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Local-in-time error in variational quantum dynamics
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The McLachlan “minimum-distance” principle for optimizing approximate solutions of the time-
dependent Schrédinger equation is revisited, with a focus on the local-in-time error accompanying
the variational solutions. Simple, exact expressions are provided for this error, which are then
evaluated in illustrative cases, notably the widely used mean-field approach and the adiabatic quan-
tum molecular dynamics. These findings pave the way for the rigorous development of adaptive
schemes that re-size on-the-fly the underlying variational manifold and thus optimize the overall

computational cost of a quantum dynamical simulation.

Introduction. Variational principles play a major
role in quantum dynamics since they allow to devise gen-
eral strategies to evolve wavefunctions on parametrized
manifolds, in such a way to mimic as much as pos-
sible the exact quantum mechanical evolution. There
exist at least three different time-dependent variational
principles, namely the McLachlan[I] variational princi-
ple (MVP), the Time-Dependent Variational Principle[2]
(TDVP) and the Dirac-Frenkel[3, [4] variational princi-
ple (DFVP), which are known to be equivalent to each
other under mild conditions[5], usually satisfied in prac-
tice. However, these three variational principles have
different origins and limitations and, indeed, only the
first one represents a well-founded, general optimization
scheme. The reason is that the DEFVP

(OW|(i5id, — H)| W) =0 (1)

is not, strictly speaking, a variational principle, since it is
not a functional variation - in the sense that it does not
refer to an action functional - but just a condition which
defines an optimization problem. It closely resembles,
but is stronger than, the condition

R (5T|(ihd; — H)|T) = 0 (2)

that results from the TDVP, which is indeed a stationary-
action principle, 65 = 5ftif L[¥,]dt = 0, with the real
Lagrangian (here for normalized wavefunctions)
L[] = 5 (W) — (bl 00)) — (Wil H| 1)

This is rather appealing because of its formal resemblance
with the classical stationary-action principle (and the en-
suing possibility of a Hamiltonian dynamics of the varia-
tional parameters[2]) but it seems flawed due to the dou-
ble ended boundary condition [0W;,) = [¥y,) = 0 which
is incongruous with a first order equation in time (the
time-dependent Schrodinger equation) which it is meant
to replace (see e.g. Ref. [6]). A similar stationarity con-
dition,

(6| (ihdy — H)|T) = 0 (3)

defines the MVP which, contrary to the above two, is
firmly rooted in purely geometrical ideas. Despite this,
McLachlan’s principle is perhaps the least popular of the
three, firstly because the presence of the time-derivative
of the wavefunction variation (6¥) makes it less intuitive,
and secondly, because the above mentioned equivalence
of the three principles led researchers to focus on the
DFVP and the TDVP which admit an immediate phys-
ical interpretation. In this Letter we revisit the MVP
“geometrical” principle and exploit some basic, hitherto
unexplored, consequences. Specifically, we will consider
the local-in-time error associated with the MVP and con-
sider its implications for variational propagation schemes.

The McLachlan minimum-distance principle.
Let us first introduce some notation. In the following
it is assumed that the wavefunctions we deal with lie on
a manifold M C H (the “variational manifold”) that ad-
mits a smooth parametrization, i.e., |¥) = |¥(x)) where
x € Q CR" and 9|¥) /0z;’s, 0 | V) /Ox;0z;’s are well-
defined vectors of the Hilbert space H of the system. For
simplicity, we assume that M contains its rays, in order
to allow normalization of the wavefunction. The direc-
tional derivative along u € R™ in xg is given by

d|¥(xq + su))

N, 91¥(x)
| =S
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|6u\1/0> =

and defines a generic “variation” of |¥y) = |¥(x0))
(i.e., along u). The vectors |0;Tg) = 9|TV) /Ozi|x=x,
(i = 1,..n) span a linear space of dimension n, de-
noted as ToM, which is the space tangent to M in |¥q).
This linear space is real, as long as the manifold coor-
dinates are real parameters, which is the most general
case. Occasionally, one may make use of complex (ana-
lytic) parametrizations, and in that case To.M becomes a
complex linear space, a sufficient condition for the equiv-
alence of the above variational principles[5]. More gen-
erally, we say that the variation |§¥y) € ToM is com-
plex whenever the vector i [§Uy) is a permitted variation,
t00[7]7 i.e., Z‘5‘I’0> € ToyM.

