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Modélisation Mathématique et Analyse Numérique

AN ERROR ANALYSIS OF THE MULTI-CONFIGURATION
TIME-DEPENDENT HARTREE METHOD OF QUANTUM DYNAMICS

DajaNA CoNTE! AND CHRISTIAN LUBICH?

Abstract. This paper gives an error analysis of the multi-configuration time-dependent Hartree
(MCTDH) method for the approximation of multi-particle time-dependent Schréodinger equations. The
MCTDH method approximates the multivariate wave function by a linear combination of products of
univariate functions and replaces the high-dimensional linear Schrédinger equation by a coupled sys-
tem of ordinary differential equations and low-dimensional nonlinear partial differential equations.
The main result of this paper yields an L? error bound of the MCTDH approximation in terms of a
best-approximation error bound in a stronger norm and of lower bounds of singular values of matrix
unfoldings of the coefficient tensor. This result permits us to establish convergence of the MCTDH
method to the exact wave function under appropriate conditions on the approximability of the wave
function, and it points to reasons for possible failure in other cases.

1991 Mathematics Subject Classification. 81V55, 58J90, 35F25.

October 12, 2009.

INTRODUCTION

This paper provides an error analysis of the MCTDH method, which is a remarkably successful method for
the approximate solution of the time-dependent multi-particle Schrédinger equation

N
i—=H 0.1
i =y, 01)
where the wave function ¢ = w(x(l), e ,x(N),t) depends on the spatial coordinates z(™ € R? of N particles

(nuclei in a molecule), and on time ¢. In atomic units (h = 1), the Hamiltonian is given by

1 1
H=T+V=—"/A0_ = AW L y® @) 0.2
+ ST Smin + V(... W) (0.2)

In the kinetic energy operator T, the Laplacian A is taken with respect to the spatial coordinates of the
nth particle of mass m,,. The real potential V', which acts as a multiplication operator, will be assumed to be
bounded. The situation of primary interest here is that of a Schrédinger equation for distinguishable nuclei
moving in a potential given by an (approximate) electronic energy surface, according to the time-dependent
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Born-Oppenheimer approximation to the full molecular Schrédinger equation. The assumption of a smooth and
bounded potential is usually a reasonable modelling assumption in these applications.

For computational wavepacket propagation, the multi-configuration time-dependent Hartree method (MCTDH)
has been put forward by H.-D. Meyer and coauthors in [1,12-14] and further references therein. It has been used
successfully in a variety of chemical situations such as photodissociation and reactive scattering, for problems
involving 6 to 24 nuclear degrees of freedom and one or several electronic states; see, e.g., [15]. In the MCTDH
approach, the wave function is approximated by a linear combination of Hartree products, that is, of products
of functions each depending on the coordinates of only a single particle, or of a single degree of freedom. The
Dirac—Frenkel time-dependent variational principle yields equations of motion for the single-particle functions
and for the coefficients in the linear combination of the Hartree products. The ordinary differential equations for
the coefficients are those of a standard Galerkin method with an orthonormal basis of Hartree products, but here
this basis changes in time according to the low-dimensional nonlinear partial differential equations satisfied by
the single-particle functions. The MCTDH method thus replaces the high-dimensional linear Schrodinger equa-
tion by a system of ordinary differential equations and low-dimensional nonlinear partial differential equations
and in this way makes the problem computationally tractable.

It is tempting to think that taking more and more linear combinations of Hartree products should give an
ever better approximation to the wave function. This intuitive expectation is, however, not easily put on firm
ground. Obstructions come from the difficulty to ascertain the approximation properties of the time-dependent
basis of Hartree products and from the fact that the density matrices appearing in the method formulation
become more and more ill-conditioned as more terms are added in the linear combination of Hartree products.
These two obstructions render a standard convergence analysis illusory.

Although a smooth wave function can indeed be well approximated by linear combinations of tensor products
of single-particle functions, it is not clear how this property relates to the approximation provided by the
MCTDH method. The L? error of the MCTDH method is bounded in terms of the L? best-approximation
error in [10], but the constants in these estimates grow without bound as the number of linear combinations
increases, due to the growing ill-conditioning of the density matrices.

In the error analysis given here, we suppose that the wave function can be approximated by linear combina-
tions of Hartree products in such a way that the residual in the time-dependent Schrodinger equation is small
(< ) and the singular values of the matrix unfoldings of the coefficient tensor are not too small (> §). We
then obtain, in Theorem 2.1, an O(g) error bound for the MCTDH approximation on a time interval of length
proportional to §/e. Moreover, the inverses of the density matrices of the MCTDH method are bounded by
O(672) on such a time interval. It cannot be expected that & is substantially larger than e, but the bound § > ¢
for a positive constant ¢ independent of the number of linear combinations appears as a reasonable assumption.
Under a condition that requires smallness of the time derivative of the coefficient tensor in components that
correspond to the small singular values, the error bound of Theorem 2.1 then yields the convergence of MCTDH
approximations to the exact wave function over some fixed time interval, as more and more terms are included
in the linear combinations. It must be noted, however, that our error analysis does not establish convergence of
the MCTDH method in general, but it does show mechanisms that lead to small errors or to possible breakdown
of the approximation.

We mention that multi-configuration Hartree-Fock methods for the Schrodinger eigenvalue problem of elec-
tronic structure theory are analysed in [2] and [9], where convergence of the ground state and of the energies of
excited states are shown.

