N R3N
for smooth functions g, see [27]. We use the big O and little o notation for
h(M) =0O(f(M)) < 3 C, M, € R such that |h(M)| < Cf(M) for M > My,

. h(M)
h(M)=o0(f(M)) < lim ——= =0.
() = ol () = im B0
The first integral in (1.4) is the quantum mechanical measure of the nuclei-position observable
g(X) and [sn 9(X)pBo(dX) is the the micro canonical ensemble average of g(Xpo), which

would be equal to limy_o 7 " fOTg(XgO)dt if Xpo would be ergodic. The two densities are
normalized so that

1= [ @ 8XX = [ ppo@x).

The same result holds for the Ehrenfest dynamics replacing the Born-Oppenheimer dynamics;
however, this accuracy requires to know the initial electron wave function very precisely. It seems
reasonable to study randomness in the initial data of the electron wave function — the modeling
and accuracy with stochastic electron data ¢ in (1.2) is the purpose of this work.

The main inspiration for the stochastic model here is [12]-[11], by Kac, Ford and Mazur,
and in particular [30], where Zwanzig derives a Langevin equation for a heavy particle, from a
Hamiltonian system with the heavy particle coupled through a harmonic interaction potential to
a heat bath particle system. The stochastics enters by having the heat bath degrees of freedom
initially Gibbs distributed at a certain temperature, which after elimination of the heat bath
degrees of freedom yields a generalized Langevin equation for the heavy particle, including an
integral operator for the friction term — a so called memory term. An assumption of a limiting
continuous Debye heat bath frequency distribution and certain linear weak coupling behavior
then reduces the dynamics to a proper Langevin equation, where the integral kernel becomes a
point mass, i.e. an equation without memory terms.

This work shows, in Section 2, that Zwanzig’s model is closely related to the Ehrenfest Hamil-
tonian system and Sections 3-4 extends the ideas in [30] to the ab initio Ehrenfest dynamics (1.1)
for nuclei and the Schrédinger equation (1.2) for electrons (or other light particles). This means
that the electron wave function plays the role of the "heat bath system”, the stochastics enters
as Gibbs distributed initial data for the electron wave function 1/, and the Gibbs measure is
parametrized by temperature. The approximating Langevin dynamics, for the nuclei positions
X7 in the slow time scale, takes the form

X[ =L ) o

Py, = —OxXo(X]) — Kpp + (21)' /P K'PWT,
at low temperature T < 1, where W is the standard Wiener process in R3Y and the positive
3N x 3N friction/diffusion matrix K = K(X7) is a certain small function (of the ground state
W) of order M~1/2.

The purpose of this work is to study some observables including time-correlation to precisely
determine the friction/diffusion matrix K for the Langevin dynamics. The main idea is to use
the Hamiltonian structure of the Ehrenfest dynamics to formulate and determine stochastic
molecular dynamics in the canonical ensemble of constant number of particles constant volume
and constant temperature. Theorem 3.1 determines a specific friction matrix so that Langevin
dynamics approximates Ehrenfest dynamics for some observables including time-correlation,
in the canonical ensemble when the initial data for the electrons is a temperature dependent
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stochastic perturbation of its ground state; the accuracy is o(M~'/?) on bounded time intervals
(in the slow time scale of nuclei motion), which makes the O(M ~'/2) small friction term visible.
Theorem 3.3 shows that the accuracy is o(1) on unbounded time intervals, assuming the time
correlation length, of the first variation of the observable with respect to momentum, is at most
of order M'/2; this result, valid for long time approximation, detects also the o(M -1/ 2) small
diffusion term. The main assumption for the results is related to the reduction to a point mass for
the integral kernel in the friction term. In contrast to [30] no explicit expression of the frequency
distribution of the coupling is used. Instead it is more generally assumed that the electron
eigenvalues form a continuum in the limit as M, J tend to infinity, so that the zero frequency
limit of the spectral representation of (H — A\g)Ox Wo(X) exists, in the sense described in (3.13)
based on random matrices. A second assumption is that the ¢! norm of the first variation of
the observable is bounded, which restricts the study to observables that are stable in the sense
discussed in Remark 3.2. The results also require the temperature to be low T' < 1, all electron
eigenvalues to be separated and H to depend smoothly on X.

The particles with coordinates z, in (1.1)-(1.2), can also be interpreted as a heat bath of
lighter particles consisting of both nuclei and electrons, i.e. not necessarily only of electrons,
so that the Langevin equation (3.18) also describes approximately the dynamics of heavy so
called Brownian particles. Theorems 3.1 and 3.3 therefore contribute to the central problem
in statistical mechanics to show that Hamiltonian dynamics of heavy particles, coupled to a
heat bath of many lighter particles with random initial data, can be approximately described by
Langevin’s equation, cf. [18]. Such heat bath studies initiates from the early pioneering work
[7],[22] and continues with more precise heat bath models, based on harmonic interactions, in
[12, 11] [30]. More recently these models of a heavy particle coupled to a heat bath are also
used for numerical analysis studies related to coarse-graining in molecular dynamics and weak
convergence analysis [28, 20] [16], for strong convergence analysis [2], and for computational
studies on nonlinear heat bath models [6, 19]. Langevin’s equation has also been derived from
a heavy particle colliding with an ideal gas heat bath, where the initial light particle positions
are modeled by a Poisson point process and initial particle velocities are independent Maxwell
distributed; the heavy particle collides elastically with the ideal gas particles and moves uniformly
in between, see [9, 8].

Five new issues here are:

e why shall the electron initial data be Gibbs distributed? If the electron data could have
other distributions it would lead to different results and one would have a problem to
predict the dynamics. Here the initial Gibbs distribution for the electrons is derived
from a stability and consistency argument in Section 2.1 providing the following closure
result: starting with any equilibrium measure of the Ehrenfest Hamiltonian system, the
initial electron distribution is sampled from the equilibrium measure conditioned on the
nuclei positions, which turns out to be a Gibbs density when the ground state energy
dominates and after long time it leads to the nuclei positions in a Gibbs distribution; by
consistency the original equilibrium measure is then a Gibbs measure.

e The slow nuclei dynamics compared to the fast electron dynamics is exploited, to find a
proper Langevin equation without using explicit heat bath frequencies.

e The error analysis uses the residual in the Kolmogorov equation, of the Langevin dynam-
ics, evaluated along the Ehrenfest dynamics, instead of the explicit solution available for
harmonic oscillators.

e A long time result uses exponential decay in time of the first variation of the observable
with respect to perturbations in the momentum.
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e The wave function v needs to be normalized, which yields a global coupling of the random
initial data that is studied as a perturbation by an assumption of low temperature.

The two central ideas in deriving Langevin dynamics from coupling to a heat bath — to find the
friction mechanism in the heavy particle coupling to the dynamics of the lighter particles and
to find the diffusion from Gibbs fluctuations in initial data of the light particles — were already
the basis in [12, 11] and [30].

The outline of the paper is the following. Section 2 connects the Ehrenfest system to the
Zwanzig model and presents a uniqueness argument for the stochastic initial data. Section 3
formulates the stochastic data for the Ehrenfest model, including the normalization constraint,
and states the two theorems proved in Section 4.

2. ZWANZIG’S MODEL AND DERIVATION OF LANGEVIN DYNAMICS

This section reviews the heat bath model of Zwanzig [30], with his derivation of stochastic
Langevin dynamics from a Hamiltonian system, related to the earlier work [12]. The model
consists of heavy particles interacting with many light particles which are initially in a Gibbs
distribution; in this sense, it models heavy particles in a heat bath of light particles. A modifi-
cation of the general formulation in [30] is here to choose a special case closely resembling the
Ehrenfest dynamics. The model is as simple as possible to have the desired qualitative properties
of a system interacting with a heat bath.

The aim is to show that the Ehrenfest model is closely related to the Zwanzig model and to
give some understanding of simulating, at constant temperature, the coarse-grained molecular
dynamics of the heavy particles without resolving the lighter particles, using Langevin dynamics.
It is an example how stochastics enter into a coarse-grained model through elimination of some
degrees of freedom in a determinstic model, described by a Hamiltonian system. The original
model is time reversible while the coarse-grained model is not.

We consider Zwanzig’s model in [30] with N heavy particles and the particle positions X €
R3Y and momentum p € R3Y in a heat bath with J light particles modes, with ”position”
coordinate € R’ and dual "momentum” coordinate ¢ € R”. Define, as a special case of
Zwanzig’s general model, the Hamiltonian

1, 5 m A N A 1 R
(21)  Hz(X,p,z,q) = 5lpl" + MX) + 5 (& = U(X), H(z — V(X)) + 5—{g, Hg)
where the operator H is a constant positive definite Hermitian J x J matrix, the coupling is
represented by the function ¥ : R3N — R7 the bilinear form (+,+) is now the Euclidian scalar
product in R”, the light particle mass is m, the heavy particle mass is one and A : R3Y — R3N
is a given potential. This Hamiltonian yields the dynamics (in the slow time scale of the heavy
particles)

(2.2) X™ = “N(XT)+ (mHz—-¥(X7)), ¥ (X)),
(2.3) iT = mT'Hq
(2.4) i = —mH(z" —¥(X7)),

where we use the notation Uy(X) := dx ¥o(X). To resemble the Ehrenfest dynamics, we define
y := m~'q and obtain
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which using ¢ := z — U(X) + iy shows the Zwanzig model written as a Schrodinger equation
coupled to heavy particle dynamics

- X7 = - N(XT) +R(mHI™,¥'(X7)),
(25) W = BT i (XY

where Rw denotes the real part of w € C.
Let us compare the Zwanzig model to the Ehrenfest dynamics:

Lemma 2.1. The Ehrenfest dynamics (1.1)-(1.2) can be written in the slow time scale as

X7 = NG (X7) 4 2R(HGT, UH(X 7)) — (&7, H' (X)),

(2.6) 5 } :
T = MY2H(XT)™ — W) (X7)- X7,

using the definitions

HUy = AWy, etgenvalue

Hp (X, ¢rip, ¢;) := @ + Ao (X) + M;/z (¢, Hp), Hamiltonian

H:=H - ), operator splitting

)= %, MY2/2 =1/(¢, ), normalization

1; =) — Uy, wave function splitting,
T=M"1?t, slow time scale.