Suppose we are given |¥p) € M as an initial state for



a short-time dynamics of time dt. The best choice for
|To(dt)) € M, the time-evolved state, should minimize
the error, that is the distance from the exact solution
|wexact (qt)), edt = |[Wo(dt) — T2t (dt)|| (here written
in terms of error per unit time ¢) or, equivalently,

he = ||ih®o — HUy||

Stationarity with respect to variations of |\i/0> gives the
McLachlan condition, Eq. [3] for |¥)

S (W0l (ihd, — H) [¥o) =0 (4)

where |6¥,) can be thought of as a limiting difference
between the tangent vectors of two neighboring paths.
The invariance under scalar multiplication directly leads
to norm conservation, since for |§%o) = 6A |¥o) (with oA
arbitrary complex) it gives

ih (Wo|Wo) = (Uo|H| W) (5)

which implies 2R (Wo|Wo) = d(Wo|Wy) /dt = 0. At
the same time, the gauge is fixed to AS (¥g|¥) =
— (U|H|Ty), that is, precisely that of the exact solu-
tion, ik |WE¥et ) = H |W,). The same conclusions follow
by taking M a manifold of normalized wavefunctions,
but with a free phase factor that is then optimized|§].

Next, we consider the optimization of the path. When
the time-dependence in |¥;) comes only from variational
parameters, [0¥,) is nothing else that an arbitrary ele-
ment of Tg.M. In other words, in this case holds

S (6Wol (ihdy — H) o) =0 (6)

since To.M is a linear space and its elements are just
the wavefunction variations. Eq. [f] is only apparently
similar to Eq. [2] (though they both reduce to the Dirac-
Frenkel condition, Eq. for complex variations). This
becomes clear when evaluating it for |§%¥o) = |[¥), the
time derivative of the variational solution which is a le-
gitimate element of TyM, since Eq. [0] gives

h(Wo|Wo) = S (Wo| H|Wo) (7)

which is a genuine consequence of the McLachlan princi-
ple. The same manipulation in the TDVP gives a differ-
ent (though rather important) condition, namely energ
conservation, R (Vo H|To) = 14 (To|H|Tp) = 0. Eq.
gives immediately a “boundedness theorem”

hllWol| < [|HWol| (8)
but it is actually more powerful, as is shown in the fol-
lowing.

Local-in-time error. The value of the distance at

the variational minimum, denoted as €4,

em[Wo] = A~ mingeroa||ihu — HY|

Figure 1. Schematics illustrating the local-in-time error &
when M contains its rays and ToM is complex-linear. Here,
the sphere represents the unit sphere of normalized vectors,
and |\Ilg> and |¥g) = [ ") are the “irrelevant” and
“relevant” components of the exact time derivative, given
by (ih) 'Eo |¥o) and (ihAEo) " (H — Eo) |¥y), respectively.
Note that the graphics cannot describe the fact that both
components preserve the norm.

is a functional of |¥(), depending on the chosen manifold
M. Tt represents the distance of the manifold M from
the exact solution in |¥y), i.e., a local-in-time measure
of the performance of the variational method associated
to M. Figuratively, it gives a “skin” of finite thickness
to the manifold M that locally measures the accuracy
of the variational method associated to M, for the given
dynamical problem. Importantly, it also sets an a poste-
riori upper bound to the wavefunction error[9]

o (t) — Tg=e (1)) < / emlTo(mldr  (9)

and can thus be used confidently to minimize the error
over time when acting on M (see Supplemental Material,
SM). Using Eq. |7| one easily finds

1 .
Sl ol = 55 (IIH| = R2[|¥ol?)  (10)

which is a simple, exact expression for the local-in-time
error.  When TgM is complex-linear, this is a simple
consequence of the fact that the variational condition
can be recast as an orthogonal projection[d], namely
ih |\ilo> = PoH |¥g) where Py is the projector onto ToM;
however, this condition is not necessary for Eq. to
hold, when the MVP is used. In the following, we show
how 53\4 can be used in practice to assess quantitatively
the quality of a variational approximation and how to
improve it when necessary.