In §1 we describe the MCTDH method. The main result of our error analysis is stated and discussed in §2.
We introduce useful notation for the proof in §3, and in §4 we reformulate the MCTDH equations of motion
in this compact notation. In §5 and §6 we study tangent space projections onto the MCTDH manifold as an
essential tool of our error analysis. The proof of the main result is then given in §7.
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1. THE MCTDH METHOD

In the MCTDH method [1,13], the multi-variate wave function ¢ is approximated by a linear combination
of products of uni-variate functions, that is, for x = (;v(l), e 795(1\[))7

P(a,t) ~ u@t)= > g @D 8) gl (@) ZaJ YO (x,t).  (1.3)

(J1,-53N)

Here, the multi-indices J = (j1,...,jn) vary for j, = 1,...,r, with n = 1,...,N. The a;(t) are complex
coefficients depending only on ¢t. The single-particle functions ¢§:) (x(”),t) depend on the coordinates z(™ of
a single particle and on time ¢. They appear multiplied with each other in the Hartree products ® j(z,t) =
[Ty &5 (@, 1).

This approximation format is analogous to the Tucker format in tensor approximation (see, e.g., [4,8]). The
computational scaling is exponential in the dimension N, as r¥ if r, = r for all n, unless a reduced format is
chosen for the coefficient tensor (ay) as, e.g., in [4,17].

The Dirac—Frenkel time-dependent variational principle yields differential equations for the coeflicients a ; and
the single-particle functions gb;:). We first recall this variational approximation procedure in its abstract form
and then turn to the MCTDH approximation manifold and the MCTDH equations of motion. The presentation
follows [5,11].

1. The Dirac—Frenkel variational approximation principle

The abstract setting is that of the time-dependent Schrodinger equation

= H ) =, (14)
where the Hamiltonian H is a self-adjoint linear operator on a complex Hilbert space H with inner product (-|-)
and norm || - ||. Let M C H be a submanifold of H on which an approximation to the wave function (¢) should
lie, and let 7, M denote the tangent space at u € M (i.e., the closed real-linear subspace of H formed of the
derivatives of all paths on M passing through w, or in physical terminology, the space of admissible variations).
We assume that 7, M is in fact complex linear, i.e., with du € 7, M also idu € 7, M. The Dirac—Frenkel
principle determines the approximate wave function ¢ — wu(t) € M from the condition that the time derivative
4 = du/dt should satisfy, at every time ¢,

Sult—LHu)=0  forall duec T, M. (1.5)
(ou ]t~ 1)

With the orthogonal projection P(u) onto the tangent space 7, M, this can be rephrased as a differential
equation on M,
@ = P(u)}Hu. (1.6)

From a numerical analysis viewpoint, condition (1.5) can be seen as a Galerkin condition on the state-dependent
approximation space 7, M.

1.2. The MCTDH approximation manifold

The MCTDH method determines approximations to the wave function that, for every time ¢, lie in the set

M= {u e L’(RY) : u= Z Z jy . i ¢>§} -®d)§»g) with aj, jy € C, gb;:) € LQ(Rd")}, (1.7)

Ji=1 in=1
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with the total dimension d = d; + ... + dy. This set M is not a manifold, but M contains a dense subset M
that is a manifold and is characterised by a full-rank condition.

The representation of u € M by a coefficient tensor A = (a;); and single-particle functions ¢ = (ng‘:))jn,n

is not unique. We may assume that the ¢§:) corresponding to the same particle n are orthonormal:

@) =050y Gnsln =1, rn, n=1,...,N (1.8)

(where §;, ;,, is Kronecker’s delta). Consider a differentiable path ¢t — (A(t), ¢(t)) representing a path u(t) on
M. Then, the derivative Ju = 7(0) is of the form

5u_25aJ <I>J+Z Z aps™ (1.9)

n=1j,=1

with the Hartree products ®; = ®7I:/:1 ¢§:) and with the single-hole functions

Tn—1 Tn41

Y= (@l )™ Z >y - Zah, iy Qe (1.10)

J1=1 Jn—1=1jn4+1=1 in=1 L#n

where the superscript (n) on the inner product indicates that the L? inner product is taken only with respect
to the variable (™ leaving a function depending on all the other variables () with ¢ # n. Conversely, the
day turn out to be uniquely determined by du and (A, ¢) if we impose the gauge constraints

<¢§:)| ¢(")> , ]naln = 1,...,7"7“ n= 17"'7N7 (111)

which is a stronger condition than the differentiated condition (1.8), i.e., (¢§:) |5¢l(:)> (5¢(”) | qS(")) . On
taking the inner product of ®; with du given by (1.9), conditions (1.8) and (1.11) together imply

(5@1] = <<I>J ‘ (5’LL>
Taking the inner product of %(:) with (1.9) gives

S o, 56 = ()

Jn=1

du—3"bay <I>J>(ﬂn) (1.12)
J

with the hermitian, positive semi-definite density matrices

poy = (o) givenby = (| (1.13)

The superscript (-n) indicates that the L? inner product is taken over all variables except z(™, leaving a
function depending on (™ in (1.12). The orthonormality relations (1.8) allow us to express the entries of the
density matrices in terms of the coefficients a ;:

Tn—1 Tn+41

pzn n E E E : E : Ay ftsinsdin 1oeeesd N Bty (1.14)

Jj1=1 Jn—1=1jn41=1 jnN=1

or equivalently
Pln) = Am) ALy (1.15)
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where the matrix A, € Cn*izn T* g the nth unfolding of the tensor A, which is the matrix that in its j,-th
row aligns the entries a;, . . ;, with fixed j, in lexicographical ordering.

The 5¢§:) are thus uniquely determined from (1.12) under the full-rank condition that the tensor A has rank
(71,...,7n), which means that its nth unfolding A, has rank r, for each n =1,..., N, or equivalently,

P(n) is an invertible matrix for each n =1,...

.N. (1.16)

With the above construction of the da; and §¢§:), we obtain local charts on

T1 TN
M = {u e PR :u=Y Y aj ) @ @6\ with aj,_;, €C, ¢\ € L2(RM)

Jji=1 in=1

satisfying the orthonormality constraints (1.8) and the full-rank condition (1.16)}, (1.17)

making this set an infinite-dimensional manifold, for which the tangent space at u € M consists of the ele-
ments du of the form (1.9). The MCTDH method is obtained by using the Dirac—Frenkel principle on this
approximation manifold M.

