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ON THE CONVERGENCE OF TIME SPLITTING METHODS
FOR QUANTUM DYNAMICS
IN THE SEMICLASSICAL REGIME

FRANCOIS GOLSE, SHI JIN, AND THIERRY PAUL

ABSTRACT. By using the pseudo-metric introduced in [F. Golse, T. Paul:
Archive for Rational Mech. Anal. 223 (2017) 57-94], which is an analogue of
the Wasserstein distance of exponent 2 between a quantum density operator
and a classical (phase-space) density, we prove that the convergence of time
splitting algorithms for the von Neumann equation of quantum dynamics is
uniform in the Planck constant h. We obtain explicit uniform in h error es-
timates for the first order Lie-Trotter, and the second order Strang splitting
methods.

1. INTRODUCTION

One of the main challenges in quantum dynamics and high frequency waves is
that one needs to numerically resolve the small wave length which is computation-
ally prohibitive [1, 7, 16, 14]. When a numerical method is developed one would like
to know its mesh strategy, namely, the dependence of the time step and mesh size
on the wave length A (for a misuse of notation in this article we will not distinguish
the difference between the reduced Planck constant & and the wave length).

Finite difference schemes for the Schrodinger equation typically require both time
step and mesh size in the semiclassical regime (i.e. for A «< 1) to be of order O(h)
(see [19]), or even o(h). On the other hand, the time splitting spectral method can
improve the time step to be of order O(1) if only the physical observables are of
interest [2]. An important mathematical object to understand these mesh strategies
is the Wigner transform [21], which is a convenient tool to study the semiclassical
limit of the Schrédinger equation [8, 18]. In fact, the mesh strategy of At =O(1),
for the time step At, of the time-splitting spectral method can only be understood
in the Wigner framework, and not in terms of the wave function [2].

Since the solution to the Schrédinger equation is oscillatory with wave length
of order h, if one uses a standard metric, such as the L? or Sobolev norm, one
would end up with an numerical error of order O((At/h)™) for some integer m
which depends on the order of the method. This will not allow one to see an h
independent mesh strategy. The argument of an A independent time-step strategy
in [2] for the time splitting discretization to the linear Schrodinger equation, which
was also useful in establishing a similar mesh strategy for the nonlinear Erhenfest
dynamics [6], was made at a formal level without quantifying the numerical error.
One would be interested in finding a suitable metric which allows one to establish
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such a mesh strategy at the rigorous level. In the present paper, we use the pseudo-
metric introduced in [10] to establish a uniform (in h) error estimate of the time
splitting methods for the von Neumann equation (which describes the evolution of
mixed quantum states, and reduces to the Schrodinger equation in the case of pure
quantum states [4]) in the semiclassical regime.

Our final results (Theorems 3.1 and 3.2) are stated in terms of the Monge-
Kantorovich, or Wasserstein distance of exponent 2 between the Husimi transforms
of the density operator and of its numerical approximation. Indeed, quantum par-
ticles are expected to become localized on phase-space trajectories in the classical
limit. Since Monge-Kantorovich, or Wasserstein distances metrize the weak topol-
ogy of Borel probability measures on phase-space (see Theorem 7.12 in [20]), they
are expected to be the appropriate metrics to compare the phase-space densities of
quantum particles in the classical limit. Besides, the Husimi transform is the most
natural procedure for associating a classical phase-space probability density to a
quantum density operator in a way that is compatible with the classical limit: see
for instance Theorem IIL.1 (1) in [18].

Nevertheless, the definition of the Husimi transform is intimately related to the
notion of Schrédinger coherent states (plane waves with Gaussian envelope), and
there is some arbitrariness in this choice. Non-Gaussian wave packets can also be
used to define generalized Husimi transforms, in terms of which our error analysis
can also be formulated, following [11]. To avoid this arbitrariness, we think it useful
to have a formulation of our uniform in A error bounds directly in terms of density
operators, and not in terms of their Husimi transforms. This formulation is slightly
more involved than the one in terms of Husimi transforms, and for this reason, is
relegated in Appendix B.

2. A PSEUDO-METRIC FOR THE CLASSICAL LIMIT

Definition 2.1. A density operator on § := L>(R?) is an operator R € L($) such
that

R=R">0, traces(R)=1.
The set of all density operators on $) will be denoted by D(H).

In the definition above, the notation £($)) designates the algebra of bounded lin-
ear operators defined on £, and ||T'|| is the operator norm of T' € £L($). Henceforth,
we also denote by L£P($) for all p > 1 the two-sided ideal of £($) whose elements
are the operators T' € £(£)) such that |T|P = (T*T)?/? is a trace-class operator on $).
The Schatten norm of exponent p is denoted |T'||, for all T'e £P($)). For instance
L1(H) and L£2($) are respectively the sets of trace-class and of Hilbert-Schmidt
operators on §), and | - [; and | - |2 designate respectively the trace norm and the
Hilbert-Schmidt norm. The notation traceg (7)) designates the trace of T € £1($).

We denote by D?($)) the set of density operators on $) such that

(1) traces (RY2(~h2A, + |y ) RM?) < oo

If ReD*($), one has
(2)
tracen (—h2A, + [y2) 2 R(-h2A, + ly?)/2) = traces (RM2(~h2A, + [y2)RM/2) < oo

as can be seen from the lemma below (applied to A = A*|y|* - h*A, and T = R).
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Lemma 2.2. Let T € L($) satisfy T =T* 20, and let A be an unbounded operator
on $ such that A= A*>0. Then
traces (T2 ATY?) = traceg (AY*T AY?) € [0, +00] .

Proof. The definition of T%/? and A'/? can be found in Theorem 3.35 in chapter V,
§3 of [17], together with the fact that A'/? and T'/? are self-adjoint.

If traceq(T/2AT?) < oo, then AV?T'? ¢ £2($) and the equality holds by
formula (1.26) in chapter X, §1 of [17].

If traceg (T2 AT'/?) = oo, then traceg (A/2T AY?) = + o0, for otherwise T2 A/?
and its adjoint AY2T1/2 would belong to £L2(£), so that T2 AT ¢ £1(£), which
would be in contradiction with the assumption that traceq(T?AT"?) = co. O

Definition 2.3. Let f = f(x,£) be a probability density on R?*? and let R € D($).
A coupling of f and R is a measurable operator-valued function (z,£) — Q(x,§)
such that, for a.e. (z,€) ¢ R x RY,

Q.6 = Q)" 20, traces(Q(@.8)) = f@.), [[ | Q.)duds = R.

The second condition above implies that Q(z,¢) € L1($) for a.e. (z,£) e RIxRA.
Since L£1($) is separable, the notion of strong and weak measurability are equivalent
for @. The set of couplings of f and R is denoted by C(f,R). Notice that the
operator-valued function (x,&) — f(z,£)R belongs to C(f, R).

In [10], one considers the following “pseudometric”.

Definition 2.4. For each probability density f on R x R? satisfying
2 2
@) ]deRd(|m| +1€1°) f(x,&)dzdE < oo

and each R e D?($), set

1/2
Eh(fa R) = Qegr(l}‘,R) (\/‘/Rded trace;)(Q(:c,f)l/Zc(x,f, Y, hDy)Q(xa€)1/2)dmd£) )

where the quantum transportation cost is the quadratic differential operator in vy,
parametrized by (z,€) e R x RY:

C(Qj',g,y,hDy):: |$—y|2+‘§—hDy|2, Dy = _Zvy

Since c(x,&,y,hDy) = c(x,&,y,hDy)* < 2(|z|* + [¢]*) + 2¢(0,0,y, hD,), any cou-
pling @ € C(f, R) satisfies

traceq (Q(z,€)2e(x,€,y,hD,)Q(x,6)"/?)
<2z + [¢]%) traces (Q(,€)) + 2 traceq (Q(z, £)?¢(0,0,y,hAD,)Q(x,€)'?)
= 2(|z% + |€[*) f(,€) + 2 traceq (¢(0,0,y, ADy )2 Q(2,€)¢(0,0,y, hDy ) /?)

for a.e. (z,¢) e R4 x R Hence

[ sraces (@) elw. 6,5 0D, Q. ) Ddadg <2 [[ | (1 +ig)f (. ) dod
+2trace;3(c(0,O,y,hDy)%Rc(O,(),y’ hDy)%) < 00
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by (2) provided that f satisfies (3) and R € D?($). This argument uses Lemma 2.2
with T' = Q(z,¢) and A =¢(0,0,y, hD,) before it is known that

traces (Q(z, £)Y2¢(0,0,y, hDy)Q(m,f)l/z) <oo forae. (z,6) e RYxRY.