We first rewrite Eq. [I0]in a more appealing form, since
it is invariant under a shift of the Hamiltonian (H —



H¢ = H — ¢) provided, of course, the gauge is modified
accordingly (|Wo) — |¥§) = exp(+fet) [¥o)). Hence, it
is convenient to choose as reference energy the average
energy of the state |¥q), denoted here and in the following
as Ey, resulting in the corresponding “standard” gauge
[T ) = | W), With this gauge, Eq. takes the form

1 .
Sullo] = = (ABF - R9FIF) (1)
where AEZ = ((H — Ey)?), is the energy variance and
|W ) satisfies (¥o|Wd) = 0. Again, this admits a simple
interpretation since the action of H on a given vector
|¥o) can always be split into a component along |¥g)

and one orthogonal to it, |¥g ), namely|10]

H W) = Eg |¥o) + AE, |¥F)
= ih|B) +in |0

where |W5) = (H — Ep) |¥g) /AF, is a normalized vec-
tor orthogonal to |¥p). The two components |\Ilg> and
|‘Ilé> are, respectively, the “irrelevant” and “relevant”
components of the exact time-derivative (see Fig. [1]).
The latter reduces to the time-derivative of the exact
wavefunction in the standard gauge, ih|P5 ") =
ih|Ug) = AE, |¥g), and thus AFE, determines the “in-
trinsic” length of this derivative. We note that the de-
composition of Eq. is different from the approach of
Ref. [9] where the error is written in terms of the de-
viation of the tangent space projection from the exact
solution.

Interestingly, when the equations of motion can be re-
cast in the form ¢h |\I/ar> = H, |Uy), where H, is a “varia-
tional” (self-adjoint) Hamiltonian operator, the error be-
comes a measure of the ability of M to account for the
energy fluctuations,

BulWo] = o (AFE — AB2)
where AE2, = (Uo|HZ|Wp) is the variance of the “ef-
fective” energy|[11]. This variational energy variance is
bounded, AE? ; < AEZ, and attains its maximum value
for the exact solution.

Now, upon factoring out AEZ, which is common to

any manifold containing |¥y), we write

AFE? ] h2| |\IJ+||2
6,%\/1 [\IIO] = h20 (]_ — 7’%/[ [\I/()D with 7’3\4 [\Ifo] = TEOg
where we have introduced the dimensionless index

rm[Po] € [0, 1] (see Eq. [§) with the properties

M DM = rap[Uo] > 7o)

M [\IJQ] =1 «— \ifo = \ijgxact

We thus see that the ratio r,[¥¢] is a convenient mea-
sure of the performance of a variational method for the
given dynamical problem.

The above result can be generalized to the case in
which the manifold M is time-dependent, M = M(¢),
and the time-derivative of the wavefunction contains both
a variational (|¥,) € ToM(0)) and a non-variational
(|¥,,)) contribution, i.e., |¥) = |¥,) + |¥,). In this
case energy is not conserved

dEq

—0 = 2R (Yol H|Wo) = 2% ((¥a|(H — ih0)) Vo))

but the error takes yet a simple form
1 . .
Sulo] = =5 (I1HWo — inby || — 1|, 2)

see SM for details.

Examples. As a first example, we consider a sim-
ple one-dimensional system whose wavefunction |¥g) is
constrained to have a Bargmann form[I2] [13], |¥q) =
Cexp (za') |0), where the phonon annhilation operator
a reads as a = ﬁ + iﬁ, q and p being the usual
coordinate and momentum operators and Ag, Ap being
two parameters satisfying AgAp = h/2, and represent-
ing, respectively, the coordinate and momentum width
of the state. Finally, |0) is the vacuum state (a|0) = 0)
and C, z € C parametrize the vector. This is a semiclassi-
cal approximation to the dynamics, also known as Frozen
Gaussian approximation (FGA)[14], since the variational
equations of motion reduce to evolution laws for the av-
erage position and momentum of the wavepacket, gy =
2AqRz and pg = 2ApSSz, respectively. A straightfor-
ward calculation gives the equation of motion for z (see
SM for details), 2 = ih~! (Uy|[H, a]| W) / (¥o|¥y), and
the time-derivative of the wavefunction in the standard
gauge, |U§) = z(a’ —2*) |¥g). Thus, the error due to the
FGA to the dynamics follows as h%c? = AEZ — h?|%|?,
where (for H = % + V) the second term on the r.h.s. is
just the variance of the following variational Hamiltonian

H, = 26p+ (V) 64
m
where dp = p—pg, 6§ = G—qo and V' = %éq). The error
is easily seen to vanish when H takes a harmonic form,

i.e., H= Hpo = hwa'a+ \al + \a (w € R, A € C), and
in general it reads as, to lowest order in Ag,

2A4 V32 A2
m2At (I 06| +m2 v ) Ag2

where Vo(n) is the n'® derivative of the potential in gq,
mA? = VI — mw?, and w = h/2mAg? (see SM). In
locally harmonic potentials (V(2) > 0), one may set Ag
to make the first term on the r.h.s. vanishing and obtain



he ~ B3|V ®|/8v/6[mV ?]3/2 | although this condition
only holds at ¢t = 0 if Agq is kept frozen.