1.3. The MCTDH equations of motion

Using the Dirac—Frenkel principle on the approximation manifold M of (1.17) and imposing, in view of (1.11),
additional orthogonality constraints on the time derivatives of the single-particle functions ri);-:)(x("), t),

dop\ _ -
I N=0, t>0, jpdn=1,...,7n, n=1,...,N, (1.18)

(5

yields a system of coupled ordinary and partial differential equations for the coefficients and single-particle
functions [1,12,13]:

.da
ldTJ = ;@ﬂmcpma,ﬁ v, (1.19)
ad)gn)

. " o _ (n) (n)\ (=n) (n

1 315 - 1 P mzl IZ p(n) Jnﬂ'TLn m,L H ‘ ¢ > ¢ (120)

Jn=1,....rp, n=1,..., N,

where the Hartree products ®;, the single-hole functions wl(:), and the density matrices p(™ are defined as in
(n)

S Tn 9

§1.2, and where P(") is the orthogonal projector onto the space spanned by qﬁgn), e

PO 3 o 10

Jn=1

Existence and regularity of solutions to the MCTDH equations of motion are studied in [5]. In the case of a
smooth bounded potential, it is shown that the MCTDH approximation exists with the same Sobolev regularity
as the initial data as long as the density matrices remain invertible.
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2. STATEMENT AND DISCUSSION OF THE MAIN RESULT

We assume that the exact wave function ¢ (t) = (-, t), which is a solution to the Schrodinger equation (0.1),
can be written in the form

() =v(t) +e(t), 0=<t<t, (2.1)

where v(t) = v(-,t) € M is some approximation to the wave function in the MCTDH manifold that has a small
defect in the Schrodinger equation (0.1): with a small & > 0, the defect is bounded in the L?(R?) norm by

LOv
Yot

(,t) — Hv(~,t)H <e. (2.2)
We note that a sufficient condition for this inequality is given by the bound
0
50|+ irec.oi <

which holds if the error e = 1 — v is small in the C*([0, 7], L?) N C([0,%], H?) norm.
We further assume that v(-,t) € M has a decomposition

T1 TN
N
v(a,t) =3 3 by 005 (@ 1) 08D () ) (2.3)
1

Jji=1 JN=

with the following properties for 0 < t < t: there are a positive number § > 0 and non-negative p, v such that
the smallest non-zero singular value o, (B(,)(t)) of the nth unfolding By, (t) of the tensor B(t) = (bj,...jx ()
satisfies, forn =1,..., N,
or, (Bn)(t)) 2 90, (2.4)

and

Bl ® By )], < 1. (2.5)
(n
"= d/dt denotes the time derivative. Note that condition (2.4) is equivalent to the bound HBErn) ()2 < 6L
Condition (2.5) with p < 6! requires smallness of the time derivative of the coefficient tensor in components
that correspond to the small singular values.

The basis functions 95:? are assumed to be orthogonal to each other for each n and to satisfy the bounds

where || - ||z is the spectral norm, the matrix Bgn) = B, (BB )_1 is the pseudo-inverse of B, and

2
|| oel n
S i =T o <02, (26)
jnzl

where T = —(2m,,) "' A" is the kinetic energy operator of the nth particle, and the norm is the L?(R%)
norm. Moreover, we assume that the potential is bounded:

[V(z)| <8 forall z = (zM,... 2™)) e R% (2.7)

We then have the following error bound for the MCTDH approximation u(t) = wu(-,t) given by (1.3) and
(1.19)—(1.20).
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Theorem 2.1. Under the above conditions, the approximation error of the MCTDH method with initial value
u(0) = v(0) 4s bounded by

. 1/2
Ju(t) (O] < (o) + 2tz for ¢ < min (t2(5)%(5) )

where v = 2C (cypu + cav + B) with ¢; = 3N, ¢co = 2N?, C =8N(N +3), and ¢ = 5.

Note that the ill-conditioning of B, as expressed by the smallness of § does not affect the error bound on
intervals of a length proportional to J/e.
Remark. (a) The same error bound holds, with essentially the same proof, if conditions (2.4)—(2.6) are assumed
for the MCTDH approximation, i.e., for A,y and qb;:) instead of B,y and 9](-:). The condition o, (A (t)) >0
is equivalent to the bound || p(_nl) (t)]l2 < 672 of the inverse of the nth density matrix (1.15) which appears in

(1.20). We further note that under condition (2.4) on By, we obtain o, (A(,(t)) > 30 and Hp(nl) ()2 <4072
for ¢ in the interval given in the theorem.

(b) In Theorem 2.1 it is not essential that the operator T is a mass-scaled Laplacian. It is sufficient that
T is a sum of densely defined one-particle operators, which ensures the basic property that Tu € 7, M for all
u € M N D(T). On the other hand, the boundedness of the potential V' appears substantially in our proof. It
is not clear to us how to extend the result to the MCTDHF method of electron dynamics, where unbounded
Coulomb potentials are present.

Relating § and . We describe a situation in which the key quantities § and ¢ of Theorem 2.1 are in close
relationship. For ease of notation only, we consider here the case where all ranks r,, are equal, r =11 = ... =7rx.
We are interested in the behaviour of § and € as r grows, and therefore write d,, and &, in the following.

We expand the wave function into a basis of tensor products of orthogonal functions, e.g., of shifted and
scaled Hermite functions as considered below. We then have

Y(z,t) = f: i bjrin 005, (M 1) 05 () 1),

Jj1=0 Jjn=0

We denote by v, the bound (2.6) in dependence of r for these basis functions.