The lemma is proved in Section 3, see references (3.4) and (3.8), by direct application of the
definitions in the lemma. We note that the Zwanzig dynamics (2.5) and the Ehrenfest dynamics
(2.6) are similar and by choosing

i = M2,
(2.7)

m=2M~/2,

A= )\Oa

in the case that H is constant (in the subspace orthogonal to ¥y), the two models are identical,
since the quadratic interaction — (1, H'¢)) vanishes. We also note that extending the Zwanzig
model (2.1) to a case when the matrix H : R3N — R/ x R” is a function of X yields exactly the
Ehrenfest model (2.6), including the quadratic interaction. We will see that the quadratic term
is negligible for sufficiently low temperature. Consequently, the results for the general Zwanzig
model are relevant for the Ehrenfest model; this section reviews the results from [30] and the
other sections extends them to the Ehrenfest model (with non constant H).

It seems reasonable to assume that the many initial positions and velocities of the light
particles are impossible to measure and determine precisely. Clearly, to predict the dynamics of
the heavy particle some information of the light particle initial data is necessary: we shall use
an equilibrium probability distribution for the light particles depending only on one parameter
— the temperature T'. Section 2.1 presents a motivation for stochastic sampling of ¢(0) from the
Gibbs probability measure

z-! exp(—HZ(X07p07x,q)/T)d:E1...dedql...qu,

(2.8) 0 0
7 = 2]exp(—HZ(X , D ,x,q)/T)d.%‘l...dxjdql...dQJ.
R,
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The distribution of the initial data ¢ (0) = 2° — ¥(X9) 4 i¢® /m, using for simplicity ¥(X°) = 0,
becomes clear in an orthonormal basis {¥; }'jI:1 of eigenvectors to H, with the corresponding
eigenvalues {\;}7_,, since writing ¢(0) = Z}‘le ;¥ ; implies
m T m), T m),
EWO,H?/)% = Z Tj"yj|2 = Z TJ(W;P + 1%,
j=1 j=1
so that

J 7n>\j

(2.9) e_’%wa’ﬁw%dxl co.drydgy . ..dgy = e &i=1 72T (Ivi|2+\vf|2)d% codyhdy L dyY,

where it is used that the orthogonal transformation to the coordinates z = ) j ;W and ¢ =
> ; ’y;- U; has the Jacobian determinant equal to one and v; = 7; + 7}- is the decomposition into
real and imaginary parts as in (1.3). We conclude that the complex valued v, are all independent
with independent normal N (0,27/(mJ);)) distributed real and imaginary parts, 77 and ’yg .

Given the path X, the linear equation (2.4) can by Duhamel’s representation be solved ex-
plicitly, with the solution

_ | it xoy %o =i H(0) .
(2.10) v == [ e (X)X do + =7 15(0)

2T

Insert this representation into equation (2.2), for the heavy particle, to obtain

(211) X7 = —-N(XT)— /OT(mﬁ cos ((1 — o) H) W' (X)X, W(X"))do + R(mHz", ¥ (X7)).
pa

To determine the covariance E,[(” ® (7*], where E, denotes the expected value with respect to
the initial data -, note that the product of the fluctuation terms

D+ D))+ (9,

where (...7) := (mH2z" /2, ¥'(X7)), yields four terms. This sum of four terms can be written as
follows; use first that the initial data is % = > ;73¥;, where {7 }j=1J forms a set of independent

normal distributed random variables, and then that {¥;}7_, is an orthonormal basis to obtain

E’)’Ka ® CT*] _ E'Y [%%<mﬁ67iaﬁ¢07 @/(XO’)><@/(XT), mﬁeiiTH'L/)O”
1
+E,[3

1 SN PR SN
~ SR mA W, Y (X)) (BT (X7), W) B, [yl
.k

§R<mﬁ67igﬁ’(ﬁ0, \i,/()(zr»<77,L‘[f1—67i7'1§fQ)ZJO7 \i//(XT)>]

(2.12) =4Té;k/(mA;)

1 A N A
+ §§RZ<mAj\1:j, e HY (X)) (g, mHe ™ (X7), ) B [y577]
Tk s
=2TR > (W, T (X)) (mAe ™0 (X7), ¥;)
J
= 2T(mH cos (T — o) H) W' (X7), ¥ (X7));

we have in the second step, where a ~ b <= a = b(1 + o(1)), used that X depends on 7, in
such a way that the coupling between X and ~, leads to lower order terms O(M -1/ 2), which
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is verified in Lemma 4.1. We see that the covariance of the Gaussian process, ¢ : [0,00) X
{probability outcomes} — R3N,

(2.13) E,[¢7 ® (] ~ 2T(mH cos (T — o) H) V' (X°), V(X)) =: 2T f (1 — o),

is the multiple 2T of the integral kernel for the friction term in the generalized Langevin equation
(2.11), forming a version of Einstein’s fluctuation-dissipation result.

The next step in Zwanmg s modeling is to derive a pure Langevm equatlon for a special choice
of oscillation frequencies H and coupling ¥. Write /(X)) =: Z \I/’ (X)¥; to obtain

(H cos (1 — o) H) W' (X7),¥'( Z)\ cos ((1 — o) A;) W4 (X)W, (X7).

Assume now that the frequencies A; are dlstrlbuted so that the sum over particles is in fact an
integral over frequencies with a Debye distribution, i.e. for any continuous function h

d Mo 3A2
(2.14) TS hyg) — / )22 A,
i=1 0 Ad
and let the coupling between the heavy particle and the heat bath be linear satisfying
(2.15) BNIOx, W (X7)0x, Ui (XT) = kg
to obtain -
flr) = m/f;k sin( dT)’ as J — oo,
A T

Suppose that T 2)\3 k— K as \g — 00, then the integral kernel f(7) converges weakly to a point
mass, since the change of variables w = A\y7 yields

/ sm()\dT)h(T) dr — / Smwh(i)dw ~ / sinw h(0)
0 0 Ad 0 w
—_———

T w
7/2
which formally leads to the Langevin equation
dX" =p"dr,

(2.16) " — (_ N(XT) - K(Xf)pr>d7- + \/deﬂ

as A\q — oo where W is the standard Wiener process with independent components in R3N
and K is a constant 3N x 3N matrix; Theorems 3.1 and 3.3 verify a related limit carefully for
the Ehrenfest model by giving precise conditions, without using the Debye distribution and the
linear coupling. The relation (2.15) defines x as a rank one matrix so that K becomes positive
semi-definite.
This Langevin equation satisfies the ergodic limit
T

Jim 7 g(Xtypt)dt:/ 9(X, p)u(dX, dp)
—oo 0 R6N

for instance if the invariant measure
e—(PI?/24AC))/T gx dp
Joow e~ (PPTZXCEN/T 4X dp

p(dX, dp) =

exists, A and K are smooth and K has full rank cf. [23]. The assumption of a full rank positive
definite matrix K is hence not satisfied in (2.16), but by considering a slightly perturbed friction
matrix, adding eI, the friction matrix becomes positive definite; we can also add eI, with 0 <
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e = o(M~"/?), to the friction matrix K in (3.13) and the approximation results in Theorems 3.1
and 3.3 remain valid, i.e. such a small perturbation of K does not affect the convergence result.
The probability measure p is then also the unique solution of the corresponding Kolmogorov
forward equation and it is the heavy particle marginal distribution of the Gibbs distribution

e~ Hz(Xp2,0)/T g% dp dx dq
onsay €~ H2(Xp2d) /T dX dp dx dg
R

n (2.8). We conclude that sampling the light particles from the Gibbs distribution, conditioned
on the heavy particle coordinates, leads time asymptotically to having the heavy particle in the
heavy particle marginal of the Gibbs distribution: this fundamental stability and consistency
property is unique to the Gibbs distribution, as explained in the next subsection.

The purpose of this work is to apply Zwanzig’s derivation to the Ehrenfest model of nuclei
and electrons, acting as heavy and light particles, respectively. As we have seen the two models
are similar and the difference is that the operator H is a function of X in the Ehrenfest model.
To still be in a setting close to the Zwanzig model, we assume therefore that the temperature
is low, so that the ground state dominates over small fluctuations, see (3.16). Three new issues
in the Ehrenfest model are the lack of an explicit solution for the electron wave function, the
non linear coupling of the wave function to the nuclei and the additional constraint to have a
normalized wave function (1/°,1%) = 1, changing the initial distribution. The extension to a
non constant operator H requires different mathematical tools as compared to the case with
an explicit solution. Here we will use estimates of the residual in the Kolmogorov backward
equation for the Langevin equation evaluated along the Ehrenfest dynamics. A main result is
to determine the diffusion/friction matrix without assuming explicit properties of the spectrum
of H, but instead use the separation of time scales in the nuclei and electron dynamics and a
continuous (possibly random) spectrum assumption of the limit Ho of H as M, J — .