As a second example, let us consider the general
N —particle Hamiltonian H = Zf\il h; +V (where h;
are one-particle operators and V' is a many-body inter-
action potential) and the mean-field ansatz of the time-
dependent Hartree method, |¥o) = 1T, |¢;) where the
¢;’s are variational single-particle functions (spf’s), sub-
ject only to the normalization condition {(¢;|¢;) = 1. Ap-
plication of the DF condition, Eq. [6] gives the equations
of motion of the spf’s in the form (SM)

ih|g:) = (H; + gi — Eo) |¢3)

where H; = (V| H|¥?) is the mean-field Hamiltonian for
the " degree of freedom (|U%) = II;; |¢;) is the i
single-hole wavefunction) and g; = ifi (¢;|¢;) € R are ar-
bitrary gauge terms that enforce the normalization con-
ditions. As shown in SM, the total time-derivative of the
state vector in the standard gauge follows as

N
ih ‘\II3_> = HO |\IJO> HI(I)’lf = Z (HZ - EO) 3 <Hmf> =0

mf
i=1

(here H?, is the appropriate variational Hamiltonian
for the problem) and thus it holds A2||¥f[|? =
AE’fnf’07 where AEr2nf,O = Zfil AEZ%O and AEE,O =
<(HZ — E0)2>0 are the one-particle energy fluctuations.
Furthermore, since H — Ey = Hyt + AV, where AV =
V+(N-1)({V)— Zf\il v; is the zero-mean fluctuating
potential, the energy variance can be given in a simple
form (here AVZ = (AV?)))

N
AES = AEL; o+ AVE +2) R (H;AV),

i=1

and r2.[Vo] = AE?;,/AE:. The above expression
clearly shows the key role played by the potential energy
fluctuations in limiting the reliability of the mean-field
approach and indicates that

N 1/2
eme=h7' |AVF +2) R (H;,AV),

i=1

is the appropriate expression for the correlation error in-
trinsic in the TDH method. Notice that from the inequal-
ity YN RHAV), = R((HutAV)y < AEmgoAVp
follows a simple lower bound for the r—index, namely
Tmf[\IJO] > AZEmf,O/(AEmf,O + A‘/0)

Finally, as a last example we consider the error in-
trinsic to the adiabatic (Born-Oppenheimer) dynamics,
a common strategy to tackle molecular problems where
the electronic degrees of freedom are averaged out with
the well-known ansatz

W) = [ dX0(X)[2,(X)) X)

Here X represents the nuclear degrees of freedom, and
|®,,(X)) is the n'® eigenstate of the electronic Hamilto-
nian with clamped nuclei at X, i.e., the electronic opera-
tor he(X) defined by (X|H — T|X') = he(X)d(X — X’),
H being the total Hamiltonian and T the kinetic energy
of the nuclei. Application of the variational principle
gives the equation of motion for the “nuclear wavefunc-
tion” (X) in the n*® electronic state

N

Hnw = 2h57

where E,(X) is the electronic energy and

. h 0P,
i ? 1/ el

K2 9%,
~2 o, (2585 ).

is a self-adjoint operator, the nuclear kinetic energy op-
erator averaged over the electronic state[I5]. This gives
the rate of variation of the wavefunction in the standard
gauge as

H, =(T), + E,(X)

. . 2
RN = [ aXu* (X) (1), + (Ea(R) ~ Eo)]* 6(X)
while the energy variance reads as

MBS = [ X0 )T+ (ha(X) - Eo)]*), w(X)

Hence, the local-in-time error in the adiabatic approxi-
mation takes the form of a nuclear kinetic energy fluctu-
ation term

) = 5 [ aXu(X) (%), — (2] w(X)