We now make the assumption on the wave function that with respect to this basis, the coefficients bj, ;. (¢)
decay with growing indices, in the sense that for some 7, > 0 with 5, — 0 for r — oo (e.g., 5, = =™ for some
m > 1),

Z |bj1-~jN(t)|2 < 772 (2.8)

(j1,~~~’jN)Zjn>T’ for some N

> by, in (D < 0?02 (2.9)

(F1seees JN):jn>1 for some n
When we take v(t) as the truncated expansion with 7 terms in each coordinate, we have the following inequalities:
Or < s (2.10)

and (2.2) holds with

er =1y (Va2 +v2+0). (2.11)
To prove (2.10), let B([:l]) (t) denote the nth unfolding matrix for the tensor with coefficients b;,. ;. (t) for
J1,-.-jn < r. We then have from [3, p.448] that the difference between the smallest singular value of BE:L]) (t)
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and the smallest singular value 0 of the matrix B([:L;u (t) filled up with zeros, is bounded by the Frobenius norm

of the difference of these matrices, which is bounded by 7,. This yields (2.10). The bound (2.2) with (2.11)
follows by combining the inequalities (2.6), (2.7), and (2.8)—(2.9).

The estimate (2.10) makes it clear that J, must tend to 0 if r — oo, and the faster the better the exact
wave function is approximated with just a few Hartree products. With (2.10)—(2.11) we have §, < Const. ;..
It would be of interest to have also a converse inequality. By replacing the coefficient tensor (b;,. ;) with a
perturbed one, where all singular values of the unfolding matrices are made greater than 7., one obtains for
this perturbation §, = 7, and the bound (2.2) with ¢, = ¢,n,.. Unfortunately it does not seem possible to
bound ¢, independently of 7 in general, since the number of singular values that need to be increased to 7, may
grow linearly with r. In such a situation we would only get ¢, = O(y/r). While this cannot be excluded, an
assumption §, /e, > const. > 0 appears realistic for many cases.

Basis functions with v = 0. As the following example shows, assuming condition (2.6) with v independent
of r is not an unreasonable assumption. Consider the kth Hermite function

1 1
= Hy(x) e~ /2

on(x) - W \/W

with the Hermite polynomial Hy, of degree k. These functions form an orthonormal basis of L?(R) (see, e.g., [16]).
We choose the basis functions

(n) _ gm)
n x @)\ e g
03,0 = o3, () &

as shifted and scaled Hermite functions multiplied with complex exponentials, and expand

Z/J(Iat) = Z s Z bjl---jN (t)ajd (I(l)at) cee GjN (I(N)vt)'

Jj1=0 Jn=0

With the choice ¢™(t) = ¢(™(0) + "%np(")7 a™(t) = a™(0) + ﬁt", S () = S (0) + ﬁ”(p("))2 of the posi-
tion, scaling and phase parameters, respectively, the functions §;, (™, t) are solutions of the free Schrodinger
equation, and hence (2.6) holds with v = 0.

Conditional convergence of the MCTDH method. An interesting theoretical question concerns the
convergence of the MCTDH method to the solution of the Schrodinger equation as the numbers r, of basis
functions tend to infinity. It appears already obvious from the method formulation that such a result cannot
be given without assuming some a priori bounds on ||p(711) (t)||2, that is, on 6 =2 with d of (2.4). As we have seen
above, such bounds cannot reasonably be assumed independently of r. If we have 6, /e, > const. > 0 and if the
bounds (2.5) and (2.6) are uniform in r, then Theorem 2.1 yields convergence of the MCTDH approximations
to the exact wave function over a fized time interval, as r — oc.

Road map. The remaining sections of this paper develop the proof of Theorem 2.1. The reader who wishes
to get a quick impression of the ideas and procedure of the proof before entering into technical details, may
proceed directly to Section 7. The proof given there uses bounds that are derived in Sections 5 and 6 using
suitable notation introduced in Sections 3 and 4.

3. NOTATION AND BASIC ESTIMATES FOR TENSOR FUNCTIONS

For the proof of Theorem 2.1 it is appropriate to use more compact notation than, say, in (1.3). We collect
some notation of tensors of functions, partly inspired by the tensor notation in [8]. As a general rule in the
following, superscripts refer to variables of a function and subscripts to indices of a tensor.
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Function spaces. For a subset Q of {1,..., N}, we denote by H? the space of square-integrable functions
f = f(z'9|q € Q) depending on the variables z(9) € R% with ¢ € Q, i.e., for Q # () we have H? = L?(R%e),
where dg = )_ . d, is the total dimension of variables in @, and H? = C. We write H = H{bNt = [2(R?).

Tensors of functions. For subsets P and Q of {1,..., N}, we denote by TQ (H@)s1%-XsN the space of
tensors of dimension sy X ... X sy where

b

r, forn e P
Sp =
lforn¢gP

and whose elements are functions of the variables (9 with ¢ € Q, i.e., an element Y € ’T]? is of the form
_ (@
9= (y"P )Jp ’

(@) ¢ HQ, where the multi-indices Jp = (Jp|p € P) vary for j, =1,...,7p

with y ;7

We consider in T,? the norm

2 p—
19156 = (9. Yz Qij , (3.1)
induced by the inner product
.,E : Q) (@
<xalé>TPQ = <$E]P 7yJP)>HQ ) (32)

Jp
where if Q = (0 we consider, for z,y € H? = C, (z,y)¢ = Ty. In particular we have %{1""’N} = L*(RY),
=H9, and ’Zf{@l LN} = Crixx"~ equipped with the Frobenius norm.