Let R e D($)). The Wigner transform of R is
4) Wa(R)(@.6) = e [ r(a+ Shy, o= Shy)e vy,

where 7 = r(z,y) is the integral kernel of R. It is a well known fact that Wy (R)
is real-valued (since R = R*). It is also well known that Wj(R) is not necessarily
nonnegative a.e. on R% x R%. For instance, if 7(X,Y) = ¢(X)y(Y) with ¢ odd,
one has

Wa(R)(0,0) =~y [ [w(3hy)Pdy <0.

The Husimi transform of R henceforth denoted Wi (R) is defined in terms of its
Wigner transform by the formula

(5) Wh(R) = "=/, (R) .

Finally, we recall the definition of a Toplitz operator. The family of Schrodinger
coherent states is

lg.p) () 1= ()~ AeTlemal /2heipamaD/h =g g pe R

Let 41 be a positive Borel measure on R?% x R%; the T6plitz operator with symbol p
is

OP% (1) = gapye fR v (1PN Pli(dadp)
One easily checks that, if p is the Lebesgue measure (denoted by 1), then
OP{(1)=1.

Moreover, one easily checks that, if x is a Borel probability measure on R% x R¢,
then OP} ((27h)%1) € D($). In addition, if z has finite second order moment as in
(3), then one has OP} ((2rh)%u) € D?($). One could also use non-Gaussian wave-
packets, but we shall avoid this in the present paper: see the remarks following
Proposition 2.6.

The pseudo-metric Ej, is obviously reminiscent of distances used in the context
of optimal transport. Henceforth, we denote by distmk 2 the Monge-Kantorovich,
or Wasserstein distance with exponent 2 defined on the set of Borel probability
measures satisfying the finite second order moment condition (3) (see chapter 7 in
[20]), whose definition is recalled below.

Definition 2.5. For all p and p’, Borel probability measures on R*?, we set

1/2
distu 2(p,p7) = inf ( fde(Iq ~q'P+1p —p'|2)7r(dqdpdq'dp’)) ,

where I(p, p') designates the set of couplings of p and p'. More precisely, II(p, p")
is the set of Borel probability measures on R*xR2¢ with first and second marginals
p and p' resp., i.e. such that

waszd(Mq, p) +¢'(¢',p"))m(dgdpdq’ dp")

B [R’zd ¢(a.p)p(dqdp) + /1;2d ¢I(q,,p,)p,(dq’dp')
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for all ¢,¢" € Cy(R2).

The proposition below explains precisely how the somewhat mysterious pseudo-
metric Ep, compares to the better known Monge-Kantorovich, or Wasserstein dis-
tance distyk 2. This proposition is Theorem 2.4 in [10], and its proof can be found
in section 3 of [10].

Proposition 2.6. Let R € D*($) and let f be a probability distribution on R%xR?
with finite second order moment (3).
(a) One has

En(f,R)? > dh.
(b) One has
En(f,R)? > distuk 2(f, Wa(R))? - dh

(¢) For each Borel probability measure p on R¥xR? with finite second order moment
as in (3), one has

Ex(f,OPF ((2mh)%1))? < distai 2 (f, p)* + dh.

The pseudo-metric Ej can be used to obtain a quantitative formulation of the
classical limit of quantum mechanics, as explained in [10]. We start from a T6plitz
initial density operator, which is evolved under the von Neumann and time-splitting
dynamics, and we compare the exact solution with its numerical approximation at
time t > 0. Choosing a Toplitz operator as initial data has the following advantage:
the symbol of the initial density operator is the best approximation of this quantum
density by a classical density in terms of the Ej pseudo-distance, as shown by
Proposition 2.6 (a) and (c). The evolved exact and approximate density operators
at time ¢ are in general no longer Toplitz operators, but their Husimi transforms
can be compared by means of the lower bound in Proposition 2.6 (b). Statement
(b) in Proposition 2.6 is another reason for using the distance distyk o between
the Husimi transforms of the exact and the numerical solutions in this context, in
addition to the motivations already mentioned in the last paragraph of section 1.

As mentioned above, one can define notions analogous to T6plitz operators and
Husimi transforms in terms of non-Gaussian wave-packets instead of the Schrodinger,
Gaussian coherent states introduced above. The analysis in the present paper can
be adapted to this more general setting, with some modifications. While Proposi-
tion 2.6 (a) holds without modifications, statements (b) and (c) should be modified
by following closely the proofs of Theorems 2.2 and 3.1 in [11].

Henceforth, we denote by V' a real-valued function satisfying
(6) Vo e LY?(R?), and VeCYY(RY).

(Here, the notation V'~ designates the function x — V™ (z) := max(-V(z),0).)
Let A >0, and set

Hy(,€) = 3¢+ V(2).

(From the physical point of view, the parameter A > 0 which appears in the defini-
tion of the Hamiltonian H) can be thought of as the reciprocal mass of the particle
whose dynamics is defined in terms of the Hamiltonian flow associated to Hy, whose
definition is recalled below. In the present paper, the parameter X is used only as a
convenient notation for defining the various time-splitting algorithms considered.)
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Since V satisfies the second condition in (6), we deduce from the Cauchy-
Lipschitz theorem that the Hamiltonian H) generates a globally defined flow de-
noted

(X(t2,8),E(t;2,8))
on RxR?. In other words, t = (X (t;z,€),E(t; 2, €)) is the solution to the Cauchy
problem

(1]

X=)2, E=-VV(X), (X(0;2,8),2(0;2,9)) = (,5).

Equivalently, for each probability distribution ™ on R% x R? satisfying (3), the
function f** o ®_;, where ®; is the map (z,£) » Oy (z,§) = (X (¢;2,€),2(t;2,8)),
is the solution to the Cauchy problem for the Liouville equation

(7) Of +{Hx f}=0,  fl_ ="

Here, the notation {-,-} designates the Poisson bracket defined on R% x R? by the
relations

{wj, o6} ={8,&1=0, {&, 7k} =)k -

Likewise consider the quantum Hamiltonian
Ha=—2h2AA, +V(y).

The parameter A that appears in the definition of the operator H, has the same
meaning, and is used similarly as in the classical setting.

The first condition in (6) implies that ) has a self-adjoint extension (still de-
noted by Hy) on $ (see Lemma 4.8b in chapter VI, §4 of [17]). By the Stone
theorem, U(t) := e!**/" is a unitary group on $), and, for each R € D($)), the
density operator R(t) := U*(t)R"U(t) is the generalized solution to the Cauchy
problem for the von Neumann equation

(8) ihoyR=[H\ R],  R|_ =R".

Theorem 2.7. Let R™ € D2($)) and let fi" be a probability density on R x R4
satisfying (3). Then

Ep(f™o @, U®)*R™U(t)) < En(f™, R™)exp (5t(A +max(1,Lip(VV)?))) .

This is a straightforward variant of Theorem 2.7 in [10] with an external potential
and without interaction potential (i.e. in the special case N =n = 1). The parameter
A > 0 appearing in the statement above is the other (unessential) difference with
the situation discussed in [10]. The interested reader is referred to Appendix A for
a proof of Theorem 2.7.

3. MAIN RESULTS

The simple time-splitting method for the von Neumann equation is

- By
() ihOpAp = [-3h° Ny, Ap] Ah|t:0 = Ry, neN,
ih0yBn = [V (x), Bn], Bhl,_, = An(At),

Ry = By (At).
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Theorem 3.1. Let V satisfy (6), and assume that R € D*($)) is a Toplitz op-
erator on $). Let t » Ry(t) be the solution of the Cauchy problem (8), and let R}
be the sequence of density operators constructed by the simple splitting method (9).
Let T > 0, and pick a time step At € (0, %) Then, for each n = 0,...,[T]At],
the simple splitting method satisfies the following error estimate, stated in terms
of the quadratic Monge-Kantorovich or Wasserstein distance between the Husimi
functions of the approximate and the exact quantum density operators:

distark 2 (Wa (R™), Wa(R(nAt)))
< CpAt+2Vdh (1 +exp (AT(1 +max(1,Lip(VV)?)))),

where the constant Cr depends only on T, VV(0) and Lip(VV), and is defined in
formula (14) below.