This can also be put in a form that makes explicit the
contributions of electronic transitions, that is, upon in-

troducing ¢ n(X) = (P [T Py ), (X)),

m#n

Here, the amplitudes read explicitly as

B R [ s (X) 0p(X)
Pmen(X) = — Za oM, [ AEp,(X) 0X; 4
+B5 (X)) (X)]

where AFE,,, = FE,, — E,, i and « label the nuclei
and their coordinates, respectively, F».¢ = (®,,|F»*|P,,)
where F»“ is the operator for the a component of the

force acting on the nucleus i, and B5% = <¢m\%>.
Adaptive propagation schemes. Eq. @représents
a rigorous criterion to optimize on-the-fly the compu-

tational cost of a quantum dynamical simulation, as it




can be used to re-size the underlying variational mani-
fold in order to keep the error below a specified “toler-
able” value (see also Eq. E[) We sketch here its appli-
cation to a rather popular and quite efficient variational
method for high-dimensional systems, the multiconfigu-
ration time-dependent Hartree (MCTDH) method [16-
19]. In this method the wavefunction takes the form
|Wo) = >, Cr|®r) where Cr’s are complex coefficients,
I = (il,i27 ’LN) is a multi-index and ‘(I)]> = ‘¢11¢i2~'¢i1\1>
(where i, = 1,..ng) are configurations of fully flexible
spf’s. Of interest here is the possibility of changing on-
the-fly the number of spfs, which means varying both the
size of the secular problem for the amplitude coefficients
and the number of spfs to be optimized. Notice that
this would solve from the outset the problem of regular-
izing solutions that contain configurations with vanishing
weight. We focus on the “spawning” process|20], i.e. the
generation of new spfs and related configurations, which
becomes necessary when, in the course of the dynamics,
the local error € exceeds some given threshold, thereby
signaling the need for a more flexible manifold. If the
main correction comes from single excitations of the “oc-
cupied” configurations |®;), the “best” spf |n) to add to
the k' degree of freedom is the one the maximizes the
expectation value of a certain reduced, self-adjoint “rate”
operator T®) for the k™ mode (see SM), among those
single-particle states that lie in the orthogonal comple-
ment of both the occupied spfs for the & mode (|¢;,),
ir = 1,ny) and their time-derivatives. The reduced op-
erator reads as

TE) =N " (@) H|Wo) (Vo H|D 1)
(k)

where @y is a k" hole configuration and the scalar
products are taken over all modes except the k. Then,
the reduction of the local-in-time (squared) error when
adding such spf is given by (n|T®)|n) /A? (see SM for
details).

Conclusions.  Variational solutions of the time-
dependent Schréodinger equation have an intrinsic mea-
sure of their reliability, a local-in-time error that mea-
sures the departure from the instantaneous exact solu-
tion. Simple expressions have been provided for this er-
ror in some relevant cases, with the aim of showing how
the error helps to assess quantitatively the reliability of
the variational method for a given dynamical problem.
Future applications involve the development of adaptive
propagation schemes that re-size on-the-fly the varia-
tional manifold, and optimize the computational cost for
a target accuracy.
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SUPPLEMENTAL MATERIAL

A posteriori error bound

Following Ref. [9], let |¥(t)) and |¥(t)) be, respec-
tively, an approximate and the exact solution of the
TDSE with the same initial state, |¥(0)) = [¥(0)) = |¥,)
and |AW) = |¥(t)) — [¥(t)). From the identity

ih|AW) — H |AV) = ih | V) — H | D)
it follows

BR (AT|AT) = S (AT|ihT — H)

Here, R(AW|AY) = J/AV|P = [JAv| 4G and
thus

AT . .
ﬁll“ll% = S (AV]ind — HV) < ||AY|| ||ihd—H ||
i.e.,

d 1 .
- < Z\l4BW —
dtHquH*hHm\P HU||

which integrated gives
I
lav] < 5 [ finb() - HU()jar
0

When |¥(t)) € M is a variational solution the integrand
on the r.h.s. takes at any time its minimum value and
it is just the local-in-time error ([P (¢)] defined in the

main text, Eq.
The above bound also contraints the error in autocor-
relation functions (here and below ||¥y]| = 1)

(T () Wo) — (T(1)|[Wo) | = [ (AT|To) | < [|[AT]
and in the average values of any bounded observable,
() AID(E)) — (1) AL () | =
= [(AV|AW(2)) + (U(1)[A]AD) |
< l|av] (llaw||+||A¥|))
< 2|[Alfo[|AY]]

where ||A]|« is the operator norm.