To explain how this works, the idea is first sketched in the simpler setting of a constant H
and no random matrix, i.e. the Zwanzig model using the identification (2.7). The friction term,
from the generalized Langevin equation (2.11), is assumed to satisfy the equalities

lim 2M1/2/ %(cos(UMl/QfI)dd
0

M—o0 T

Uo(X™7), Hox Uy (X7))do

M2
- d e
= lim 2 / Rcos(6H) 7 Wo(X7 2y HoxUo(X7))do
— 00 0
o0 ~ ~ d —1/2
(2.17) =2 [ lim R{lycape H cos(@H) o To(X7 M 16y 05 Wo(XT)) dé
0 — 00

=:Tp(6)
:2/ (Hoo cos(6 Hoo)Ox W0 (XT), Ox Uo(X7))do X
0

= K(XT)X7

where the first equality applies the change of variables & = M2¢, the second follows by
dominated convergence, if the sequence I'y; converges pointwise and is bounded by an L!(R)-
function |T'jr(6)| < T'(6), and the third equality uses the pointwise convergence of

);

based on o — %\IIO(XT_”) being continuous, X7 M~ — X7, and an assumption on the
spectrum of H — H,, as J — oo, for example the Debye distribution (2.14). In (3.14) the

. - d C1)es
Hcos(&H)d—\IJo(XT’M i
T

1/25
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last integral is described by the spectrum. Note that K is a 3N x 3N matrix and that the
friction term in the Langevin equation (2.16), approximating Ehrenfest dynamics, becomes small
K=MK =0(M~1/?).

2.1. The Gibbs Distribution Derived from Dynamic Stability. At the heart of Statistical
Mechanics is the Gibbs distribution

e HYQ/TJy dQ
Joon e HYR/TqY dQ

for an equilibrium probability distribution of a Hamiltonian dynamical system
YT =089H(Y",Q")
QT =-ovH(Y",Q")

in the canonical ensemble of constant number of particles IV, volume and temperature T. Every
book on Statistical Mechanics gives a motivation of the Gibbs distribution, often based on
entropy considerations, cf. [10], [21]. Here we motivate the Gibbs distribution instead from
dynamic stability reasons. Consider a Hamiltonian system with light and heavy particles, with
position Y = (X, z), momentum @ = (p,q) and the Hamiltonian H = H(X,p) + H;(X, z,q),
as in (2.1) with

(2.18)

(2.19) Hy, = p|*/2 + AN(X) and Hy = m(z — W(X), H(z — ¥(X)))/2 + (¢, Hg)/(2m).

Assume that it is impractical or impossible to measure and determine the initial data (z°,¢°)
for the light particles. Clearly it is necessary to give some information on the data to determine
the solution at a later time. In the case of molecular dynamics it is often sufficient to know
the distribution of the particles to determine thermodynamic relevant properties, as e.g. the
pressure-law. We saw in Section 2 that if the light particles have an initial probability distribu-
tion corresponding the Gibbs distribution conditioned on the heavy particle, then the invariant
distribution for the heavy particle is unique (in the limit of the Langevin equation) and given
by the Gibbs distribution for the heavy particle

e~ Hn(Xn)/T g X dp
f]RGN eiHh(X’p)/TdXdp,

which, asymptotically for H; < H}, approaches the heavy particle marginal distribution

Jg2o e H/TdX dpdadg
fRGNﬁJ e~ H/Td X dpdxdg

of the Gibbs measure for the full Hamiltonian integrated over the light particle phase-space. This
stability that an equilibrium distribution of light particles leads to the marginal distribution of
the heavy particles holds only for the Gibbs distribution in the sense we shall verify below. Define
the set S of equilibrium measures that have this desired stability and consistency property more
precisely as follows:

(S) an equilibrium measure v(X, p, z, ¢)dX dpdxdq belongs to S if the dynamics of the heavy
particles, with the light particles initially distributed according to v(X?9,p°, -, )dxdq
(the equilibrium distribution conditioned on the heavy particle initial data), asymp-
totically after long time ends up with the heavy particles distributed according to
fw V(X p,x,q)dvdq dXdp (the heavy particle marginal of the original equilibrium mea-
sure).
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Consequently the heavy particle behavior over long time, using v € &, is consistent with the
assumption to start the light particles with the equilibrium distribution v. Below we give condi-
tions so that S only contains the Gibbs measure. It is in fact the uniqueness of the Gibbs initial
probability distribution that makes a stochastic model of the dynamics useful: if we would have
to seek the initial distribution among a family of many distributions we could not predict the
dynamics in a reasonable way.

The consistency property (S) is in an abstract setting related to the study on Gibbs measures
for lattice systems in [21], where dynamics and conditioning with respect to initial heavy particles
is replaced by invariance for conditioning with respect to complement sets on the lattice, as the
lattice growths to infinity.

To derive this uniqueness of the Gibbs density, we consider first all equilibrium densities of
the the Hamiltonian dynamics and then use the consistency check (S) to rule out all except the
Gibbs density. There are many equilibrium distributions for a Hamiltonian system: the Liouville
equation (i.e. the Fokker-Planck equation for zero diffusion)

01 f(H) +0y (0gH f(H)) — 0q(0y Hf(H)) = 0
=0

shows that any positive (normalizable) function f, depending only on the Hamiltonian H and
not on time, is an invariant probability distribution

f(H(Y,Q))dYdQ
Joon F(H(Y,Q))dY dQ

for the Hamiltonian system (2.18). There may be other invariant solutions which are not func-
tions of the Hamiltonian but these are not considered here. Our basic question is now — which of
these functions f have the fundamental property that their light particle distribution generates
a unique invariant measure given by the heavy particle marginal distribution? We have seen
that the Gibbs distribution is such a solution. Are there other?

Write H = Hp, + H; and assume that the heavy particle Hamiltonian Hj dominates the light
particle Hamiltonian H;, so that

H,
2.20 — 1.
(2.20) T, <
In a case based on N heavy particles and J light particles we typically have
H, J
m =W

which leads to the condition J < N; in the next section we study the Ehrenfest model and show
that H;/Hj, is small at low temperature. Let

—log f(H) =: g(H)
and consider perturbations of the Gibbs distribution in the sense that the function g satisfies for
a constant C'

g"(H)H
g'(H)
g'(H)H
g(H)
for instance, any monomial g satisfies (2.21). Taylor expansion yields for some a € (0,1)

—log f(H) = g(Hp + H;)
= g(Hy) + Hi(g'(Hp) + 27 '¢" (Hp + oH))Hy)

<c
(2.21)

<

limH_,OO
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and (2.20) and (2.21) imply the leading order term
(2.22) —log f(H) = g(Hp) + Hig'(Hp);

in words, this means that the heavy particle energy dominates and acts as a heat bath to find
the distribution for the light particles. Define the constant

(2.23) T =1/g'(Hn(Xo,p0))-
The light particle distribution is then initially approximately given by
e /T dxdg
J e H/Tdxdg

This initial distribution corresponds to a Gibbs distribution with the temperature

T =1/g'(Hn(Xo,p0))

and the derivation of (2.16) (alternatively Theorem (3.3)) leads to the heavy particle equilibrium
distribution

e~ Hn/TqX dp
[eHr/TdXdp"
The equilibrium density f has by (2.20) and (2.21) the leading order expansion
—log f(H) = g(Hn + H)
= g(Hp) + ¢ (Hy + «H,)H,
~ g(Hp),
which leads to the heavy particle marginal distribution
e~ 9Hr) d X dp
[ e—9tHndXdp
The consistency requirement to have the heavy particle distribution (2.24) equal to the heavy
particle marginal distribution (2.25) implies that
g(Hp) = Hp/T.

We conclude that the quotient —H/log f(H) is constant, where —H/log f(H) = T is called the
temperature, and we have derived the Gibbs density f(H) = e /7. The next section applies
this derivation to the Ehrenfest model.

(2.24)

(2.25)

3. DATA FOR THE EHRENFEST MODEL AND THE MAIN RESULTS

At low temperature one expects that the fast electron dynamics, compared to the slower
nuclei in the Ehrenfest dynamics, yields an electron wave solution that is almost in its ground
state Wq, which solves the electron eigenvalue problem

(3.1) HYy = AWy,

and is normalized (¥, ¥y) = 1; here A\g = \o(X?) is the smallest eigenvalue of H = H(X?) in
the considered Hilbert space (a subset of L?(dz)). The function

Ut = exp (- z/o Xo(X*)ds)Wo(z; X*)

satisfies p
iUt HU = et M(XS)dS%\IJO(x; X1,
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so that if the nuclei do not move, the wave function ¥ solves the time dependent Schrodinger
equation; and if they move slowly, i.e. the L?-norm H\I/0|| is small, the function ¥ is an ap-
proximate solution to the Ehrenfest dynamics. The approximation (X?, \i/)7 with U replacing ¥
in (1.1), is called Born-Oppenheimer molecular dynamics [26, 15] and it approximates observ-
ables of the time-independent Schrodinger equation for the electron-nuclei system with accuracy
O(M 1), when there is a spectral gap and no caustics, see [27]. The aim of this work is to study
molecular dynamics when the electron states 1 are randomly perturbed from the ground state,
with a Gibbs distribution at positive temperature. To study the perturbation of the ground
state, make the transformation

(3.2) D(t,z) = e Jo 2o (Xds gy
which implies that 1 solves the Schrodinger equation
d
(33) it = (H(XY) = M(XY) o,
=H(X?t)

with the translated Hamiltonian H , and then use the Ansatz

W =AWy +

for some constant 7 ~ 1 and expect ¥ : [0,00) x R3/ — C to be small. The Ansatz implies that
1 solves

d "_ nd T .~ d
(3.4) Z%Tﬁ—H(X )7#—270%‘1’07

which yields the solution representation (of the same qualitative form as (2.10) in Zwanzig’s
model)

t
3 = G0t — A / Sou WY ds,
0 N~~~
axll/OX

with the solution operator S defined by
(3.5) Si.e0° == ot

for the solution in the fast time scale
. t_ 7wty At
i—p" = H(X t>s.
prid (X%)e
The first term in the representation depends only on the initial data and the second term depends
only on the residual Wy. This splitting, inserted into the equation (1.1) for the nuclei, eliminates

formally the electrons and generates fluctuations, from stochastic initial data U0, and friction,
through the coupling to ¥y = 0x ¥ X, as explained in Section 2.