Matrices of functions and their products. We denote by /\/laX B the space of matrices of dimension a x (8
whose elements are functions of z(?) = (z(9) | ¢ € Q). For A9 € MY BRe ./\/lgx,y and SC QN R # 0, we
define the matrix A9 o5 BE € MY\ Laving elements

axy

ax3?

iy

(425 B7) =3 (a Z,?),b(R)> g (3.3)

k=1

where we denote by (-, -),,s the L? inner product taken only over the variables ) withs e S. f QNR =0,
we define the matrix A2 @ BR ¢ M9YE having elements

ax~y

(A% @ B) . Zalk @by, (3.4)

that is, (A9 ® BR) (@), z(B) = Z al(-,?)(x(Q)) b,(c?)(x(R)).
k=1

We consider in MSX 3 the Frobenius-type inner product

(42,89 0 ZZ< P

1=175=1
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which induces the norm
Q|2 Q Q ‘
145z, , = (A% A% 0, ZZ

Vectors of functions. We denote by V9 = ngl the space of column vectors of dimension o with entries
depending on x(?). The norm of a vector U¢ = [¢§Q), vy z/J&Q)]T € V9 is given by

(3.5)

T T .
Lemma 3.1. Let U™ ¢ Y™ , AQ ¢ Mﬁxa, IS Vg. Then,
(1) Porn ¢ Q,
||AQ®\1/ |yeuim < ||AQH Q |‘I’ (e (3.7)
125 M§ vi
(2) Formn € Q,
0 7 @7y < 17 o 99 59
axp o B

Proof. 1. It follows from (3.6), from the definitions (3.3)-(3.4) and from the fact that the matrix (A?)T ¢@ A@
is Hermitian, that

149 © W [Sautn = (17 © (A7) 82 (49 @ w)

I
Me

<zw§">®aw al? >>
HQU{n}
8
_ Q) () (n)  (n)
=22 Z< Y Yk >HQ> <wﬂ Vi >H{n}

_ i i ((AQ)T QAQ) (\Pn o (\I,n)T)jk

= tr (((A9)7 2 49)" (w" o™ (37)7) )

<

Il
_
=~

Il
_

= (7 o0 AT ar @) < (A7 o0 A [0 o (@)

where (-,-). denotes the Frobenius inner product. By observing that the matrix (A9)T @ A% is positive
semi-definite, we obtain

1(49)T 6@ 49|, \/ = [(a9)m 00 49), [ < [ 5 (((49)7 00 49), ((49)7 00 49) )

4,j=1

= tr((A9)T «@ AQ) —HAQH

[3><a

and, analogously,
lom om @)l < 19" 15

From the above inequalities it follows that

1420 97 g < 1A% 00 (A 97 o7 ()7, < A9 191

I
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which completes the proof of the first inequality.

2. Let O™ = [w(n)7 n)] oQ = [ngQ), ...7¢§3Q)]T. We have from the definition (3.3),
n o™ Q\T 2 e B n .n Q\T 2
[T o™ (@9) HMS;{;} = Z;jgl (U™ o™ (29) )ij )
a B 2
_ (n) (Q)> ‘
12::1];1 <¢l ’ (bj HAin} [\ {n}
a B 2
<
- ;j; ‘ w’ Hn} ‘¢ H HHQ\{n}
RN @[ _ g2, (692
=L v Hin} %) He I ”V(E"} H ||vgl-

@,
Il
—

<.
Il
_

O

N
Unfolding a tensor. Let Y € TIQ, a:= [[ sn, Bn = [[ sr. We denote by vec(Y) € V& the vector that carries
n=1 k#n

Q) of Y in lexicographical order, and by

the entries y;°

Yoy = Y] () € M2

Sn X Bn

the nth unfolding matrix of the tensor Y, i.e., the matrix that aligns the entries y(Q) of Y with fixed j, in the
jn-th row of the matrix, ordered 1ex1c0graphlcally Clearly the tensor Y can be reshaped from its unfolding Y{,,).
Note that if n ¢ P, then s,, = 1 and hence Y,y = vec(Y)”. We further note

19llre = llvec(®)llve » (3.9)

and, for each n =1,..., N,
(3.10)

Wlzg = Woollaee . = [Voollye

Tensor products. Let Y € TIQ, " e V;{ff}. For n € P\ @ we define the nth-mode raising product Y x,, " €

T}?\Lfi?} by the relation

[Y X ¥y = (¥ @ Yy (3.11)
that is, Z =Y x,, U™ is the tensor of functions given by summing over the nth index via

o (2@ 2

Zjlnajnfljnﬁ»l - JN

) = Z '(/)?n ('/E(n))yjl-'-jnflénjnﬂ»lu'jN (w(Q))

)
£,=1
For n € Q \ P we define the nth-mode lowering product Y o™ ¥" € 7, gu\{{;? by the relation
[Y o™ \Il"](n) =" e" Y, , (3.12)

that is, W = Y o™ U is the tensor of functions obtained by integrating out over z(") via

Wy (@) /R d D U1 (@ @D 20) g ),
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Lemma 3.2. In the situation of the previous definition, we have

19 ¥y < 19" Ly ¥l

n \Pn n < Wn n .
19" 2o < 1970 ¥l
Proof. By the definition (3.11) and the properties (3.10), (3.7) we obtain

yxn\pn u{n} — HY’Z; ®\I/n
| ”Tf\{if )

Saven SN ([0 = 1 g ¥l

Bn T X Bn

where 3, = [] sk, and thus the first inequality is proved.
k#n
By the definition (3.12) and the properties (3.9), (3.8) we obtain

19 0™ W[l zgvin = ([ " vee(d)" | yyavim < I Ml Ivec®)lyim = 197" 00 197

which concludes the proof. O

For a subset K = {k1,...,kn} of P with KN Q = () we denote

yké{\pk =Y oxp, UF g, U e TR

and similarly, for a subset L = {{1,...,£,} of Q with L N P = () we write

yeg@f:yo& vl ot wt e TR

Tensor products with vectors of orthogonal functions. In the following, let ®" € V{«{: } be such that the
components are mutually orthogonal functions:

o"e" (@M =1, n=1,.,N, (3.13)
where I, is the identity matrix of dimension r,. For Y € ’TFE"} with n € P, we consider the projections
Pr(Y) = (Yo" ") x, @7, PL(Y) =Y - P"(Y). (3.14)
Lemma 3.3. LetY € TIQ. Then,