Error and energy drift with time-dependent
manifolds

We address here in some detail the situation where the
manifold M is time-dependent and the time-derivative
of the wavefunction contains both a variational and a
non-variational contribution

|Wo) = [¥F) + [do)

6

(here the superscript T reminds us that |¥F) € ToM,
the space tangent to M(t) at ¢ = 0) . This may hap-
pen, for instance, when the manifold is described by
a set of variational parameters x1,xo,..xx and a num-
ber of additional time-dependent parameters y1,y1,..Ynm
which, for computational efficiency, are evolved accord-
ing to some physically sound law (“guided” parameters),
simpler than the variational equations of motion. In
such circumstances, the (partial) variational condition

(VT |(ihd, — H) W) = 0 leads to
(U505 = S (U7 [HPo — ihdy)
which generalizes Eq. [7] Hence, for the error it follows
<(mci>0 - H\IIO) 4R (méo - H\IJO) FiRbT) =
|ihdg — HWo|[* + B?||WF || — 2hS (W |ihdy — HWo)
and thus
o] = 5 (11 — ihibol  — w215
(cfr. Eq. and the inequality
B[ YT < [[HWo — ihdo|

that can be considered a generalization of the bounded-
ness theorem above to the case in which the manifold
is time-dependent. Here, the appearance of ih®, on the
r.h.s. of the inequality can be understood in the limit-
ing case where the non-variational time-derivative comes
from an effective Hamiltonian, i.e. ih|do) = HT |Ty),
since in such case the above inequality reduces to

RN || < [|(H — H)Wo|

a rather reasonable result.

It is instructive at this point to consider these results
in view of the energy conservation since when the wave-
function contains “guided” parameters energy is no longer
conserved. Thus in the following we assume that three
variational principles are equivalent to each other on M
and consider the energy change per unit time

dEy .
= 2R (UG | H|Wo) + 2R (do| H| W)

— 2R (<¢>O|(H - mat)w)

where the last equality follow from the Dirac-Frenkel con-
dition (VI'|(ihdy — H)Wo) = 0, namely from

(UF|H| Vo) = ih (BT |Wo) = ih (Uo|Wo) — ih (Do To)

When optimizing also w.r.t. |5¢>0>, the above equation
shows that the (magnitude of the) energy drift is station-
ary at the variational minimum

SWo = —2R (<5<i>o|(mat - H)%)) ~0



a trivial result because we already known that ||
is actually at its minimum under such circumstances (
[Wol = 0 ), but, in general, it shows that optimizing
the guide (under given constraints) minimizes the energy
dritft. In this context it is worth noticing that for a
variational solution it must hold

[Wo| < 2[|@oll [|(ihd, — H)Wol| = 2hes[Wo]|Pol|

that can be converted into a lower bound on the varia-
tional solution in terms of energy drift,

[Wol
~ 2h|Po|]

em[Wol

Thus, optimization of the guide (minimization of |Wjy|)
effectively lowers the bound by reducing the error contri-
bution due to the non-conservation of the energy.

Mean-field approximation

Let us consider the general N —particle Hamiltonian
H = Zf\il h;+V, where h; are one-particle operators and
V' is a many-body interaction potential, and the mean-
field ansatz of the time-dependent Hartree method,

|‘I/0> = Hilil |¢z>

where ¢.s are variational single-particle functions, sub-
jected only to the normalization condition (¢;|¢;) = 1
that is enforced through the guage terms ihi (¢;|d;) =
gi € R. Application of the DF condition, Eq. [f] gives
the equations of motion of the spf’s. To this end, it is
worth noticing that it suffices to consider only the spe-
cial (complex) spf’s variations satisfying (0¢;|p;) = 0
(ie. |0¢;) € V! = {|¢:)}*) along with the Dirac-
Frenkel condition (Eq. since the general station-
ary condition adds nothing (this is evident upon intro-
ducing the projector P; = |¢;) (¢;| and noticing that
ih (¢k|dk) = g € R).