3.1. The Force on Nuclei. It is convenient to split the force on nuclei in (1.1) into two parts,
using the definition of ¥ in (3.2),

(1, 0x H(X)Y) = (1, 0x H(X)Y)
= (1, 0x Mo (X)¥) + (¢, 0x (H(X) — Mo(X))¥)
=0

xXo(X) + (1, 0x H(X)).
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With the Ansatz v = V¥ + 9, for a constant Yo ~ 1, the second term in the nuclear force
becomes ~ ~
(V. 0x H(X)¥) = [F0[*(¥o, Ox H(X) Vo) L
+(1, Ox H(X)Y0 Vo) + (oWo, Ox H (X))
+(¥, 0x H(X)y).

Use H¥ = 0 and consequently

(3.6) OxHVUy + HOx Uy =0
to obtain for the first term
(Wo, Ox H(X)Wo) = —(To, H(X)0x Vo)
= —(H¥g,dx V) = 0.
——
=0

Let R denote the real part. The second terms are

<'l/~}7 aXﬁI(X)’NYo‘I’(O + (30 %o, 3XFI(X)1/~J> = 2%@[1, 3Xﬁ(X)%‘I’0>

(3.7) = 2R, H(X)300x Vo),

and we have obtained the forcing
(3.8) (1, Ox H(X)) = Dx Mo(X) — 2R(¢, H(X)00x Yo (X)) + (¢, Ox H (X))
Lemma 4.1 shows that the third term, (1;, OxH 1&), is negligible small at low temperature.

3.2. Stochastic Electron Initial Data. The next step, to determine the stochastic initial
data for v, applies the same reasoning as for the Zwanzig model in Sections 2.1. Similar to the
partition of the Zwanzig-Hamiltonian in (2.19), split the Ehrenfest-Hamiltonian into

2 JO
iy = 4 30(X) + (4 B {0 0)
N——— H,

and assume that the "light” particle Hamiltonian H;, associated to the perturbation of the wave
function, is much smaller than the heavy nuclei Hamiltonian Hj so that

H, i

[
as implied by (3.16). Note that it is the Hamiltonian Hp = |p|?>/2 4+ Ao(X) + C(¢), H(X))
that generates a Hamiltonian system, for any constant C, and not the normalized form |p|?/2 +
Mo(X) + (&, H(X)¥) /(1,1); since the Hamiltonian system conserves the L2-norm (1,1)) along
solution paths, the normalization can be put in the equation for p by taking C' = 1/(¢, ¢}, to get
the correct forces. In this section we therefore first seek the distribution of the non normalized 1)
and then when this distribution is found we normalize. Diagonalize and make a cut-off allowing
only the first J modes

J
’J)O = ZVj\I/j(XO)v
=1

(3.9) PO =7 Wo(X°) + 4,
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with the orthonormal eigenfunctions ¥;(X°) and eigenvalues A;(X°) to H(X?). We see that
the initial light particle probability density satisfies

I - . CcX; J i . .
e*CW,Hw)/Tdd,qu/ﬁ — e X TJ(IviIQJr\'vZIQ)d% dyhdA L dy,

since the orthogonal transformation from (", %%) to (v],...,7%5,7,...,75) has the Jacobian

determinant equal to one, as in (2.9). Consequently,

{vj | i =1,...J} are independent, with independent real and imaginary parts

3.10 -
(3.10) normal N (0,7/(X;(X°)C)) distributed.

Assume now that the ground state energy dominates, i.e. T' is chosen low enough so that

J
Zj:l "Yj|2

(3.11) o o(1),

and take
Z o7 |? =~ |’YO

This means that the forces generated by 1) = ¢ + v U = ijo ;¥ ;(X?) should be normalized

by dividing by (Zj:o |7j1%) = (1,9). Since there are very many eigenvalues this is almost the
same as dividing by the expected value

J J
T
_ 02 a2
= ;:0 7517 = By [, 90)] = |0 +JZ:1 O3, (X0)

which is solvable for the requirement

J
(3.12) d TN <,

j=1
included in assumption (3.11). The normalized wave initial function becomes

J J
~ i i 0
DX =) UG (X Z (X7
=0 =0 (Ek:o wk|2)1/2 |
where in particular 49 ~ 1.
The size of J is chosen so that the condition H;/H), < 1 holds, implying by (2.22) the light
particles to be approximately Gibbs distributed: since the normalized light and heavy particle

Hamiltonian satisfies
J

Z 2/ ol =~ T

and Hj, = [p|?/2 + Ao ~ N, the condition Hl/Hh < 1 holds provided N > T'J.

To derive the Langevin equation the spectrum of H will be used and the main assumption
is that the distribution of eigenvalues S\j approaches a continuum limit as J — oco. Such a
continuum can be achieved in at least two different ways: either each event of H (X) generates
a continuum density in a deterministic way, as in (2.17), or the spectrum of H(X) becomes
sensitive towards small perturbations of X and generates a random matrix H,, which has a
probability distribution with a continuous distribution of eigenvalues. The stochastic continuum
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limit based on random matrices can be formulated as follows. Assume that H satisfies the
following limit, cf. (2.11) and (2.17),

K (XT)

(3.13) MY i
= ]E’Y [2 lim §R<S+,+_66Xn\IIQ(XT_UM

—1/2

), H(XT)dx,, Wo(XT))do|XT),

so that the limit K forms 3N x 3N matrix. In the fast time scale 6 the nuclei positions
6 > XTMTV%6 change slowly so that X7~ Y26 _, X7, as M — oo, and the solution
operator would satisfy STJ_& — e iH(XT ), for 6 ~ 1, if H would be independent of J and M,
so that by dominated convergence as in (2.17) the integral would satisfy

1/2

M1/
/ R(S: oWy (XT—OM %) Hwy(X7))do
0

— /0 h (cos(6H)W)(XT), HU)(XT))d6.

We may instead assume that H (XM~ ) does not converge but its average along the solution
path becomes random in the sense that the solution operator ST,T_U tends to i1 s where Ho
is a random matrix, as M — oco. That is, as M and J tend to infinity, the solution operator’s
average of the matrix H(X7—M 71/2[’) becomes a random matrix H.,(X7) and its probability
distribution has a continuum spectral decomposition with eigenvalues 5\‘3’0 arbitrary close. An
assumption of such a random matrix seems consistent with our model:

e assume that the eigenvalues A are a distance of order ¢ apart, where ¢ > 0 may be
small and tending to zero as J tends to infinity (giving the continuum of eigenvalues in
the deterministic case);

e in the limit (3.13) a small time step of size M ~/? makes an increment M ~'/“p in the
position X which yields an increment of size (’)(M_l/Q) in each matrix component I:Iij;

e since the size J of the matrix H (X) is at the same time growing, the eigenvalue gaps
could asymptotically be filled with a continuous density, if J is sufficiently large.

1/2 1/2

Assuming the existence of the following spectral representation, the limit can by the Fourier
transform, Fh(6) := [, €*h(A)dA and its inverse h()) = 2 [ e "9 Fh(6)d6, be written

K(X7) :/OO /OOZCOS(&)\)F(A,XT)d)\ dé

=FTI(6,X7)

/ FT(6,X7)d

=xl(0,X7),

(3.14)
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where I' € L*(R) N L?(R) NC(R) is defined by a spectral decomposition, based on the eigenfunc-
tions {W2°}22, and eigenvalues {\;}32; of Heo,

E[(cos(6 Hoo)Ox, Wo(X), Hoo (X)0x,, W (X)) | X]
= ZE[COS(&&)@XW,%(X),\P§°><Hoo0xm\lfo(X),\If;’°> | X]

J
= [ cos(6)) > E[(9x, Yo, V) (Hoex,, W0, U5) | X],
FE{n: A €A AFAN)}

E

=Tpm (A, X)dA

and the expected value is with respect to the random matrix Hao. An indication of this size of .J is
provided by Wigners Semi-Circle Law saying that symmetric matrices of size J, with independent
identically distributed entries with mean zero, variance J~! and bounded moments, have the
density of eigenvalues semi-circle distributed asymptotically as J — oo, i.e. the continuum
density is \/4 — p21|,/<2 dp/(27), cf. [1]. Since in our case the variance of the matrix elements is
O(M~1), we could chose J ~ M to fill gaps of size one, if the matrix elements were independent
identically distributed; this would then fill the smaller gaps of size c. It is a challenge to really
determine the distributions for the matrix elements.

For assumption (3.13) to make sense the eigenvalue distribution must approach a continuum
density, so that the integral kernel decays in time and T'(0, X) is well defined; to have a positive
limit it is necessary that the density of states does not vanish around the origin, which excludes
a spectral gap in H, around the origin. The condition I'(0, X') being positive semi-definite can
also imply that (U(, ¥y) is infinite — Section 4.6 gives a motivation for such a setting based on
the Thomas-Fermi model.