Instead of the simple splitting method, one can instead consider the Strang
splitting method

R} = Ry,
ihOLAp = [-3h* Ay, Ap], Anl,_, = Br,

(10) ih0; By, = [V (x), By], Bil|,_, = An(3At),  neN,
ihd,Gh = [-3h* Ay, G, Ghl,_, = Bn(At),
Ryt = Gr(3A0).

Strang splitting is a second order (in At) method, so that the convergence rate
obtained in the previous theorem can be improved as indicated below.

Theorem 3.2. Let V satisfy (6) and
V"V e LR, m=1,23.

Let R'™ € D%($) be a Téplitz operator on $), and let t — Rp(t) be the solution of the
Cauchy problem (8). On the other hand, let R} be the sequence of density operators
constructed by the Strang splitting method (10). Let T > 0, and pick a time step
At € (0, %) Then, for each n=0,...,[T/At], the Strang splitting method satisfies
the following error estimate, stated in terms of the quadratic Monge-Kantorovich
or Wasserstein distance between the Husimi functions of the approrimate and the
exact quantum density operators:

diStMK,2(V~Vh(Rn)a Wh(R(”At)))
< DpA#? +2V/dh (1 +exp (3T(1 + max(1, Lip(VV)?)))),

where the constant Dr depends only on T and |V™V| e~ for m =1,2,3, and is
defined in formula (17) below.

Our strategy is the following. First, Theorem 2.7 gives the error between the
solution of the von Neumann solution (8) and that of the classical Liouville equation
(7). Then we obtain an analogous error between the time split von Neumann and
the time split Liouville. Finally we estimate the time splitting error of the classical
Liouville equation, measured in distance dista;xo2. Then a triangle type inequality
leads to the results in Theorem 3.1 and 3.2. This strategy is best illustrated by
Figure 1.
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von Neumann Liouville
R(nAt) E}, (f(nAt), R(nAt)) f(nAt)
h—0
distarica (Wa(B"), Wi (RAD)) | At -0 At — 0 |distark 2 (f(nAd), f7)
h—0
R En (/" R") ~

time-split von Neumann time-split Liouville

FIGURE 1. The limits At - 0 and A — 0.

The error estimates Theorems 3.1 and 3.2 do not provide a uniform in A error
estimate, since they contain an O(hl/ 2) term in their right hand side. In particular,
these error estimates are useful only in the vanishing A limit. Yet these two theorems
contain all the new information on the time splitting methods for quantum dynamics
in the semiclassical regime that can be obtained with our approach. Besides, these
two theorems are of independent interest, and lead to better convergence rates that
the uniform error estimate given below in the vanishing A regime. In contrast, a
classical L% norm estimate gives an error of order O(At/h)™ [1] (for some positive
integer m that depends on the order of the splitting), which blows up as A — 0.

In order to obtain uniform in A error estimates for the simple and the Strang
splitting methods, we need to optimize these estimates with the error estimates for
the time splitting method in the case of the Schrodinger equation with fixed A (or
equivalently for A = 1). Such error estimates have been studied in detail and can be
found for instance in [5]. The idea of combining and optimizing the error estimates
in the asymptotic (macroscopic) regime and the microscopic regime is often used in
numerical methods for kinetic and hyperbolic equations involving multiple scales,
a computational methodology known as Asymptotic-Preserving Schemes [9, 15].

Our final uniform error estimate will be formulated in terms of an optimal trans-
port distance denoted distq, already used in [12] (see formula (13) in [12]). All
the convergence statements in Theorems 3.1 and 3.2 are ultimately formulated
in terms of the Monge-Kantorovich-Wasserstein distance distyk,2, to which the
“pseudo-metric” Ep, can be conveniently compared (see Proposition 2.6), the uni-
form in A error estimates stated below as Corollaries 3.4 and 3.5 are all based on
some optimization procedure comparing the L' and the distyik,2 distances between
the Husimi transforms of the exact and of the approximate solutions of the quan-
tum dynamical problem. This optimization procedure is precisely the reason for
using the distance dist;, a weaker variant of the Monge-Kantorovich-Wasserstein
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distance of exponent 1, with a transportation cost that is truncated at infinity. The
definition of dist; is recalled below for the reader’s convenience.

Definition 3.3. For all p and p’, Borel probability measures on R*?, we set
dist1(p,p') = inf f min(1,v/|g - ¢'|2 + [p - p'|?) 7 (dgqdpdq’dp’) .
mell(p,p’) JR?4

Here, the notation (p,p') designates the set of couplings of p,p’ already used to
define the Monge-Kantorovich-Wasserstein distance distyk 2 (Definition 2.5).

Our uniform estimates for the simple splitting method is given in the following
statement, which is a consequence of Theorem 3.1 and of the error estimate in
Theorem 2 of [5].

Corollary 3.4. Let V e C?(R?) satisfy (6), and let R™ = OP% ((2wh)u™), where
" is a Borel probability measure on R?? such that

"
2 2y in
LGl + ) (dadp) < oo.

Lett = Ry (t) be the solution of the Cauchy problem (8), and let R} be the sequence
of density operators constructed by the simple splitting method (10). Let T >0, and
pick a time step At € (0, %) Then, for each n =0,...,[T/At], the simple splitting
method satisfies the following uniform in h error estimate:

disty (Wa(RY), Wh(Ra(nAt))) < 2C[T, V, '™ ] At/3

where C[T,V,u'™] is defined in (21). In particular, the constant C[T,V,u'"] is
independent of h.

Likewise, Theorem 3.2 and the error estimate in Theorem 3 of [5] lead to the
following statement.

Corollary 3.5. Let V ¢ WH*(R?) satisfy (6), and let R™ = OP} ((2wh)?u'™),
where '™ is a Borel probability measure on R?? such that

.+ by (dgdp) < oo .

Let t — Ry (t) be the solution of the Cauchy problem (8), and let R} be the sequence
of density operators constructed by the Strang splitting method (9). Let T > 0, and
pick a time step At € (0, %) Then, for each n =0,...,[T[At], the simple splitting
method satisfies the following uniform in h error estimate:

disty (Wh(RY), W (R (nAt))) < 2D[T, V, ™| A3 |

where D[T,V, ™) is defined in (23). In particular, the constant D[T,V,u"] is
independent of h.

As will be clear from the proofs, the uniform in A estimates obtained in these
two corollaries involve the O(h'/?) term in the convergence rates in Theorems 3.1
and 3.2, and the nonuniform bounds in Theorems 2 and 3 resp. of [5]. The uniform
error bounds in At'/? for the simple splitting and in At*? for the Strang splitting
are not expected to be sharp. These estimates involve the dh term that is a lower
bound of E}, as explained in Proposition 2.6 (a), and that appears in the inequalities
in Proposition 2.6 (b)-(c). Perhaps using metrics other than Fj to compare the
quantum and classical dynamics could improve these uniform error bounds — but
such metrics remain to be constructed at the time of this writing.
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Specifically, the uniform O(A#'/?) error bound in Corollary 3.4 is obtained as
the minimum of the O(A?) term in Theorem 3.1 and of the (nonuniform) O(At/h)
error bound in Theorem 2 of [5]. This O(At'/?) uniform error estimate corresponds
to the “worst” possible distinguished asymptotic regime h ~ At?/3. Although the
O(At) term in Theorem 3.1 is smaller than the O(At"/?) uniform error estimate in
Corollary 3.4, the O(At+h1/2) error estimate in Theorem 3.1 is still of independent
interest in all cases where A is small and satisfies h = O(At?).