Thus, the requirement (zh\qﬁZ) — H, |¢1>) €Vt =

{|¢) Y+ gives ih|d;) — H; |¢i) = a|¢i), where « is eas-
ily found to be o = i {¢p;|p;) — Eo = g; — Fo, and the
equations of motion take the form

ih ‘¢z> = (HZ +9; — EO) |¢z>

where H; = (U|H|¥?) is the mean-field Hamiltonian for
the ith degree of freedom (|U%) = Il |¢;) is the ith
single-hole wavefunction) and F = (V|H|¥) = (H;). Tt
follows that the total time-derivative of the state vector
satisfies

ih| W) = Hpype |0)

where the mean-field (total) Hamiltonian H,,¢ reads as

N
Hye =Y (H; +gi — Eo)

=1

The optimal gauge condition on the total wavefunction
requires Y, g; = 0 and thus, introducing now the initial
time ¢t = 0,

) N
in|Wy) = Hpe[Wo)  Hye = (Hi— Eo), (Hu) =0

i=1

Now, the mean-field Hamiltonians H; read as H; = h; +
Zj €; — € +v; (where ¢; = (¢;|h;|¢;) is the average one-
particle energy on the ith degree and v; = (V!|V|¥?) is
the ith mean-field potential) hence it is easy to check that
it holds H — Ey = Hys + AV where

N
AV =V +(N-1V => v
1=1

is the zero-mean fluctuating potential (V = (V) = (v;)
for any 7). Thus,

N
AEG = AE2; o+ (AV?)g + 2> R (H;AV),

i=1
and
2
Alamf,O

rme[Yo] = N AV2 N A
Emf,O + VE) +2 Zi:l R <H1 V>0

where AVE = (AV?); and AE};, = PR AE?, , be-

ing AE}, = (H; — E0)2>0 the one-particle energy fluc-
tuations (one may further notice that they consist of
both a “kinetic” and a “potential” term, since H; — E =
(hz — 61') + (Ui - V))

Coherent state (or Frozen Gaussian) approximation

We detail here the case of a coherent state approxima-
tion to the dynamics by considering a situation slightly
more general than the one presented in the main text,
namely a system with two degrees of freedom to which
we apply the mean-field approximation

[Wo) = [¢1) [¢2)

and force the single particle function of the second degree
to take the form of a normalized coherent-state (CS)

|2

|p2) =0, 2) = exp <i9 - + zaT) |0)

This wavefunction is a “precusor” of the Ehrenfest
method, with |¢1) describing an “electronic” system and



|p2) a “semiclassical” nuclear degree of freedom. The
equation of motion for |¢2) (or, better, z) can be de-
rived either from the Dirac-Frenkel condition, Eq. or
from the McLachlan minimum-distance condition, Eq. [4
For illustrative purposes we follow the second route, and
consider

(P10

ih|$162) + ih|6162) — H |6162)] = 0

which is the appropriate condition for optimizing |¢s).
Notice that, though not evident from the chosen
parametrization, the CS variations can be considered
complex, as seen by considering the unnormalized
Bargmann vectors Cexp(za')|0) and the complex an-
alytic parametrization (C,z) € C? (as mentioned in the
main text). Some lenghty but simple algebra leads to

fiéé{fhéfhg(éz*)+ngo}+
5* {zhz+ {h& ﬁ\)“(ZZ)+Q+E0}—<¢2|GHCI|¢2>}+

53 {ZQ [he+m<zz ) — g+EO}}=o

where g = ih(¢1l¢1), Ha = (¢1|H|¢1) and Ey =
(Uo|H|Tg). Hence, the optimal gauge 6 (a concept that
only becomes meaningful in view of computing an error)
is such that

and the stationary condition reduces to
ZhZ + EO - <¢2|CLHC1|¢2> = 0

i.€.,

s = ¢ (ool [Hat )

It follows
ih|Wo) =
[(Hq +g— Eo) + (—hf — ihR (227) + mw)} W)

(where H, = (¢2|H|¢2)) and thus, upon replacing 6 with
its optimal value,

ih|0o) = [Hy + ihi(a’ — 2%)] [To)

in such a way that it holds if (¥|¥o) = Ey as required
by the minimum-distance principle. Note that the gauge
term 6 is irrelevant for the parameter dynamics, and can
be safely neglected when deriving the equation of motion
for z from the Dirac-Frenkel condition. However, such
a term is needed in order to make |¥,) appropriate for
computing the error, and needs to be obtained separately

when using the Dirac-Frenkel principle.

Finally, with the Hamiltonian referenced to E, we write
the variational error using Eq. [11] where now

ih| o) = [H, — Eo +ihz(a’ — 2)] [To)

leads to the simple expression

R W |2 = (Wo| (Hy — Bo)” [Wo) + 12|
By comparing this expression with the above one ob-
tained for the general TDH case one finds that

= 2
Hy - E .
et = (3l (A2 ) ) =127 2 0

is the genuine error due to the coherent-state approxi-
mation. The case considered in the main text can be ob-
tained by setting |¢1) =1, g =0, H, = Ey and Hy = H.