3.2.1. Slow Nuclear Dynamics. The Ehrenfest dynamics (1.1), (1.2) can be written as a Hamil-
tonian system in the slow time scale

X'r :p'r i
P = o — (07, O E(XT)6) (6, 9)
¢ =H(XT)eT,

with the Hamiltonian

% +C, F(X)) + Mo(X),

using the constant C = M2/2 = 1/(¢,$) and letting ¥™ = ¢7/(¢7,¢7)'/? for the initial
data 0 = 37 (7o 1712) " 9 W, (X0); here we change to the simpler notation (X7, p7) for
position and momentum in the slow time scale, although to be consistent with (1.1)-(1.2) it
should have been (X7,p7). The change to the variable v leads to

dXT

dr

dap”

dr

i dyT
M1/2 dr

=D,

(3.15) = — (U7, OxH(X")YT),

= H(XT)y".
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3.3. The Main Result. Let W7 denote the standard Brownian process (at time 7) in R3V
with independent components. To simplify the notation, assume that all nuclei have the same
mass M > 1 = electron mass; this can easily be extended to varying nuclear masses much larger
than the electron mass. We apply the notation ¢ (z, X) = O(M~%) also for complex valued
functions, meaning that |¢(z, X)| = O(M~) holds uniformly in z and X.

We will use the following assumptions for the electron eigenvalues 5\j and electron Hamiltonian

i
133 ()| _
Tsupyx Y7, W — o(M1/2),
supx ||| HOx Wo(X)[or gom) 22 (aa) = O(1),
(3.16) supx |0x, H (X)| + supx |0x,x, H(X)| = O(1),

o~ H(X7) is real analytic on (0,00),

Ay = Am| > cforn#m and ¢! = o(M/?),
J 2

Zj:1 731 — 0(1)

[7v0]?

The conditions are motivated and used as follows. The first condition in (3.16) implies that
the quadratic forcing term (zﬁ, H' 1/?) becomes negligible. The fourth and fifth assumption (that
the electron eigenvalues do not cross conditions along solution paths) are used in the Born-
Oppenheimer approximation Lemma 4.3. The last condition used for the initial wave function
distribution in (3.12) means that T is small enough so that

J J
(3.17) L ol > SOTA = 3 2,
j=1

Jj=1

which implies that the condition H;/H; < 1 holds and sampling from the Gibbs distribution
becomes the only option, in the sense of Section 2.1. If the density of states would be uniform
and A\; = J~!, we would need T = o(1/log J) since (3.17) yields

o Tdx
1>T At~ T — =2Tlog J,
> JZ::I y /J 3 og

—1

and in general we expect that (3.17) implies that T — 0 as J — oo.

As for the Zwanzig model studied in [28, 20], [16], the following result compares expected
values of Hamiltonian dynamics, having stochastic initial data « for the light particles, with
Langevin dynamics where the stochasticity enters through the Wiener process W. We use
the notation E,[w] for the expected value of w with respect to the distribution generated by the
random z, the eigenvalue Ag denotes the ground state electron energy (3.1) of H with normalized

ground state ¥y and 5\j are the translated eigenvalues of H — A\g =: H.

Theorem 3.1. Assume that condition (3.16) and the friction limit (3.13) hold, the temperature
T is low enough to satisfy Tijl /\j_1 = 0(1), and the Ehrenfest electron initial data is given by
(3.9)-(3.10), then the Ité Langevin dynamics

dX7 = —0x, Mo(X[)dr — M~'\2K(XT)XTdr + V2T M-Y2KY?(XT)dW™,
dXT

(3.18) .
X7 =74, 0<7<T,
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with deterministic initial data X9 = X and p) = p, approzimates Ehrenfest dynamics (3.15)
with accuracy

E, [9(X7,p7; X,p) | X° = X, X = p]

(3.19) ' .
—Ew [g(XLT,XLT;X,p) ‘ X9 =x x9 :p]‘ _ O(M_1/2)7

as M — oo, for any bounded function g : R3N x R3N — R, provided the Langevin expected value

function ) )
u(Y,q,75T) :=Ewlg(X{, X1; X,p) | X[ =Y, X[ =]
has bounded derivatives of order one and two along the Ehrenfest solution

T
/ > 10y, u(X7,p7, 03 T)| do = O(1),
0 .
(3.20) ;s
/ Z (|apjpku(XU7pJ7a;T)| + ‘8ijku(X07pU,0';T)|) do = O(l)
0 Sk

The approximation result uses a non interacting particle, with given velocity equal to one and
position coordinate Xy = 7, that acts as the time coordinate, so that e.g. transport coefficients
as diffusion D can be studied

D =Ew[(6NT) '|X] - X7|* | X°].

=g(X7,XT;X9.p9)
Since (X?,p9) is deterministic and fixed for each path, we simplify the notation and write g(Y, q)
instead of g(V, q; X2, p%).

Remark 3.2. Tt is well known that not all functions g(X7, X7 ) (such as g(X,p) = max; |p;|)
are accurately computable in a molecular dynamics simulation with many particles; assumption
(3.20) restricts the study to observables ¢ that are stable with respect to perturbations in the
initial data (X9, X9) in the norm ¢'. We consider expected values E[g(X7 ,p)] where typically
g= Z;\le gj/N is a mean over (particle related) real-valued functions g; with g;(X,p) = O(1)
and Ny NN

3 lox,o(x.p) = 30130 2ot _ o),

n=1 n=1 j=1
Here, for each derivative Ox,,, mainly finitely many j contribute to the sum. Similarly we assume
that 25:1 |0x, u(X,p,0)| = O(1). This means that g measures global properties, related to
thermodynamic quantities, e.g. the diffusion D with g = Zjvzl | X; — X91?/(6NT).

Assumption (3.20) limits 7 to bounded times, since the correlation time is expected to grow

as MY/2 explained as follows. Let K be constant, then X =: py. solves an Ohrnstein-Uhlenbeck
equation, which means that

pz — (QTM_l/QK)l/Z /T eM*1/2(g-—‘r)deo'
0
_ /T )\6(X0)6M71/2(0—T)Kd0 +p e—M’l/zK-r
0

and the dependence of p™ on p? decays exponentially eM “VHe=mK Tf also Ay = 0, the process
p” is Gaussian with mean zero and covariance

QTefM_l/QK\chﬂ + efM_1/2K(-r+o) (E“pOlZ] . 2T)
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and the corresponding d,u(-,0;7) decays exponentially L

length

, giving the correlation

/ Ayl 03 7)do = O(MY2);
0

Section 4.5 presents a motivation for this property also in the case with a general force \j(X),
using the theory of large deviations for the rare events of escapes from equilibria at low temper-
ature.

Theorem 3.3. Assume that condition (3.20) in Theorem 3.1 is replaced by

-
(3.21) lim [ [Du(X?,p%, 0;7)|p do = O(MY?), D:=03, 08,,0xp,

T—00 O
i.e. the time-correlation length with respect to sensitivity in p is at most of size M2, then
Langevin dynamics approximates long time observables of Ehrenfest dynamics

(3.22) hm T~ 1|/ p7)] —Ew [g(XZ,XE)] dT‘ =o(l) as M — .

The combination of the two theorems shows that this Langevin dynamics is in a sense an
accurate approximation of Ehrenfest dynamics for both short and long time. The small dissipa-
tion term M~'/2Kp; in (3.18) is visible in the convergence rate o(M~'/2); the small diffusion
parameter TM~/2K = o(M~1/2) can be detected in the long time convergence rate o(1), since
the invariant measure is

e=(PI*/24200(X)/T g X dp
Jrsns e~ (pI?/2+20(X))/T 4 X dp

and this holds if and only if the diffusion coefficient is (27'M ~*/2K)'/2, provided the dissipation
term is M~'/?Kp;. That is, the Langevin dynamics (3.18) satisfies Finstein’s fluctuation-
dissipation result: the square of the diffusion coefficient is the dissipation coefficient times twice
the temperature, as in (2.13).

Remark 3.4. The Hamiltonian dynamics generated from the time-independent Schrodinger
equation, studied in [27], is closely related to the Ehrenfest dynamics where the Hamiltonian
Hp, is essentially replaced by the slightly perturbed Hamiltonian

Hp+(2M)~ ZAX (6, 0)/G(X))

for a certain bounded function G(X), which is different for caustic and non caustic states.
Therefore, it seems likely that similar approximation results hold when the Langevin dynamics
is compared to this Schrédinger Hamiltonian dynamics.

4. ERROR ESTIMATES

4.1. The Dynamics. We shall approximate the nuclei motion in the Ehrenfest dynamics by
(X1, pr) defined from the Ito-Langevin dynamics

(4 1) XL =PL .
' pr = —0xMo(X1) — M7YV2K(Xp)pr + QTM V)2 KY2( X )W.
To simplify the analysis of the coupling between (X, p) and the thermal fluctuations induced by

n, introduce the electron wave functions {@[;n | n=0,1,...} which initially are eigenfunctions
and solve

(42) M1/2 1/)7 = (XT)QM-N 1;2 = \I/n(XO)v
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to obtain the normalized description

J

J
Py (SHo ) >

where 7,, defined in (3{?)7 are independent normal distributed with mean zero and variance
T/(CAp (X)) =~ ([70[T)/An for n=1,...J, using (3.12) and (3.11). The Schrédinger dynamics
(4.2) shows that {¢)7 | n=0,1,...} forms an orthogonal set

(4 4) %<1/;n>1/;m> = <tiM1/2FI1én11;m> + <";na —iMl/?f{TZJm>
’ = <7/)n7iM1/2H'L/)m> + <wn7 _iM1/2H¢m> =

0,

since the initial data {10 | n = 0,1,...} is orthogonal.