(1) For KC P, KNQ =10,
Y X oF

keK

o = Wl
(2) For LCQ, PNL =1,
'y O of

leL

<I¥lze-
7500 "

(3) For @ ={n}, n ¢ P,

12"l < Wl s 1L g < [Ylpgor
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Proof. 1. By the definition of norm (3.1) and by the orthonormality conditions (3.13) we obtain

2. Let X € Tﬁ? defined by having elements

-5 (@0 2) @y e

Jr \teL L LEL

Yy X @k
ke K

ZySQ) ®¢(k)

JK

=2

Jp\K

= 22|

HQUK Jp\x JK

2
= 91120

TQUK

From the orthonormality conditions (3.13) it follows

2

(@) ) (@)
H"TJP ZH< ¢'z’pr> ’
leL HL N pQ\L
ie.,
X Q:Hy Pt ,
[RYIP: KQL ra
and
2
(X Y) 70 = (9 xm-|aoq>f
teL 2t
Thus it follows )
P! =1YPe = |Y—X[%e < Y[*e .
lvo = Wl =18 = X0 < e

3. It follows from the definition (3.14) of P? that the elements of P (Y) € TA™ have norm

HAn} Z ‘<¢§:)7 Yip >H{w

2

1% W) e = [52)],

2
177 (Y ||T{n> ZH (P s e = IIIéIIT{n}—II‘éO"‘I’"IIT0 oy S8l

4. REFORMULATION OF THE MCTDH METHOD

The MCTDH manifold and its tangent space. With the notation of the previous section, we can rewrite
the MCTDH manifold M defined by (1.17) as

N
M :{u eLPRY:u=AX ", e eV, e (@) =1, n=1,.N, "
A € Cm X"~ hag full rank (rq, ... ,rN)}.
We recall that VT{:} denotes the space of column vectors of length r, of functions of the variable 2(™). In the

definition of the manifold M we may as well just require that for each n, the components of ®" = (¢>§n)) are
linearly independent functions, since we can then always do an orthogonalisation without changing u € M.



14 TITLE WILL BE SET BY THE PUBLISHER

The tangent space at u € M consists of the elements % of the form

. N N .
G=A X"+ Y Ax,d" X O, (4.2)
n=1 k#n

n=1

with arbitrary A € C" %%~ and " e V{«{:L }. We obtain that A and &" are uniquely determined by % and the
chosen A and ®" in the representation of u if we impose the gauge conditions (1.18), viz.,

" e (™)1 = 0. (4.3)

N
In fact we obtain, by multiplying (4.2) by (O ®" and by O ®*,
n=1

k#n
) N
A=14 O o"
En\T ) k i (4.4)
(@) = [Tl(u k(;ncb )Ln)A(n)’

where the projection P is defined by (3.14) with the above ", and Azn) = Az‘n)(A(n)A?n))’l is the pseudo-

inverse of the nth unfolding matrix A, of A. Note that the second equation in (4.4) is equivalent to

Ax, @ =21 (a O o),
k#n
since [A Xn (I)n](n) = (q)n)TA(n)
The MCTDH equations of motion. The variational approximation (1.5) on the MCTDH manifold (4.1) is
given by
N
u(t) = A() X 8" (1),

where the coefficients and the single-particle functions are solutions of the system of differential equations
(1.19)—(1.20). In the present notation these equations turn out to simplify to

A=1Hu O @
n=1 (4.5)
sn\T n (1 k i
()" = [TL(iHukg?nq) ):|(n)A(n)’

which are formally obtained by equations (4.4) with @ replaced by %H U.

Rederivation of the MCTDH equations. For the convenience of the reader, we give the derivation of
equations (4.5) directly from the Dirac-Frenkel principle (1.5). Choosing in (1.5) du = Sn)iél@” € T,M with
arbitrary 8§ € C™ < *"~ ~and using (4.4), we have

<sn>z1<1>" i) = (8, O ") = (8,4),

n=1

<Sn)]:\él<b"

) = (5.4 O @),
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Since this holds for every 8§ € C™ - *"~ the first equation of (4.5) follows. We now choose du = .Aan"kZé( oF

in 7, M, where A™ € V,{: Vs arbitrary. We then have

n k|- \ n k _ n g n XL
<Aan X o ‘u> - <A><nA ,uéﬁ)ﬂ@ >T{{33> - <A><nA L Ax @A X, d >T({:3}, (4.6)
where we have used (4.2) and (4.3) in the second equality, and
Asnh" X @8 | LHu) = (AxuA™, LHu O @F) 4.7
(en X0 [ 1) = (Aad”, 10 O ) oy o

Then, by subtracting the two equations (4.6) and (4.7), using the first equation of (4.5) and recalling the
definition (3.14) of the projection P’ , we obtain

<A><nA”, P1(1Hu O @) —Axnti)"> oy =0
k#n T{ﬁn}

Unfolding the tensors to vectors, this is the same as the inner product

< (AT A, [T’i(%H“ 2, o) — AX”én} (n)>v§ff} -0

from which

(AT [ (e O @]ty = (@M 4wty )0, =0

with arbitrary A" € V™ and then the second equation of (4.5) follows. This completes the derivation of the

Tn 9

MCTDH equations (4.5).
Reformulation of (2.3) and (2.6). In (2.3), we have the decomposition

o(t) = B(t) X ©"(), 0<t<i (4.8)

with ©"(t) € V{«{:} satisfying the orthogonality relations ©" " (©")T = I,. . Condition (2.6) can be rephrased
as

<v.

H i0"(1) — T™en (1) H(”)

5. TANGENT SPACE PROJECTION

The orthogonal projection onto the tangent space of the MCTDH manifold M at w is given by the following
explicit formula.