Likewise, the uniform O(Atz/ 3) error bound in Corollary 3.5 comes as the min-
imum of the O(h'/?) term in the convergence rates in Theorem 3.2 and of the
(nonuniform) O(At?/h?) error bound in Theorem 3 of [5]. In this case, the “worst”
possible distinguished asymptotic regime is A ~ At*®. Here again, the O(At?) term
in Theorem 3.2 is smaller than the O(At??3) uniform error estimate in Corollary
3.5. Nevertheless, the O(At? + h'/?) error estimate in Theorem 3.2 is of interest
independently of the uniform O(At?/?) bound in Corollary 3.5 whenever A is small
and satisfies h = O(At*). Observe that the Strang splitting method is of second
order in time in that regime, for the quantum dynamics as well as for the classical
dynamics.

The uniform in A error bounds obtained in Corollaries 3.4 and 3.5 are expected
to carry over to the case of a time-dependent potential V' = V (¢, z), provided that
V(t,") e CLY(RY) with supger Lip(V,V (t,-)) < oo for each T > 0. For instance,
Theorem 2.7 is easily seen to hold for such potentials (with essentially the same
proof). Since our final results depend on Theorems 3 and 4 from [5], and this
reference only treats the case of potentials that are independent of the time variable,
we have chosen the same setting to avoid tedious verifications of the nonuniform in A
error bounds analogous to Theorems 3 and 4 from [5] in the case of time-dependent
potentials.

A more significant generalization of our results in Corollaries 3.4 and 3.5 would
be to obtain analogous uniform in A error bounds for the full discretization of the
von Neumann equation — that is to say, when the spatial derivatives are also
discretized. Unfortunately, at the time of this writing, there does not exist any
numerical method known to capture the correct physical solutions by using h-
independent spatial mesh sizes. Among direct solvers for the Schrodinger equation,
the most competitive method dealing with highly oscillatory solutions is the time-
splitting spectral method, which requires O(h) mesh size in order to capture the
physical observables: see [2]. The Gaussian beam, or Gaussian wave packet type
methods require the mesh size to be of order O(v/h): see [16]. Since the analysis
developed in the paper is aimed at obtaining h-independent error estimates, it is
less scientifically interesting to apply it to h-dependent spatial discretizations. This
is the reason why the present paper focusses on the time-discretization and does
not discuss the fully discretized (in the time and space variable) problem.

Finally, as mentioned in the introduction, one can also express all these error
bounds directly in terms of some appropriate distance between the density operator
that is the exact solution of the von Neumann equation and its time-split approxi-
mation. This metric on density operators, and the corresponding error bounds can
be found in Appendix B.
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4. THE SIMPLE SPLITTING ALGORITHM

4.1. The Simple Splitting Algorithm for the von Neumann Equation in
the Semiclassical Regime. In this subsection we estimate the error between the
time split von Neumann and the time split Liouville equations. By analogy with
the simple splitting method (9) for the von Neumann equation, consider the simple
time-splitting method for the Liouville equation:

=1,

ata+{%|§|2,a}:0, a|t=0:f", neN,
b+ {V(x),b} =0, b,_, = a(At),

= b(At).

Applying Theorem 2.7 to one time step of the free dynamics, i.e. with V' =0 and
A =1 shows that

En(a(At), An(At)) < En(f", R™) exp(LAL).

Next we apply the same Theorem 2.7 to the Hamiltonian dynamics defined by the
potential V', with A =0: thus

En(f™', R™1) =Ep(b(At), Bp(AL))
<Ep(a(At), Ap(At)) exp(: At max(1,Lip(VV)?)).

Putting both estimates together shows that
En(f™, R™) < Ex(f™,R") exp(%At(l +max(1,Lip(VV)?))).
Let T > 0; then for each n=0,...,[T/At] + 1, one has

En(f",R") <Ep(f™, R"™) exp($nAt(1 + max(1,Lip(VV)?)))

() <Bn(f", R™)exp(3T(1 + max(1,Lip(VV)?))).

Observe that the amplification rate exp(37'(1+max(1, Lip(VV)?))) in this estimate
is uniform in (i.e. independent of) h. This is the key point in our analysis.

4.2. The Simple Splitting Algorithm for the Liouville Equation. In this
subsection, we estimate the distance between the classical Liouville equation and its
time split approximation. While the error analysis for the simple splitting method is
well known in general, its formulation in terms of distyk 2 is perhaps less classical.

One expresses the solutions a and b of the kinetic and the potential part of the
Liouville evolution as follows, by using the method of characteristics:

a(t,y,n) = " (K(y,n)) where K¢(y,n) = (y—tn,n),
b(t,y,n) = a(At, Pi(y,n)) where P(y,n) = (y,n+tVV(y)).

Thus, one step of simple splitting corresponds to setting

(12) ™ M(y,m) = f" o Paro Kar(y,n) = £ (y - Atn,n+ AtVV (y - Atn)).
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Since the transformation Pa; o Ka; has Jacobian one, the formula (12) means that
" (y,n)dydn is the image of the measure f™(y,n)dydn by Pas; o Ka;. One finds

distark 2(f" 0 P_(nenyae, [ 0 (Par o Kag)™)?
< [1X(-At,2,6) - (y - Atn)q" (dudédydn)
+ [ EC-Atw.6) - (1+ MV (y - M) " (dodedydn)

where ¢" is any coupling of f(nAt,-,-) and f™. This makes it clear that finding
an error bound in the metric distyk 2 for a splitting method applied to the Liou-
ville equation is mostly a question pertaining to the numerical analysis of ordinary
differential equations. Our reference for such questions is [13].

First we seek to bound

(X, E)(~t,2,8) = (Y, H) (=t y.0)[,
where
(Y, H)(=t,y,n) = Pro Ki(y,n) = (y —tn,n+tVV(y - tn))
is the numerical particle trajectory. As in the modified equation method described

in chapter IX.4 of [13], we write dynamical equations for (Y, H). Inverting these
relations, and denoting Y; := Y (¢;y,7n) and Hy := H(¢t;y,n) for simplicity, one has

(y:m) = (Yor + t(Hoy —tVV(Yoy)), Hoy = tVV(Y2y))
Differentiating in time, we find that
Y =H +t(-VV(Y) =tV V(YY) + 2tV (Y) + 2V V(Y)Y
=H +tvV(Y),
H=-vV(Y)-tv?V(Y)-H-t*V?V(Y) - VV(Y).
Thus, we seek to compare the trajectories of the two following differential systems:

{X:E, {Y:H+tVV(Y),

==-vV(X), H=-vV(Y)-tv?V(Y) -H-t*V*V(Y)-vV(Y).
Clearly
%|X—Y|2 SIX-YP+E-HP +|2(t)+|X -Y]?,
d _ - -
p E-HP <|VV = (X -YP+[E-H) + ()] +[E- H,
with

z2(t) =tV (y+1tn),
{C(t) ==tV V(y+tn) - (n=tVV (y+in)) = t*V2V (y +tn) - VV (y + tn).
Set E :=|VV(0)|. Then, by the mean value inequality,
2O <[t|(B + | V*V [ 2=yl + elln]))
KON <[V2V ]| o [t](Inl + [1(E + [ V2V | 2= (ly] + [tlIn])))
+ VPV | 1 (B + [ V2V ][ L= (ly| + tn)) -
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By Gronwall’s inequality, setting A := max(1, E,|V?V|1=)), and assuming that
0<t< 2 for simplicity, one has
2
X =Y P(t) +[E - HP () <(Jz - I + & = nf*)eDH
e (2Nt _ 1
2+A

Choosing at this point an optimal coupling ¢" of f(nAt,-,-) and f™ (see Theorem
1.3 in [20] for the existence of an optimal coupling), one has

A5+ AP+ [y + ) -

distyi 2 (f((n+ 1)At,-,-), f7H)2 = f(|X ~YP+ |2~ HP)¢"" (dXd=dY dH)
= f(IX(—At; 2,8) - Y (-At;y, )]’ + |2(-At; 2,€) - H(-At;y,1)1?)q" (dzdédydn)
= diStMK,Q(f(nAt7 K ')7 fn)2€(2+A)At