4.2. Proof of the Theorem. Define for the given observable g : R3" x R*N — R and the
Langevin dynamics (X7, p7 ), in (4.1), the expected value function

uy, 7) = Ewlg(XT,pL) | (XL,pL) =y,
which solves the Kolmogorov backward equation

Oru+p-Oxu— (8X/\0(X) + M*1/2K(X)p) - Opu
(4.5) + o Sy MY P T K (X)8p,p,u = 0 7 < T
u(+,7T)=g.

The goal is to analyze the error E,[g(X7,p7)] — Ew[g(XZ,pT)] of the heavy nuclei in the
Ehrenfest dynamics approximated by the Langevin dynamics, for given deterministic initial
data X9 = X%, p0 = p%. This error can be written as the residual of the Langevin Kolmogorov
solution (4.5) along the Ehrenfest dynamics (X7, p")

E,[g(XT.p7) | X°=X,p" = p] - Ewl9(X] ,p1) | X] = X,p] = 1]
=E,[u(X7,p",7) | X° = X,p’ = p] — u(X,p,0)
= E,Y[U(XT,pT,T) —u(X%p",0) | X°=X,p° = p].
The expected value in right hand side will be written as an integral over time where the assump-
tion (3.20) makes the integral bounded. Since all remaining expected values are with respect to

the initial data v we simplify by writing E = E,.
Telescoping cancelation, the Kolmogorov equation and the nuclei forces

p=—0xXo(X) + 2R(, H(X)00x Vo (X)) — (1h, Ox H(X)1))
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in (3.8) imply

T
Eluw(X7,p”,T) — u(X°,p%0) | X°,p°] = / E[ du(X7,p",7) | X°,p°]
0
T .
- / E[d,u(X",p7,7) + X7 - Oxu(XT,p7,7) + 57 - Opu(X7,p7,7) | X, 0] dr
0

v
— [ B[ —r) v )
0 —
(4.6) =0
(7 NX) MR (X)) - (X7 7)

~ TR (X)X 7,07, 7) | X°,1°] dr
= [ B[ a0l - G ) - MK -0
— TMY2K(XT)0ppu(X7,p7,7) | X°,p°] dr.
Consider the solution (X, p, ) to the Ehrenfest dynamics (3.15) and define for the Schrodinger
equation
ipT =MVPH(XT)eT, 7>0
0l =w
the solution operator in the slow time scale
Srow =",
The definition ¢ = ¢ + 5, ¥y yields the representation

&t = _:YO/ ST,U\iIO(XG)dU + ST,01;0
(4.7)
= _’70/ STO'\I]O XU dO—""Z’Y’erT

n>0
which implies

J
R, HWY) = |50 R / S X7 FWE) + (3 3l )
Lemma 4.1. There holds
(4.8)
Jim —Ml/QE[2|%|2%</ SroWo(X)do, HUN(XT)) | X7,p7] = K(XT)p"
—00
Jim M'Y2E[2%( Z%w HYN(XT)) - 0pu(X7, 0", 7) | X7, p" | = TK(X")ppu(X™,p",7),

lim M'/2E[(4)" H’w7> (X7, p7,7) | XT,pT] = 0.

M—o0
The lemma and (4.6) imply
Elu(X7,p", T) —u(Xp°,0) | X° = X,p" = p] = o(M~/?)

which proves Theorem 3.1.
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Proof of the Lemma. The first limit: the friction term. We have

J 2
<12 [0l? Dkt |kl

= =1+0 .
|’YO| ( |70‘2 )

- -
01?4+ > k=1 [k l?

The last condition in (3.16) implies

ZZ:1 "Vk|2 —0
(4.9) 7|70‘2 =o(1).

The first statement follows then directly from the definition of K in (3.13), by the change of
variables M1/2 (1 — o) = 6 and integration of solution operator S; s = S; . in the fast time scale

— MY2R( / S, o Wo(X7)do, HU))
0

1/2 ~

TM/?
— [ R B (X))o,
0

The second limit: the diffusion term. Define the first variation

05, (X, p, ) =t (X3, P Y1), Kk >0,
which satisfies the linearized Ehrenfest system
X/ _ p/
P = —Xp - OxxAo(X) = 2R(Vk, Ox H(X)9) — (, X}, - Oxx Hp)
(4'10) . _2§R<Zn ’?ﬂa’?kth 8XH¢>7
i, =MY2HY!, + MY2X' - 0x Hippy,
(X,p,9)'(0) =0,

where ¢ = Zi:o Fnthyn. The asymptotic result ¥ ~ oo ~ Wy, obtained from (4.9) and the
Born-Oppenheimer approximation ¢y ~ ¥y in Lemma 4.3, together with Duhamel’s representa-
tion show that

o (Xpailo(r) = =2 [ Gyl R, O H (X)) ()
’ ~ =2 [ Gp(r,0)R(pG, HOx VG)do

where G is the linear solution operator for (4.10) solving

G =AG, 7 >0 and G(o,0) = I;

here
0 I 0 )
A= A(XTawT) = _)‘6’_ <¢7[{”¢> 0 _2%<(’?1’,&])7le>
—iMY2H'B 0 —iMY2HT

is the matrix in the right hand side of (4.10) and the J x J matrix B is diagonal with 1/~Jj, Jj=
1,...J in the diagonal. We need information about the short time behavior of G(7,0) as ¢ — 7.
For short time the Green’s function takes the form G(7,0) = e("~?)4 and we have



24 ANDERS SZEPESSY

Lemma 4.2. There holds
Gpp(1,0) =1 aso—T
Gxp(r,0)=0(t—0) for0<7T—0= 0(M71/4),
(4.12) L o o , ) ~
05,07 = M2 [ [ 0 FH(X%) [ Gy, dudo (35,0, HCX)07) s 7.
k=1 0 S S

O((r=<)?)

The proof is in the end of this section. We will now use the first variation with respect to 7,,
in (4.11) to verify the second limit in (4.8). We know that

~ Yn
E[y.] = E| ]=0,
(ol? + X7y 1y12)2/2

since 7, is normal distributed with mean zero. Consequently, if (X, p,) would be independent
of 4, the expected value

M'PE2R (30, JoHUG(XT)) - pu(XT,p",7)]

would be zero. We shall use the first variation with respect to 4, to determine how (X, p, )
depend on 7,. The coupling can be split into two terms — one term that considers the coupling
between the two factors (3,97, 5o H¥)(X ™)) and Opu(XT,p", 7) and one term with the intrinsic
coupling in the first factor <’yn1/~);, SoH U (X7)). The coupling between the two factors is

J .
3 Ml/z/ /E{m@w;,%H\IJ’O(XT)>2§R<¢;,~0H'¢0>><
— R
(4.13) ™ ’ 4 '
(o7, )y X7, 7,7) + Gixp(t, 00y X707, 7)) | T + 133, | (45, + i3, ) o
—
=Ym

The intrinsic coupling is equal to

J T - ~
ZMl/Q/O /RE[Qm@n@g;,%ax(H\Ifg)GXp(ﬂ0)>

m=1

(4.14) X 2R, G0 V) pu(X7,p7,7) | A + k] (A7, + i) dor
J
S e / E[2R(3,05, 67, A0 B W) (XT)) - Qyu(X 17, 7) | A1 + 0] (55, + id)
m=1 R

where the first variation a@mz/?n is expressed in terms of G in (4.12).
Let us first study the coupling (4.13) between the two factors. The forcing has the asymptotics

J
H'Y =" 3, H',
n=0

~ 50 H'1)o

~ ﬁoﬁ/qfo

= -0V,
since 2;;1 Anthy is asymptotically smaller than 5o in L?(dz), by the last condition in (3.16),
and ¢y ~ ¥ by Lemma 4.3. This simplified forcing is used to evaluate to coupling below. The
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first variation shows that the first term in the perturbation in p due to +,, becomes

/OT /0%” (Gpp(7,0)Oppts + G x (7, 0) Bpur) ( e HUH (X)) (HU(XT),4r)

::F('AYM)

(4.15)
% [50|*ndiim do.

The last condition in (3.16) implies that |Jo|? =~ 1, so that

Fol*ndm = 42

and the expected perturbation, for m = n, becomes

T e—cxnm|2/Td7r
[ [ peama an <0
RJo Jo 27T/ (CAy)

T :Y; —CS\nWﬂz/Td A
[ o S
RJO 0

2T/ (CAy)
(4.16) :/T/F(O) 57 |2 efcin\"fﬁ,\?/Td’ny o
0 Jr 2 JerT/(CA)

2 -
2|70| /27TT|’70\2//\n

:/ F(0) T do.
0 2

The imaginary part v gives an identical contribution. To see that that the approximation
F(%,) ~ F(0) holds, we can similarly use the coupling applied to F' to find its dependence on

Fn

- 712 o= Xnlva 2/ (T1v0l?) gy
= [ [ ot T do
0 R

T Fn - ~
F(yn) = F(O)Jr/ / Gop(T,0)0p, F(HU((XT), Y7 )vodAn do + . . ..
o Jo
We see that the dependence on 7, is small and proportional to
(HTG, Pn) = O(VAN) = o(1)

where A\ is the distance between the eigenvalues. Therefore the perturbation (4.15) in F' due
to 4, is small
F(yn) = F(0) + O((AN)'2) = F(0).