N
Lemma 5.1. Let u = A )S;D" € M. Then, the orthogonal projection P(u) onto the tangent space T,M of
@ € 'H is given by
N N N
P(u)p = <gp O ‘P") X ®" + 39" X o
n—1 n=1 n=1 k#n

where Q™ € ’Zf{{:g} is given by its nth unfolding matriz Qn = [Q"](,) as

— |pn k T
Qn = [:PJ_ (¢ kgé)n @ )} (A A -
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Proof. The equations of motion (4.5) give an expression of @ determined by u = P(u)%H u. With ¢ in place of
%hH u, by noting that the second equation of (4.5) is equivalent to

Axncb“] - [:P” @k] Al A,
the result immediately follows. O
We denote by P+ (u) = Id— P(u) the complementary projection. The following lemma is analogous to bounds

of tangent space projections of manifolds of low-rank matrices and tensors given in [6,7].

Lemma 5.2. Letv =B X O" € M with smallest singular value o, (B(,)) > 6 >0 forn=1,..,N. Letu € M

such that ||ju — v|| < ¢d wzth c= C =8N(N +3). Then, for all p € H, we have

ﬁ:
[(P(u) = P()g| < COlu—o el (5.1)
[PE(w) (u—v)|| < C5 ' u—n|?. (5.2)
We note that (5.1)—(5.2) further yield the bound
[P~ (u) (u—v)|| <2067 lu—v?. (5.3)

Proof. We decompose the functions on the straight line connecting v and v as
v+7(u—v)=y(T)+ 2(7) (5.4)

with y(7) € M and z(7) L T, M. This decomposition exists at least for small 7 but the argument below shows
that in fact it exists for 0 < 7 < 1. Let us denote

w = P(v)(u—v) € T,M.

Applying P(v) to (5.4), we obtain
Tw = P(v)(y(r) —v),
and then

() = Pur) 2 (r) = (Py(r) ~ P)) 9L(r) + P0) 22(7) = (P(y(7)) — P(0)) 2 (r) +

So, as long as the operator norm of P(y(7)) — P(v) is bounded by 1/2, we have, with w = ||w]|,

dy

Let y(7) € M have the factorization
N
u(r) = A(r) X @"(7)
with ®" e” (%)T = 0. Then, by (4.4), we have
dA Oy N
ot _ 9 on
dr 01 21 (7)

oo™ o 0y
A(r) xn =1 (52 9 (7).
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Hence, by Lemma 3.3 and (5.5), we obtain

dA
— <2
HdT =

(n)
< 2w.

oP”

a5

Moreover, since

lA(T) = Bl = [|A(T) = A(0)| €20 <2e6 < 36,  0<T<1,

it follows from Lemma 5.3 below that HAZTL)(T)HQ < 267!, and then, using (3.10),

(n)
o™ (n) a@nT ; .
H e | g Am| 4l =0 (5.6)
By Lemma 5.1 and writing [|(P(y(7)) — P(v)) ¢l = || [y ({%P (y(0)) ¢) do||, we obtain
T a N N T
P - Penel < [T 2 (0 5, 0) X0"(0)] | a0
+7;/0 5o k;(ﬂ@ (0)—!—; [Q ()%, 5 k;ij@ (a)] do,
J#n

where

9"y = [P1 (¢ O ()]
By Lemmas 3.2-3.3 and by (5.6) we obtain

0 S @ X @ 5 "0 o) X ek
- n n < n
5= [0 o770) K| < S (o 5 2.) 2
N oP™
+ ok ) Xn X oF
n; <w 191 ©) Jo k#n (@)
< 8Nwo ™! gl
and analogously we obtain
5571 O *(0))[| < 4N +Dwd el
g k#n
Using the product rule for (% (Az‘n)(A(n)A’(*n))_lA(no and the estimates of H%H and HA](Ln)H by 2w and 26!
respectively, we find that
0 _
Hao— (A}n)(g)A(n)(o)) H < 16wo.
Hence we obtain
o9m oQm 9] 0
e L pn ok — (A ,(0)A
15 1= 1150 ), | = [5:72e .2 | + ot | 35 (Ao

< 4N +5)wds |-
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Substituting in (5.7) the above bounds it follows
I(P(y(r)) = P(v)) ¢l <8N(N +3)wd~'7[|¢]| = Cwd™"7[lg] . (5-8)
Thus, as we have Cwd~! < Cc = 1/2, the norm of the operator (P(y(7)) — P(v)) does not exceed 1/2 for

0<r<1.
By considering (5.8) at 7 = 1 we obtain (5.1). Using (5.8) and (5.5) we get

y 9y
Prw)(u—v) = /8 dT—/O PL(U)EdT

/0 (PH0) = PHu(r) gdr = [ (Plu(r) = Pe) Gl

and with (5.5) and (5.8) we then obtain
1
| P+ (v) (u—v)|| < 2Cw2571/ rdr = C5 " |lu—v|?,
0

which is the desired bound (5.2). O

It remains to give the linear algebra lemma to which we referred in the above proof.

Lemma 5.3. Let A , B € C""**"™ be such that the nth unfolding matriz B,y has smallest singular value
0r(Bny) =6 >0 forn=1,..,N and |A—B|| < 1. Then, the pseudo-inverse A}Ln) of the nth unfolding
matriz of A is bounded in the spectral norm by ||A2(n)\|2 <257t

Proof. From the chain of inequalities
|7 (Am) = 00, (Bm))| < [[ Ay = Bl < [[ Ay = By | p = A = BIl < 36,
where the first inequality holds by [3, p. 448], we obtain
Ory, (A(n)) > Ory, (B(n)) - ’UTn (A(n)) —Or, (B(n))’ > %5»

and hence [|Af [l = 1/0v, (Aqm)) < 2/6. O

6. A FURTHER PROJECTION BOUND

The following lemma, which takes up the arguments of the proof of Lemma 5.2, provides a key estimate for
the proof of Theorem 2.1. It bounds the expression

P(u) (0 +1Tv) = (PH(u) — PH(v)) (v +iTv) = —(P(u) — P(v)) (v + iTv),

where the first equality results from the fact that both v and Tv are in the tangent space 7, M. Note that in
contrast to a direct application of Lemma 5.2, no factor ~! appears in the following bound.