91271 2 26(2+A)At—1 2 2
+3A° (5 + A) At 2+7A(1+/-(|y| + [ )f”(y,n)dydn)

and we need to bound the last term in the right hand side. Since f™(y,n)dydn is
the image of the measure f"~1(y,n)dydn by the transformation Pa; o K¢, one has

fin ==f(|y|2+|n|2)f"(y,n)dydn

= f(ly + Aty + [ = AtV (y + At)*) £ (y, m)dydn
(by substitution in the left hand side), since
ly + Aty + |n - AtVV (y + Atn)?
< (ly?+ 91 (1 + At)3(1 + 2A%At(1 + At)) + 2At(1 + At)E? .
We easily check that
pin < (1 + At + 2A2AH(1 + At)?) (1 + At) -1 + 2A8(1 + At)E?,
and since 1+ a <e®,
pin < (1+ At + 2A2AH(1 + At)?)™ (1 + At)" o
22 (1+ At +2A%A8(1+ A2 (1 + At)" -1
(1+ At +2A2A8(1 + At)2)(1+ At) -1
< exp(2nAt(1+ A%(1+ At)?*)) o
sexp(2nAt(1+A2(1+At)?)) -1
T+ (1+A8)(1+2A2(1+At)2)

+2At(1 + At)

+2(1+ At)E

Thus, we arrive at the inequality

distarc 2 (F((n+ DAL~ -), )2 < dista 2 (f(nAE, -, ), 1) 22
6(2+A)At -1
+%A2(% + A)2At22+A(1 +exp(2nAt(1 + A2(1 + At)2))uo

+2(1+ At)E

exp(2nAt(1+A%(1+ At)?)) -1
T+ (1+A0)(1+2A2(1 + At)?)
Iterating in n, we conclude that, for n=0,1,...,[T/At],

(13) distpmi 2(f (nAtL,-,-), ) < CrAt,
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where

e(2+A)T_ 1
02 = %AQ(% + A)Qm(l +eXp(2T(1 + A2(1 + At)Q)),U,O
(14)

2(1+ AE exp(2T(1 + A%2(1+At)?)) -1 )

1+ (1+At)(1+2A2(1 + At)?)
4.3. Error Estimate for the Simple Splitting Method. By Theorem 2.7, for
each n=0,1,...,[T/At], one has
En(f(nAt,-,-), R(nAt)) < Eh(fi", Ri") exp (%nAt(l +max(1, Lip(VV)2)))
and in particular
(15)  En(f(nAt,-,-),R(nAt)) < Ep (™, R"™)exp (3T(1 + max(1, Lip(VV)?))) .
Putting together (11), (13) and (15) shows that
En(f", R") + distmk 2(f (nAt, -, -), f7) + En(f(nAt,,-), R(nAt))
<2En(f™, R™)exp (%T(l + maX(l,Lip(VV)2))) + CrAt.

According to Proposition 2.6 (b) and using the triangle inequality for distmi 2, we
conclude that

diStMKQ(Wh(Rn), Wh(R(nAt)))
<2ER(f, R™)exp (3T(1 + max(1,Lip(VV)?))) + CrAt + 2Vdh.

If R™™ is the T6plitz operator with symbol (27h)? £, this inequality and Proposi-
tion 2.6 (c) imply the desired inequality in Theorem 3.1.

5. THE STRANG SPLITTING ALGORITHM

In this subsection we estimate the error between the time split von Neumann
and the time split Liouville equations. The Strang time-splitting method for the
Liouville equation is

=1,

dia+{3l¢f,a} =0, al,_, = 1",

b+ {V(x),b} =0, b, ,=a(3At), neN,
drg +{31¢[%, 9} = 0, 9l,-, = b(nAL),

= g(3A0).

Applying Theorem 2.7 to one time step of the free dynamics, i.e. with V' =0 and
A =1 shows that

En(a(3At), An(3AL)) < En(f™, R™) exp(3At).

Next we apply the same Theorem 2.7 to the Hamiltonian dynamics defined by the
potential V| with A = 0: thus

En(b(At), Bp(A)) < Ep(a(2At), Ap(3At)) exp(3 At max(1,Lip(VV)?)).
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Finally, we apply again Theorem 2.7 to the last time step of the free dynamics, so
that

En(f™', Ry*) = En(9(3A1), Gh(3A1)) < En(b(At), Br(At)) exp(5At)
< Eh(a(%At),Ah(%At))exp(iAt + 1 Atmax(1, Lip(VV)?))
< Ep(f", R")exp(3 At + 2 Atmax(1,Lip(VV)?) + 1 At)

= Ep(f", R™) exp(3 At(1 +max(1,Lip(VV)?)).

Hence the uniform in & estimate (11) also holds for the Strang splitting method.

Next we analyze the Strang splitting method for the Liouville equation in terms
of the Monge-Kantorovich or Wasserstein distance. With the same notation as in
the previous section, we seek to bound

distmi,2 (f" 0 @_(ns1yas, o (KingoPato Kém)"“)z .
In order to do so, we seek to bound
|(X7E)(_t7x7€) - (Zvﬁ)(_thaw)F )

where the numerical particle trajectory or bi-characteristic flow of the Liouville
equation is
(Z,9)(-t,z,w) = Kyjp0 Pyo Kyp(2,w)

=(z-tw- %tZVV(z - ttw)),w +tVV (2 - $tw)) .
Writing Z, := Z(t,2,w) and Q; = Q(¢, z,w) for simplicity, we first observe that
Zt—%tQt :z+%tw, Qt:w—tVV(Zt—%Qt).

Differentiating both sides of each equality in ¢, and eliminating w from the leading
order terms in t < 1, we obtain the numerical bi-characteristic field for the Strang
splitting method in the form

Zy =Qy - 3V°V(Z, - $tQ)w
=Q; + s(t)
Oy == VV(Z,) - V2V (Z, - L)) - V2V (Z,))
- $PVPV(Zy - 5tQ)VV (2, - 51)
- VPV (Ze - 3010 : QF?
=—VV(Z) +o(t)

where
s(t) = - 12V (2 + Ltw)w

o(t):=- %t(VQV(z +itw) - VAV (2 + Ttw + t0))
- %t2V2V(z + %tw)vV(z + %tw)
- VPV (Z - L0tQ) - QF°
Here again, we seek to compare the solution (Z;,€);) to the Strang splitting
differential equation with the solution (X¢,Z;) of the Newton system of motion

equations, i.e. we apply the modified equation approach in chapter IX.4 of [13].
Arguing as in the case of the simple splitting method, we observe that

X-Z=(2-Q)-s,
2-Q=—(VV(X)-VV(2))-0o(t),
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so that
%|X—Z|2 20X-2)(E-Q)-2(X-2)-5s
X -ZP+E-QP +|X - Z +|s]?,
%|E—Q|2 C_2(E-0)-(VV(X)-VV(2)-2(E-9Q) -0
<Lip(VV)(|E-QPF +|X - Z*) +|2- QP + |o]*.
Setting

M = max(L, |V [, [V2V =, [V -),
we see that
ls(t)* + |o(t)[? §1€4(%M|w|2 + %M(|w|4 +t1M?) + iMQ + %M(|w\2 +t2M))
SEMP A+ 2+t 4w+ |w[h).
Choosing an optimal coupling ¢™ of f(nAt,-,-) and f”, one has
distyri 2 (f((n+1)At,--), f771)2 < /(|X ~ZP + |2 - Q)" (dX d2EdZdQ)
= [ (X (-0t2,€)=Z(- At 2,0) P +12(- A 2, ) - -k 2,0) P )q" (darddzdo)

< PN distyk o (f(nAL, -, ), f1)?
e(2+A)At -1
e L% (1 #A2 A [ (o + |w|4)f"(dzdw)).