The expected value of the coupling between 7,, and 7,,, for m # n, is to leading order equal to
zero, since

* _5\7n‘77nl2/(T"\/0|2)d
/F 0)ntm Im
R

2|70/2 oo 2/5
|’70‘ 27FT\’YO|2//\m
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The first non zero expected value for n # m can again be obtained by expanding F' with respect
to both 4,, and 7,

T Y _ 5
F(im) = F(0) + / / Gy (7.0) O F (U (X7), 0,0 o+ ..

(4.17) =F(0) + /0 /0v /0 /0 Gop(T,0) D F(H WG (XT), 7)o

X GPP (Ta §) <1{I\P6 (XT)7 1LZ—L>;?Od'?n dgd:)/m dg

and it takes a similar form as the coupling with only one factor 4,, but now a product of two
such coupling factors appear. We will see below that the each integral gains a factor of M~1/2

(4.18) /OTF(O)S\TdU — O(M-172),

so that the quadratic term with both factors 7, and 7,, is negligible small O(M ~1).
The function F' contains the product

(4.19) (G + )T+ (0))

and can be analyzed by the four terms (...7){...7 ) similar as in (2.12), now using the solution
operator S;s instead of the explicit solution e~iM'*(r=)H The following five steps show that the
expected value of the fluctuations takes the same form as the friction term in the first statement

of (4.8):

1. in the first step the error term comes from (X, p) being slightly dependent on 4,, — this
coupling yields a small error term as estimated in (4.16),

2. the second step uses the first condition in (3.16) to deduce that 1/A% and 1/A7 are close,
as explained in (4.21)-(4.22),

3. the third step uses that z/?n = U, +o0(1), as derived in Lemma 4.3, to replace a factor of
5\; U with H~1,

4. the fourth step applies J — oo, that ((Syo)*H¥)(X7), ¥, (X)) is finite, and that the
orthonormal set {1,,}2°, in (4.4) forms a basis in the L2(R”) orthogonal complement
of 7]10, and

5. the fifth step uses that ¥ is orthogonal to dx ¥y and 1y ~ Uy, proved in Lemma 4.3,
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we write the four terms formed from (4.19) as the sum of two real parts as follows

2RE[N_ (S Mm? CHOX U (HOX UG, 4n1h%) | X7]
+2§RE[Z < To’rananaX\I/T><7nw HaX\Ilg> | XT]

= Q%E[Z = < 7701/) HaX\I/T><HaX\IJ ’wa> [VrAn] | XT}

~~ —_———

1. z
~2T(N0) 1

FORE[ S (S, 000, HOx UT) (g, HOxWg) | X7| B[527]
~——

=0
(4.20) = ARE[ Y0 (Sr00g, Hox Vg) (HOx Vg, >% | X7]
~ ARE[ Y], (7005, HOXUE)0x Vg, HIG) L | X7]
~ATRE[ Y00 (Sr 003, Hox WE)0x ¥g,95) | X7]
24T§RE>ZY°L°_1< g,( Sro)* H@X\I!T><5‘X\I/ ,z/)” \X}
S ATRE[ S, (05, (S.0)" HOx Vg (0x VG, ) | X7]
5.
:4T3‘EE_<(’)X\I' (STU) HT8X\IIT> | XT]
=4TRE (ST UZ’)X\IJO,H OxU7) | XT]
In the second step we used that
0_ yo). 3
(4.21) L g (X=X 0y
An(X0)  Ap(X9) An
where the error term
(4.22) TZ ) - Oxhn <X = X oo [T N, |2 = o(M~1/2)

n>0

is negligible by the first and last assumption in (3.16). We see that the main fluctuation term
takes the same form as the friction term, so that the first limit in (4.8) proves the second limit
and we have obtained the leading order contribution in the second statement of (4.8). It remains
the verify that the other terms in (4.13) are negligible, but first comes the proof of Lemma 4.2.

Proof. (Lemma 4.2) A way to understand that the large M'/? factor in the Y’ equation of
(4.10) does not pollute the estimate of G in short time intervals is to eliminate v’ through the
representation

n?

= M'/? / X'(0)-0xH(X%)do {7,
obtained from the last equation in (4.10). The ¢’-term in the p’ equation can then be written as
RS A, Ox ) = 202 / X'(<) - Ox H(X%)ds 7, 0x Fy),

0
n

which yields the following additional source term in the right hand side to the equation for the
Green’s function

R(t,0) ::2M1/2§R</T /g Gpp(s,v) - Ox H(X®) o7, 0x HY™) dvds

— /2 /T /T<Gpp(g,v) . 3X}~I(X<) ¢T,3xﬁ¢7>d€dv
= Ml/zo((T - 0)2)GPP(T’ 7).
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This remainder leads by Duhamel’s representation to a small contribution
/ e AR(1,0)do = MY?O((1 — 0)?)

to G~ I + (1 — o)A, provided M'/2(7 — ¢)2 = o(1), where A is the submatrix in (4.10) with ¢’
eliminated

0 I
{ —X§ = (%, H"p) 0
Therefore, the bound (4.12) holds for M'/2(1 — ¢)? = o(1) and we will use it for much shorter
time intervals, satisfying M'/?(r — o) = O(1). )
The other coupling in (4.13) based on (3,1, H¥{)0,u with

A=

3N -
0= o [ X o (X
k=1 0
and , o
X'(0) = / 7 (v)dv = / / Gy (0, ) (45, HOX U5 dedv
0 0o Jo
yields by the change of the order of integration
T g %
BT = M2 / / / Gy (0, )Ox H7 (05, FHOX Wo(X°))dedvdor
o Jo Jo

(4.23) :§ij1/2 /0 / o, H(X7) / Gy (v, Q)dvodo (05, Hox, Wo(X°))ds 37,

O((r=5)?)
which finishes the proof of (4.12). O

The quadratic factor (7 — ¢)%ds in (4.23) yields by a change to the fast time scale a factor
M~3/2 where (1T — ¢)? gives the extra factor M ~! as compared to (4.18), and the component
wise bound on dx, H;; together with the ' bound on H¥} in (3.16) show that the '-term in
the intrinsic coupling (4.14) vanishes asymptotically.

The other terms in (4.13) and (4.14) depending on X’ includes the factor Gx,(7, o), which
introduces the additional factor 7 —o (as compared to the p’ term with the factor Gp, ~ 1) in the
slow time scale, which in the integration of the fast scale 7 — o = M~'/25 yields an extra factor
of M~'/2 as compared to the case (4.20) with G, (7, ) =~ 1. Therefore, the terms depending on
X’ in (4.13) and (4.14) are asymptotically negligible.

The third limit: the quadratic term. The last statement in (4.8) has by the first condition in
(3.16) and (4.22) its main contribution from the diagonal part

J
> E[Fnl* (0, Ox H(XT)dr) - 0pu(X7,p7, 7))
n=1

E[TAH(X%) (i, Ox H(XT)7) - Spu(l + o(1))]

n’

3
M~

1

n

[
M~

T R[5, Ay ' Ny (XT)07) - Fpu (1 + o(1))]
M~1?),

n

—

=0
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The off diagonal contribution yields as in (4.17) two factors

ZT FA\;'do T | FXldo
0

which gives a factor M ~! so that the off diagonal part is negligible.

4.3. The Born-Oppenheimer Approximation. The purpose of this section is to study the
evolution (4.2) of ,:

Lemma 4.3. Assume that zwn M2 H1p, holds with the initial data 4° = ¥, (X°), then the
orthogonal decomposition Uy, = 1, ® vk, where 1, = aV,, for some o € C, satisfies

(4.24) (Wn (), 9a(®) )2 = 0(1).

Proof. Let 4] := M T :\Zd"zZJT and make the decomposition v, = wn @ -, where 7
is an eigenvector of H(XT), satisfying H YT = )\:—Lﬂ); for the eigenvalue )\ZL € R. The similar

decomposition of Jjn in the lemma is related by the factor e*™ 2[5 A%de  This Ansatzis motivated
by the zero residual

(4.25) Ripy, i= t + iMY2(H — X))o, = 0

and the small residual for the eigenvector

where
(4.26) w(X) = (U (X), w( X)W (X) & w(X)"

denotes the orthogonal decomposition in the eigenfunction direction ¥,, and its orthogonal
complement. The constructions of the linear operator R in (4.25), the orthogonal splitting
Py, = b, @ ;- and the projection f in (4.26) imply

so that
by = =MV (H = Ny — (Ripn)!
and we have the solution representation, as in (4.7),

(4.27) V() = Sro g (0) / S, o (Ribn( ))

=ap- ax‘l’n
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where S is the solution operator S; 1% = 97 in the slow time scale. Integration by parts
introduces the factor M—1/2

/ Sro R (o) do = / iM—1/2di<sT,g><ﬁf—xnrl%nw)hda
0 0 a

we want

:/OTiM_l/2d(i( H — X) " Ry (0)?)do
(4.28) _/0 i 1/2smi((H An) "N (X7) Ribn (0)f) do
= iMV2(H = 3,) " R, (7)F — iM Y28, o(H — )~ Rij, (0)"
-/ RS, (7= 3, (X R (o)) o

The spectral gap assumption in (3.16), i.e. |Am — Ap| > ¢ for m # n (which excludes multiple
eigenvalues), implies by diagonalization on the orthogonal complement of ¥,

ICH = 20) ™ B (0072 ay = D o = An) 2 [(¥m, R (0)F)?
m#n
_ Z 3 2)\ 1|< ,Efl/QR&n(O)hHQ
m#n

< 6_3”];’1/2]%1;”(0)”‘%2((&) =0(c™?)
and the analogous estimate
d - ~ . _ R _
= (CH = Xn)™H(X ) Rip (5)*) [ 2 a) = Ol o),

which inserted in (4.27) proves the Lemma for bounded time intervals.
The evolution on longer times requires another idea: one can integrate by parts recursively
in (4.28) and assume that the constructed expansion

|| SeaRintorido = [pR - 5 o0)+ 65 (908 — ]
Bi=iM~ 1/2ST,U(H—A,1)—
R::R&R(U)h,

converges, which we do by requiring o — H(X?) to real analytic.