Lemma 6.1. Under the assumptions of Theorem 2.1 and as long as ||u(t) — v(t)|| < ¢§ with ¢ of Lemma 5.2,
we have

| P+ (u(t) (0(t) +iTv(t)) || < (c1p + cav) [lu(t) — v(t)]] (6.9)
with ¢; = 3N and cy = 2N?2.
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Proof. From the proof of Lemma 5.2 we observe that there exists an homotopy

Ut 7) = A(t) X Da(t7)  with y(t,0) = v(t), y(t,1) = u(t)

such that the orthogonality relations ®"(¢,7) " ®"(¢,7)” = I,.. hold for all (¢,7), and

o4

or
8 n

At T) X — (2,

im0 G

o™
|5 .

(t,7)
(n)

< 2|Ju(t) —v@)

(n)
<4 |lu(t) —v@®)|| 67" < 4e.

We thus obtain, with A™(t,7) = ®"*(t,7) +iTM®"(t,7) (where = = d/dt),

N

PL(u(t) (6(t) + iTo(t)) = P-(u(t)) (A(t, 0) X @"(t,0) +

M=

A(t,O)an”(t,O)k;( ok (t,0)

3
Il
-

M=

. N
- 'A(t7 O) )Slq)n(ta 1) - ‘A(t7 1)X7LAn(t7 O)k;( (I)k(tv 1)) )

1

3
Il

19

< 2|fu(t) —o@)| (6.10)

where we could add the last line because it belongs to the tangent space 7, M, see (4.2). We note A(t,0) =

B(t), and with Lemma 3.3 we obtain the bound

/01 ;T (ia(t) X an, T)) dr

Hiz(t) X <I>”(t 0) — B(t) é? o, 1)” = ‘

8<I>

(t 7') X ok (t, 7) (t,T) dr.
Using (3.10) and (3.11), we estimate
(n) T (n)
. oPp" (n) . oPpn oPpn .
(n)
< H B ||B(n)B(n)||2 = Han 57 I (n)B(n)||2.

Writing B(t) = A(t,0) and

oo" oo" " (04 oo"
A(0)x, G 0.7) = At 7)<, G (07) = [ (%(t,a)xn&(t,f)) do

we have, using Lemma 3.2 and the bounds (6.10),

(n)

v < (24 80) Ju(t) - o(t)]| < 3]lu(t) — o(®)] -

ar &7

20,
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Combining the above estimates and using condition (2.5), we thus obtain, with ¢; = 3N,

N

Hﬁ(t)n)zl@"(t, 0) — B(t) X e"(t, 1)” < cyplult) — ()] .

n=

We have analogously, using Lemmas 3.2 — 3.3 and condition (2.6),

N
(A(t 0)x, A" (t, 0) x @k(t 0) — A(t, 1) x, A"(t, o) x k(¢ 1 H
n=1
N
g < (t, 7) X n A" (2, O) X ok (t, 1 )H dr < cov||u(t) — v(t)]],
with ¢o = 2N2. These bounds yield (6.9). O

7. PROOF OF THEOREM 2.1

With the estimates of the preceding sections, we are finally in the position to prove Theorem 2.1. We start
from (1.6) (omitting the argument ¢ here and in the following),

4= —P(u)iHu.
We write, decomposing Id = P(u) + P+ (u) and H =T +V,

i —0=—P(u)iH(u—v) — P(u)iHv — P(u)o — P (u)v
= —iH(u —v) + P (u)iT(u — v) + P (w)iV (u — v) — P(u) (0 4+ iHv) — P*(u)0.

Since Tu € T, M, we have P+ (u)iT(u — v) = —P+(u)iTv, and hence we obtain
0 — 9= —iH(u —v) + PH(w)iV (u —v) — P (u) (0 +iTv) — P(u) (0 + iHv).

Taking the inner product of & — © with v — v and considering the real part, we then have
d S
lu =l 2 llu = vl = 5 o llu—v]” = Re{u —v,4 —0)

and
Re (u —v,4 — v) = Re (P*(u) (u —v),iV(u — v)) — Re (P (u) (u — v) , P+(u) (0 +iT))
—Re(u—wv, P(u) (v +iHv)).
We now bound the expressions on the right-hand side. Using Lemma 5.2 and the bound (2.7) of the potential
V' after applying the Cauchy—Schwarz inequality, we obtain

(P (u) (u—v),iV(u—v)) | < 206718 |lu — |
Using Lemmas 5.2 and 6.1, we estimate
| (P (u) (u—v), PH(u) (0 +1Tv)) | < 2C5 " (crp + cov) |lu — ol

The defect bound (2.2) yields
[ (u—v, P(u) (0 +iHv)) | <ellu—of .
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In total we thus obtain
Re (u—v,i— ) <206 (B4 e+ cov) |Ju — o|® + & lu — 0],

and hence, with v = 2C (8 4 ¢ + cov), we arrive at the quadratic differential inequality
d
= vl <707 flu =) +e.
Therefore, ||u — v|| is majorized by the solution of the initial-value problem
g=10"1y +e, y(0)=0,

which equals y(t) =, /75=r tan (t 75—15) and is bounded by 2te for ¢\/76~1e < 1, that is, for t < I ()2,

So we obtain

[u(t) —v(®)]| < 2t
as long as Lemma 5.2 remains applicable, i.e., as long as [|u(t) — v(t)|| < ¢d, which is satisfied for t < & (2).
The triangle inequality for u — v = (u — v) + (v — ) finally yields the result.
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