Arguing as in the case of the simple splitting algorithm, one has
v [l + o) £ (dzd) = [ (-2t 2,0) + (-t 2,w)[) "7 (dzdw)
< f (] + VI AL)? + (joo] + VITADY) 7} (dzdw)

by substitution in the integral on the left hand side, since f™(y,n)dydn is the image
of the measure f"~(y,n)dydn by the transformation K%At o Paso K%At. Since

(lw] + VMAL)? < |w]? + AL(M + |w[?) + MAE? < (1 + At)(|w]? + MAt)
and
(Jw| + VM A < (1+ At)?(Jw]? + MAE)? < (1+ A1) (Jw|* + M2AL),
one has
Un < (14 At)3 vy + M(1+ M)AL) < 32 (v, + M(1+ M)At),

so that
3nAt _ 1

Uy <e3" B0+ M(1+ M)Ate?’mee:mf_1
<e"Alyg + M(1+ M)(1+ At)(e32 - 1),
Hence
distark 2 (f((n+ DAL, -), f711)? <P distypc o (f(nAL,-,-), f7)?
o(2+M)AL _ 1

PN SMEAE (1+ AP + At + " yg + M(1+ M)(1+ At) (¥4 - 1))
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so that, iterating in n,

diStMK’Q(f(nAtv K ')7 f’ﬂ)2
6(2+A)7LAt -1
T IMBA (14 AP+ A+ A+ M1+ M)(1+ AL (22 - 1))

2+A

6(2+A)T -1 .

ﬁMdAtzl (1 + eST(I/O + 2M2))
for n=0,1,...,[T/At] with 0 < At < 1. In other words
(16) diStMK,Q(f(nAta *y ')7 f’!l) < l)TAt2
for n=0,1,...,[T/At] with 0 < At < £, with

6(2+A)T -1

(17) D2 = M? (1+ ¥ (v +2M7)) .

2+A
Putting together (11), (16) and (15) shows that

En(f", R™) +distmk 2 (f(nAtL,-,-), ) + Ex(f(nAt,-,-), R(nAt))
<2ER(f™, R™) exp (3T(1 + max(1,Lip(VV)?))) + DrAt®.
By Proposition 2.6 (b) and the triangle inequality for distuxk 2,
distark 2 (Wa (R™), Wa(R(nAt)))
< 2B (f, R™)exp (AT (1 + max(1, Lip(VV)?))) + DrAt? + 2V/dh

for n = 0,1,...,[T/At] with 0 < At < 1. If R™ is the Toplitz operator with

symbol (2h)? £ this bound and Proposition 2.6 (c) imply the desired inequality
in Theorem 3.2.
6. UNIFORM IN i ERROR ESTIMATES
Proof of Corollary 3.4. Throughout this section, we denote
Ut) = exp(—it(—%fﬂA +V(x))/h),
and
Uk (t) = exp(3ithA), Uy (t) == exp(-itV (z)/h).
For the first order time splitting, one has
R} — Rp(nAt)
= Uy (AOUK (A1) Ry (U (A1) Uy (A1) )" ~U(nAt) Ry U(nAL)*

= [ (e (AOU(A0)" - U0 A)) a. ). Pl (A1) Uy (A1) )" " (dadp)

e L UADg, PN, bl (Ui (A1) Uy (A" ~UnA)*) 4™ (dgdp)
Hence
IRy-Ra(na0ly <2 [ |0 (A0U(AD)" ~UAD) |4, 2 ey 17 (i)
At this point, we apply Theorem 2 from [5] for the error of the simple splitting

scheme:
|(Uv (At)UK (AL))" = U(RAL)) g, p) | 12 (ra)

At
<2Z-M(V) (MV)E + bl g, P (o))
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where
M(V) = max(2[VV | = (gray, [V?V ] L= ra)) -
One has
B2 (g )32y + | V10, D)3 2y ) = B2 + bl + $h < 207 + |p|? + d?
so that

(18) 1B - R(nA0)]s < 455V (MONE +VBheds [ ol (dadp)) .

Next we apply Lemmas 8.2 and 8.1 in [12]:
(19) ) .
dist1 (Wi (Ry), Wr(Rr(nAt)))

< min ([ TV (RY) ~ Wa(R(nAR)) | 1 gy, distagse s (W (RL), Wa (Rn(nAE))))
<min(|RY - Ry (nAt) |1, distai 2 (W (RY), Wh(Rp(nAt)))) .
Using (18) and Theorem 3.1 to bound the right hand side of (19) shows that
dist; (Wx (Ry),Wn(Rn(nAt)))

< min (4AhtM(V) (M(V)t2 Vh+d+ fR |p\m”(dqdp)) :

(20)
CrAt +2vVdh (1 +exp (3t(1+max(1,Lip(VV)?)))) )
so that
disty (Wa (B), Wa(Ra(nAt))) < C[T,V, ™) (At +min (% ﬁ))
= O[T, V, ™) (At + AtY/3)
with
(21)

C[T,V, "] := max (4\/§M(V), Cr,4M (V) (M(V)T2 +d+ fR |p|m"(dqdp))

2V/d (1 +exp (37(1 + max(1, Lip(VV)?)))) ) :

O

Proof of Corollary 3.5. Arguing as in the proof of Corollary 3.4 for the Strang
splitting, we write
S(AF) = Usc (B YUy (AU (AL
and
Ry — Rp(nAt) =S(AH)"RIM(S(AL)*)" ~U(nAL) R"U(nAL)*
= [ (SN U a,p)a Pl (S (D)) i (dadp)

# s UEADI DY@ PI(S(AD) - U AL )™ (dgdp)
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so that
Iy~ Rn () <2 [ (S ~UnD)a, )] g ey 1™ (dadp).
By Theorem 3 from [5]:
At?

[(S(AD)™ ~U(nAL))|g. p)| p2(ray < M'[T, V. Mm]T

where the constant M" depends on the final time 7', on V|4, (ga), and on

fRM 1" (dgdp) < oo,
since
Wlg, )l ray = O(Ip) — while  h?[lg, )| r2(may = O(IpI?) -
Thus
(22)
disty (Wi (R), Wi (R (nAb)))

. 2
< min (M’[T, Vv, um]%, DAt +2V/dh (1 +exp (5¢(1 + max(1, Lip(VV)2)))))

mn 2 : AtQ
<D[T,V, "] | At® + min T,\/ﬁ ,
where
(23)
D[T,V, "] := max(DT, M'[T,V,1"],2V/d (1 + exp (AT(1 + max(LLip(vV)?))))) .
Optimizing in A leads to
disty (Wh(RY), Wh(Rp(nAt))) < D[T,V, i’ (A + At?/3)
corresponding to the choice h = At*/3. O

APPENDIX A. PROOF OF THEOREM 2.7
Let Q™ e C(f™, R™). Set
Q(t, X,B):=U)" Q™o ®_,(X,E)U(t)
for all t e R and a.e. (,¢) e R? xR, and
£(t) = ffR traces, (Q(t, X, Z)Y2e(X, Z,y, hD,)Q(t, X, Z)V?)dX d=.

Since ®; leaves the phase space volume element dzxd¢ invariant

£(1)= [, traces (/@ (@ OV (B)e(@i(w,€), 5. hD)U () Q" (2, €))dok .

By construction, Q(t,-,-) € C(f(t,-,-), R(t)). Indeed, for a.e. (X,Z) e R4,
0<Q™(P_4(X,Z)) = Q"(P_4(X,E))* e L(H)
so that Q(t, X, =) € L($) satisfies
Q(t, X,E) =U(H)Q™(P-+(X,E)U(t)*
U(HQ" (- (X, 2NV = Q(t, X,5)" 20.
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Besides
traces (Q(t, X, 2)) = traces (Q"(®-+(X, E))) = f(2_¢(X,E)) = f(t, X,E

while

- U(t) (f/RR Qm(:c,g)dxdg) U(t)* = U(t)R™U(t)* = R(t).

In particular
E() 2 Ern(f(t),R(t)), for each t > 0.

Let ej(x,§,-) for j € N be a $)-complete orthonormal system of eigenvectors of
Q™" (z,€) for a.e. z,& e RY. Hence

traces (v Q" (2, U () (P (2,€), y, hDy)U ()" Q™ (2,£))
= %pj(x,E)(U(t)ej(x,€)|C(<I>t($>§)7y,hDy)lU(t)ej(%é))
je
where p;(z,€) is the eigenvalue of Q™ (xz, &) defined by
Qin(‘fmf)ej(xvg) = pj(xag)ej(x,g) ) for a.e. (Cv,f) € Rd X Rd .
If ¢ = p(y) € C=(RY), the map

is of class C' on R, and one has

(U(t)¢|0(<1>t(x £),y,hDy)|U(t)¢

<U(t)¢‘c(<1>f(x €),y,hD) ’HU ()¢

)
( HU(t)<z>\ (@4(2,€), 5, hD,)|U( t)qs)
(UG H(®(2.€)), e(@:(.),y,hD, )}|U<t)¢>>.