4.4. Proof of Theorem 3.3.

Proof. Use the estimate
T
7! / E, [o(X",p")] — Ewlg(X}. X7)] dr
U7 / / L[| Du(X7,p°,0;7) | |dodr
from (4.6) and (4.13) in the proof of Theorem 3.1 to obtain

T
7! / E, [(X7,p7)] — Ewlg(XT, X7)] dr = o(1),
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based on the assumption
/ |Du(X,p%, 0:7)|pdo = O(MY?),
0

where Du is used for the combination of derivatives d,u, dppu, Oxpu appearing in the estimates
of the proof of Theorem 3.1. O

4.5. A Motivation for lim, . [, Opu(X°,p%, 057)do = O(M'/?). This section gives a mo-
tivation for the assumption in Theorem 3.3 that fooo Opu(X°,p°,0)do = O(M'/?), based on
stochastic flows.

Using the expected value E = Eyy with respect to the Wiener process in this section, we have
the representation,

8pU(X,p,O';T) = aPE[g(szpE) | Xz = X7P(i :p}
= E[0p; 9(X1,pL) | X7 = X,p7 = p]

T T 8XT T T apT o o
= E[aXQ(XvaL)igL + 3p9(XL,pL)7§ | X7 =X,p7 = p}
opf, op,

(4.29)

X7 Op}

where the stochastic flow (api ) apz> =: (X}(s;0),p}(s;0)) solves the linear equation

d
IgXi(g;U) =pr(s;0)

d _
dfgp’L(c; o) = —0xxMo(X})XL(s;0) — Kpl(s;0)

in the special case when diffusion coefficient K := M~Y2K = M~'/2k ] is a constant multiple
of the identity, with & > 0. To simplify the writing we use the notation dx xAo(X) =: A\{j(X) for
the Hessian of A\g. Let the matrix in the right hand side be denoted by

p 0 I
Ag) == [ _ ] .

AR IESVTC SIS
The discrete time levels o = <o, ..., = 7 yields for sufficiently small time step At := ¢, 41 —¢p,
the representation

N
X’(C'U)} AtA {0} AtA(on) AtA AtA 0
4.30 (S5 ~ (sn) . AtA(N) JAtA(S-1)  pAtA(G) )
(4:30) { pr(s;0) (nlzlle )| 1 € € ¢ I

To estimate this product we will use the Euclidian matrix norm ||A| := supycgen |[AY|/[Y],
which is bounded by the square root of the largest eigenvalue of A*A and satisfies the product
rule

N X N R
[ H eAtA(Cn)H < H ||6AtA(cn)||.
n=1 n=1

To study these exponentials, we need information about the spectrum and therefore we diag-
onalize the matrix A(g,) and define the matrix

a a_
Qz[; I},

0 1= g K 4 i(N(e) — 47 K%

where
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The matrix Q transforms A(q,) into block diagonal form

—1 3 o ay 0
o= 0.
since K and A\ commute (it is only here we use that K is a multiple of the identity). Write the
eigenvalues of the Hermitian matrices ay as —k/24i(\,, —k2/4)'/2. When \,,, —k?/4 is positive,
the real part of the eigenvalue is negative equal to —k/ 2 and when ), — k%/4 is negative the

real part of the eigenvalue is bounded by (k?/4 — X\,,,)'/? — k/2. Introduce therefore the function

—k/2+ (K2/4 — A(gn))l/Qz—k/2+\/max k2/4 — X(sn)),

which bounds the real part of the eigenvalue, to obtain the spectral bound

HeAtA(Cn)

< exp (At( — k/2 + (k2/4 - X(gn))}i—m))

and consequently

N N
ITL 0 < I e (A= k72 024 = X6)"))
n=1

(4.31) = exp (Zm —k/2+ (k*/4— A(<n))1/2)>

n=1

~ exp (/UT (—k/2+ (K*/4— /_\(g))i_ﬂ)dg).

The theory of large deviations tells us that for low temperature T' < 1, Langevin solution paths
X; spend long time around stable equilibria, where Am > 0, and at some rare events they
make short time 7. (of order one in the slow scale) excursions between such equilibria, see [13].
The number of such rare events in a time interval [0,7 — o] can be approximately modelled by
a Poisson process m,_, with the intensity &, proportional to e®A*/T ~ e='/T (for a negative
potential difference —AXg := Ag(X) — Ag(Y) ~ 1). Let x := maxx (k*/4 — X(X))ir/z7
08 = tek.
The estimates (4.30) and (4.31) together show that

’ { Op X1.(5;0) ] ’ < exp (/GT (= h/2+ (k24— 5\(§))},_/2)d§)

6]7ka (§7

and

so that representation (4.29) implies the bound

T T
lim Tﬁl/ / |8pU(XJ,pU,O';T)|[1dO'dT
T—oo o Jo
<C hm T / / eJa —k/2+(k? /4 YO i S Jodr

— C lim ’ E[efs —F/2H (K /4~ MY 2ds “ldo

T—00 0
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for some constant C bounding @, where the expected value is taken with respect to the Poisson
process. This expected value can then roughly by estimated by

E[efi —k/2+(k2/4—5\(§))i/2d<} < E[efk(ffg)/%ﬁmpa]

— T—0O > m (5(7- B U))m
_ o (Eth/2)( >mz::06,8 S

_ (e =ne=ks2) (r=0).

Since T < log M, we have a tiny intensity & ~ e~ /T <« k ~ M~'/2 which implies
(e —1)6—k/2 < —k/3

and we conclude that

e T
lim T_l/ / |0p,u(X, p?,0;7)|pdodr = (’)(Ml/2).
T —o0 0 0
4.6. A Motivation for Non Zero Friction. Note that to have non zero friction and dissipation
requires T'(0, X) > 0, in (3.13), which together with (H'/2W}, H'/2W}) ~ [ T(A, X)dX being
finite implies that (¥(, V) ~ [ A ATIT(A, X)d\ = co. To have an mﬁnlte L?-norm is possible
with a slow decay as |z,;| — oo, for instance that 0x,, Vo decays as |z, — X, |~ * with 1/2 < o < 3/2
for large |z;| j =1,...J, using spherical symmetry. Is such a decay reasonable in reality? The
Thomas-Fermi model can be used to motivate that dx ¥y could decay as |z|~t.

The Thomas-Fermi model for ground state energies, using an electron density in R?, is asymp-
totically exact for large systems where the number of electrons, J, and the total nuclear charge,
Z, tend to infinity, see [24]. Tts electron density

(4.32) p=®2/y,  yi= (313,

satisfies for the neutral case J = Z the Thomas-Fermi equation

N
AP+ %@3/2 = 4w; Znb(x — X)),
and for the derivative
(4.33) Oxp=30"20x2/(2v),
we obtain
—A,9x, P+ %cpl/?@Xn@ = 47,0 (x — X,).

The solution 0x® then roughly behaves as the derivative of the Green’s function, which decays
as |z|=2. One can observe the decay |¥g| = p'/? ~ |x|73, see [24]. This implies by (4.33) and
(4.32) that dx ¥y has the desired decay

Oxp/pt? ~ V205D /B34 ~ 9x D /DA ~ |2]|0x D ~ ||t

4.7. Other Initial Electron Distributions. This section compares our model of initial data
with two other models of electron initial data, having given probabilities to be in mixed states
or in pure eigenstates. It turns out that Einstein’s fluctuation-dissipation result, which holds
for our Hamiltonian system model using the Gibbs distribution does not hold for the traditional
canonical distribution. To sample from the Gibbs equilibrium is standard in classical Hamiltonian
statistical mechanics but it seems so far non standard for Ehrenfest quantum dynamics.
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4.7.1. Canonical Mized States. Let q; denote the density of state j in the initial data ¢°
composed of mixed states. In the usual setting of a canonical Gibbs-Boltzmann distribution
qj = e N/T/3 i e=%/T which follows from maximizing the von Neumann entropy defined by
—2_; 4;log gj, with the probability and energy constraints >, ¢; = 1 and >, \jq; = constant,
see [14]. The stochastic model for the variable |y;|?, measuring in (3.9) and (3.10) the probability

to be in electron state j, is different: the chi-square distribution of A;j|;|2/T contains both the
weight to be in electron state j and the spatial density of this state.

4.7.2. Canonical Pure States. Assume, instead of (3.9), that ¥° is a pure electron eigenstate
e W; with probability

(4.34) gy = e N/T(Y e Ty
14

(and independent random phase shifts ; uniformly distributed on [0, 27]) for j =0,..., J, and
write 0 =: >_j>07;¥; which has the covariance E[(7;)"Yx] = qj0;x. Let Uo(X) = 3 Uo(X).
Then the fluctuations are very different from the case in Theorem 3.1, since E[(R(4)°, Hx ¥¢))?]
is zero due to E[Y;9x Y5%0] = 0 for j,k > 0. We assume in (3.9) that the electron-nuclei system
is in a pure eigenstate of the full Schrodinger equation, cf. [27], and that does not mean that
the electrons have to be in eigenstates of the electron operator H for fixed nuclei positions.
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