In other words
d
%(U(t)fbk(fbt(x, €),y, hDy)|U (1))

- (vl et .o 0)0)
U (1(2,€)). (@, (5. €). 5. h DU ().
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A straightforward computation shows that

{H)\((I)t(l'7f)),C((I)t(.’l,',f),y, hDy)} + %[H,\,cx(ét(m,ﬁ),y,hDy)]
Y ((Xe = ) (Ea = hDyy) + (B~ hDy )(Xe— 1)
k=1

=S OV (X) = 0V (1)) (B - Ay, ) + (i~ hDy )DLV (X) - 9V (1))
k=1
A S (K g P+ [Er-h Dy, [2)+ 5" (106V (X) -0V (1) P+ ~h Dy )
k=1 =1

d d
<A (IXk = yil? + |2k = hDy, |*) + max(1,Lip(VV)?) 3 (| Xk - y* + |2k — Dy, |*)
k=1 k=1

< (A +max(1,Lip(VV)?)) e(X,Z,y,hD,) .
Hence
+ ()\ +max(1, Lip(VV)Q)) [01L/(U(s)<;5|c(<1>s(nc7 €),y,hDy)|U(s)¢)ds
so that
(U)gle(@e(x,€),y, hDy)|U (1))
<{¢le(x,&,y, hDy)|¢) exp ((A + max(1, Lip(VV)?)) )
for each ¢ € C2°(R?). By density of C°(R?) in the form domain of ¢(z,¢,y, hD,)
0 <(U(t)e; (x, E)|c(Pe(x,€),y, hDy)|U (t)e;(x,€))
< {ej(z,6)lea(@, &y, hDy)lej(w,€)) exp (A + max(1, Lip(VV)?)) 1)
for a.e. (z,&) e R x R%, so that

traceg (v Q" (2, U (t)c(Pe(x,£), y, hDy)U(t)"/ Q™ (z,§))
= 2. pi(@ (U )e; (@, O)le(Pe(x,8),y, ADy)|U (t)e; (2, £))

JjeN

< exp (A +max(L, Lip(VV)?))¢) %Pj(x,ﬁ)(ej(ﬂfﬁ)lf?(m, &y, hDy)le; (x,£))

= exp (A + max(1, Lip(VV)?)) t) traces (v Q" (x, €)c(x, €, y, ADy )N/ Q" (2, )) .
Integrating both side of this inequality over R? x R¢ shows that
E(t) <£(0) exp ((A +max(1,Lip(VV)?))¢) .
Hence, for each ¢ > 0 and each Q™ € C(f, R), one has
En(f(t),R(t))? < £(0) exp ((A + max(1,Lip(VV)?))¢t) .

Minimizing the right hand side of this inequality as Q™ runs through C(f™*, R™")
leads to the desired inequality.
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APPENDIX B. EXPRESSING THEOREMS 3.1, 3.2
IN TERMS OF DENSITY OPERATORS

In this appendix, we express our main results, Theorems 3.1, 3.2 with their
Corollaries 3.4 and 3.5, as upper bounds on some appropriate distance between the
exact solution of the von Neumann equation and its time-splitting approximation.

Definition B.1. For all R,S € D($)) and each integer M >0, we set

dy(R,S) := sup |[trace (F(R-S))|,
D% o DEF| <1
lal, |ﬁ\<M
where Dy = —[ -] for each (possibly unbounded) self-adjoint operator A on $).

One might worry that the definition of dj; involves h through the operator —iAV
and in the definition of D 4. However, the correspondence principle in quantum me-
chanics stipulates that %[-, -] is the quantum analogue of the usual Poisson bracket
{*,-}, while =i~V is the momentum operator, that is the quantum analogue of the
momentum variable in the Hamiltonian formulation of classical mechanics. There-
fore, both expressions %[-, -] and —iAV should be thought of as being “of order h°”
in the semiclassical regime.

First we check that dp; metrizes D($)). The (uninteresting) case M = 0 corre-
sponds to the distance associated to the operator norm: do(R,S) = ||[R-S|.

Lemma B.2. The function dy: D($H) x D(H) — [0, +oo[ is a distance.

Proof. That dj; is symmetric and satisfies the triangle inequality is obvious by
construction. The only thing to check is the separation property.

Let f = f(q,p) € S(RY x RY) and set F := OP} (f). Elementary computations
show that

[x;,0P} (f)] = OP} (<ihd,f),  [-ihds,, OP} (f)] = OP} (ihd,f).

Moreover, for each bounded Borel measure 1 on R x R%, one has

|OPE (Wl < graige (], Inl(dadp).

(To see this, split u into its positive and negative parts as u* — ™, and observe that

|OPF (%) = traces(OPT (1)) = gy [[[ | *(dad)

together with the fact that p* > 0 implies that OP} (u*) > 0, while |u| = pu* + ™)
Therefore
dy(R,S) 2 sup |traces, (OP (f)(R - 5))]
feS(Rded)

lal, ‘B| ]V[H e Tf”L°°<1

e £ D) OTR(R) = Wh(8)) (4:p)dadp.
fGS(R,ded) \[[R‘ded
|92 fll Lo <1

(24)

ma
la, \5| M

Therefore dp;(R,S) = 0 implies that Wy (R) = Wx(S) in S'(R?xR?) and therefore
pointwise on R x R? (since W, (R), Wi (S) are analytic functions on phase space).
Since any density operator on §) is uniquely determined by its Husimi transform
(see Remark 2.3 on p. 64 in [10]), this implies in turn that R = S. O
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Next we formulate our main results, i.e. Theorems 3.1, 3.2 with their Corollaries
3.4 and 3.5 in terms of the distance dj; between the exact solution of the von
Neumann equation and its time-splitting approximation. Here is the result for the
simple splitting method.

Theorem B.3 (Simple splitting). Under the same assumptions and with the same
constants as in Theorem 3.1, one has

diajays2(R", R(nAt)) < CrAt + 2V dh (Dg + exp (37(1 + max(1, Lip(vV)?)))) ,

where the constant Dy > 0 depends only on the dimension d and is defined in (25).
Under the same assumptions and with the same constants as in Corollary 3.4,

d[d/2]+2(Rn, R(nAt)) < C'[T, Vvlim]Atl/g ’
where C'[T,V, "] is defined in (27).

As for the Strang splitting method, one has the following convergence estimate.

Theorem B.4 (Strang splitting). Under the same assumptions and with the same
constants as in Theorem 3.2, one has

draja1r2(R™, R(nAt)) < DA + 2V/dh (Dg + exp (37(1 + max(1,Lip(VV)?)))) ,

where the constant Dy > 0 depends only on the dimension d and is defined in (25).
Under the same assumptions and with the same constants as in Corollary 3.5,

d[d/2]+2(Rn,R(TLAt)) < D’[T7 Va,LLm]AtQ/S,
where D'[T,V, "] is defined in (28).

These four results are obvious or straightforward corollaries of Theorems 3.1 and
3.2, and of Corollaries 3.4 and 3.5, and of the following proposition.

Proposition B.5. Let R, S ¢ D2(9), with Wigner transforms Wy (R), Wx(S) and
Husimi transforms Wx(R), Wx(S). For each integer M >0, define

op (Wa(R), Wa(5))
swp | [ (W (R)@.€) -~ Wh ()@, ) (2, o

feL*(R?)
10507 fllLe<1

ol {Bl2ne
Then
diajaysa(R, S) < 81ay212(Wi(R), Wa(S)) < distak 2 (Wa (R), Wi (S)) + Cavh
where Cq >0 depends only on the dimension d and is given by (29). Moreover
Oaj2101(Wa(R), Wr(S)) < |[R- S|
Indeed, the first inequality in Proposition B.5 together with Theorem 3.1 (resp.

Theorem 3.2) immediately implies the first inequality in Theorem B.3 (resp. The-
orem B.4), with

(25) Dyi=1+—L .
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For the uniform bounds in Theorems B.3 and B.4, we proceed as follows: first,
Proposition B.5 implies that

draj+2( Ry, Rn(nAt))

(26) < min( HRZ - Rh(TLAt) H17 diStMKVQ(Wh(RZ), Wh(Rh(TLAt))) + Cd\/ﬁ) .

Now, in the case of the simple splitting method, we bound | R} — Ry (nAt)|: as
n (18), and distyk 2(Wh(RE), Wh(Rr(nAt))) as in Theorem 3.1. This gives the
inequality

draja)+2(Rpy, Ra(nAt))

< min (4AhtM(V) (M(V)t2 V2hid+ fR |p|um(dqdp)) :

CTAt+2\/%(Dd+eXP(§T(1+maX(1,Lip(VV)2)))))~

This implies the second inequality in Theorem B.3 by the same argument as in the
proof of Corollary 3.4, with
(27)

C'[T,V,1™] == max (4\/§M(V), Cr,4AM (V) (M(V)T2 +d+ [R |p|,um(dqdp))

2Vd (Dg +exp (37(1 + max(1,Lip(VV)?)))) ) .

The case of the Strang splitting method is treated similarly: in the right hand
side of (26), the first argument in the max, i.e. |R} — Rp(nAt)|1 is bounded by
M'[T,V,i"]At?/h as in the proof of Corollary 3.5, while the second argument
in the max, i.e. distyi2(Wh(RE), Wh(Rp(nAt))) is bounded as in Theorem 3.2.
Proceeding in this way, one arrives at

draj21+2(Ry, Ra(nAt))
At?

<min | M'[T,V, "] ==, DrAt? + 2V/dh (Dg + exp (1t(1 + max(1, Lip(VV)?))
h 2

This implies the second inequality in Theorem B.4 by the same argument as in the
proof of Corollary 3.5, with

D'[T,V, "] i= max ( Dp, M'[T,V, "],

(28)
2V (Da + exp (37(1+max(1, Lip(VV)?)))) ).

Proof of Proposition B.5. The proof is split in several steps.
(a) Proof of the first right inequality. For each f e S(RY x RY), write

[[Rded f(@, ) (Wh(R - 5))(z,§)drdS = ffRded F(2, &) (Wh(R - 8))(z,&)dude
_/[Rdedg(x,S)(Wh(R—S))(m,g)dxdg,
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where g := eM=¢/4f — . Since R, S € L1($) c L2(£), and the Plancherel theorem

implies that
1
IWh(T)|72(raxra) = @iy

for each Hilbert-Schmidt operator T, by using the formula expressing |T'||2 in terms
of the integral kernel of T, all the integrals above are well defined. First

s £ OO (R = 9)) . €)dde < Lin( ) distasi 2(Wh(F). Wi ()

by using successively formulas (7.1) and formula (7.3) in chapter 7 of [20]. On the
other hand

/fRded 9(z,&)(Wi(R - S))(x,£)dzdé = traces (OP} (g)(R - S))

where OP}” (a) is the Weyl operator of symbol a = a(z,¢) € S(R? x RY), whose
integral kernel is the function

(gj7y) - W fRda(%(I-}_y)’C) 6i(-(m7y)/hd<-'

According to the Calderon-Vaillancourt theorem (see [3])

1713

OPY (¢9)| < 9002 g .
| OPy (g)l\_wla"‘g@ﬁm 105 0¢ gll L= (RaxRa)

On the other hand
0200 9(x,€) = (M= = a0 f) (x,€)

=4 029! B2z €+ hV20) - 9207 PP g
ﬂ,[fRded( 20 f(x+h 72,6+ h/20) = 070, f(x,€))e 2dC,
so that

9292 ;
|a|,|fa[\1$f2+1 (e €gHL (R4xR4)

o 7227 2
<Vh max ||aza§f||Lm(Rded)#ffRdedqu|¢|)e|| P dadc

o], |8l<d/2+2

<dm BV 0307 f|| o (Raxme -
m VR max 10000 T om esme

Therefore
[[Rdedf(a?,ﬁ)(Wh(R—S))(x,f)dxdg < Lip(f) distyk 2 (Wa(R), Wi (S))

d a8
VR max 10207 sy (1Rl + 151)

< distyri 2 (Wa (R), Wa(S)) + \2/—‘71?7,1\/?&
for all f e S(R? x R?) such that

8292 f|l e (retxmay < 1.
o 107 0¢ f L= (RaxRa)

By density of S(R? x R%) in L?(R? x R?), this implies the first right inequality
with

(29) Cai= 2,

where v4 is the constant that appears in the Calderon-Vaillancourt theorem (as
stated in [3]).
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(b) Proof of the first left inequality. Elementary computations show that
Wh(T)(:Ev 5) = traceﬁ(TN(x, 5)) ;
where N (x,€) is the operator defined, for each ¢ € §, by the formula

(N (2,)) (V) = —d(2z - Y )e 2@/

(m h)d
Moreover
eREY gk (CihaVy) Tk (<iheVy) o~ k&Y

O
where Jo(Y') := ¢(—Y). Hence
O N (w,6) =~ [V, N (@, 0], 0 N(2,6) = - [-ihdy, N6, j=1,...,d.

Since Dy, and D_mayk commute for all j,k =1,...,d by the canonical commutation
relations,

00N (2,€) = (-1)IDY D, N (,6),
and therefore
02 LW (T) (i, €) =(=1)1? traces (TDE D 5, N (2,€))
=(-1) traces, (N (2,€) Dy D%, T)
=(=1) Wi (DY Do, T) (2,€)
=(=D)* traces (N (2, ) DY Do, T)

for all a, 3 € N and each T such that Df,Df‘mayT e £1(9). Hence
|020f Wa(T)| 1= (raxmrey < T h)d |DE D%, Tlh

for all o, 3 € N and each T such that Dy D%, T € L1($).
Now, for each R, S € D($)) and each F € £1($)), one has

traceg (F*(R-S)) = (2rh)? /f Wh(F)(J: Wh(R - S)(x,&)dxdE .
Thus

dy(R,S) < sup |traces (F(R-S))
max|q|,|glsM ”D D—th FHISI
< sup (2rh) [f  Wa(F)Wa(R - S)(x,€)dude
maxa| pear | (Th) 2020 Wi (F)| Lo <1 ROR
< 2mh)e fWi(R - S)(z, &) dxd ‘
feLSl{ldpde) ‘/deRd( T ) f h( )(m g) v 5

(mwh)d max| | |8l<M |\8,§8B.f\\Lw$1

< sup
geL2(RAxR4)
max|q| |8l<ar H@g‘@?gHLoo <1

o IR =), g)d:cdg‘

< 2% (Wi (R), Wa(5)),
which implies the first left inequality.
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(¢) Proof of the second inequality. Proceeding as in step (a) above, one has, for
each g e S(RY xRY),

UfRR gWa(R - 8)(,§)dwdg| =|traces (OPY (9) (R - 9))|
<|OPY (IR~ S|

< 050 gl = (raxmay | R - S
Vi e 107 0¢ 9l L= (Raxra Iy
by the Calderon-Vaillancourt theorem (see [3]). This implies the second inequality
by density of S(R? x R%) in L?(R% x R%). O

Remark B.6. Two remarks are in order after this proof.

(1) The same argument as in step (a) of the proof of Proposition B.5 implies that,
for each probability density p on R x R such that

_[fRded(|‘r|2 + |§|2)p($7§)d.ﬁd§ < o0
one has
Spaj21+2(ps Wi (S)) <distuc 2 (p, Wa(S)) + 3CaVh

<VEn(p, )+ dh+ sCaVh < En(p, $)) + (5Ca+ Va) V.

(The second inequality follows from Proposition 2.6 (b), the third being obvious.)
While we do not use this bound here, it may be of independent interest.

(2) Of course, one can also use the first right inequality in Proposition B.5 to ex-
press Theorems B.3 and B.4 in terms of 0jqja1+2(Wh(R} ), Wi (Rn(nAt))) instead of
draj21+2(Ry, Rp(nAt)). We have chosen not to add these bounds in the statements
of Theorems B.3 and B.4 for the sake of simplicity.
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