Local-in-time error in the FGA

The local-in-time error derived above, h?c? = AEZ —
h?|%|?, is easily seen to vanish when the Hamiltonian
takes a harmonic oscillator (HO) form, H = Hpo =
hwa'ta+2aR(Aat). This rather general result in this con-
text follows easily by observing that, on the one hand, it
holds

Zno = —i(wa + A)
and, on the other hand,
(Huo — Eno) |2) = h(wz +X) (af = 2%) |2)

In view of the above, we write H = %—FV = Hyo+W,
where W is agssumed to be local, W = W( G) (see below).
We find, on the one hand, z = zpo — (W'Y and, on
the other hand,

2Ap

AE2 = AEZ+AW2 2R (2| (W — (W) (Huo — Eno) |2)

The last term on the r.h.s. can be rearranged into

R (z[ (W = (W) (Hro — Eno) |2) =
R [(wz +X) (2| (W — (W) a[2)]

where (z| (W — (W))al|z) = W (W), Tt follows

AE? — 2|3 = AW? — Ax® (W)

Next, we choose Hyo such that H — Hyo is a purely
local potential. To this end we set Ag? = h/2mw and,
for Hyo in the form Hyo = % + mTwz(q*tj)2

W=V — 7";2 (g — (j)2 and then fix ¢ by enforcing the
condition (W’) =0, i.e.,

, we obtain




where go = (z|§|z). This reduces the problem of finding
the error to that of computing AW? . Upon using the
condition above mw?(qo — q) = (V'), we readily find

W—(W)zV—(V')&j——(é qu)
where 6§ = g — qo- Finally, expanding the potential
around qp, squaring and averaging

274 (3))2
aw? A Aq4+<|v06| Py <4>>A6

where mA? := V" (qg) — mw?, Vb(n) is a shorthand for
the n'* derivative of the potential evaluated in gy and
(g — q0)*™) = Ag*(n — 1)!! for n = 2 has been used.

In closing this section, we notice that from the varia-
tional equation of motion it follows

ih|¥g) = ([a, H]) (a’

—2") [¥o)
and thus

H, = ([a, H]) (a' — 2*) — {[a, H]) (a — 2)

is the appropriate “variational” Hamiltonian. Introducing
0q and 6p = p— pg, and using the expression of H above,
one easily finds

H, =255+ (V') 54
m

which is a kind of Hamiltonian linearized around the av-
erage position and momentum of the wavepacket.

Adiabatic approxrimation

A key quantity in the adiabatic approximation is the
kinetic energy operator ‘“reduced” with respect to the
electronic coordinates, (T") = ($,(X)|T|®, (X)). Us-

nm
ing ¢ to label the nuclear coordinates with mass M; we

obtain

(), = SpmT — mz < 8;;( >P+
—h2§;M<¢n<X>|%f;;”>

where P; is a nuclear momentum operator. Here, for
m #* n the second term can also be written in a form
that makes explicit the energy differences, since it holds

(]| 1000|120} = 2B () (2,15

P,
X
and, on the other hand, [BX ,hel(X)} = —F' where F*

is the one-electron operator representing the force acting

on X;. The operators (T'),, . satisfy
(T = (T

as can be readily checked by either its definition or a
direct calculation. In the latter case, notice that one
needs the identities

0, 03, -
<(I)"|6Xi>+< [0 >_o
92®,, 9%, b, 92®,,
<@"| X2 >+2<axi 6Xi>+<8X2 [@m > 0

that follow from the orthonormality of the elec-
tronic states (the first make also the diagonal term

<<I>n(X) (69?(2 > vanishing in the presence of time-reversal

invariance).
Finally, in the main text, we have used

(T = T = D T (T

m#n

=S 1)

m#n

to rewrite the error in terms of contributing electronic
transitions || (1), . ][>

Spawning in MCTDH

We sketch here a possible “spawning” algorithm in
propagating high-dimensional wavepackets of the mul-
ticonfiguration time-dependent Hartree (MCTDH) type
using the error expresion provided by Eq. In
this method the wavefunction takes the form |[¥o) =
>, Cr|®r) where Cr’s are complex coefficients, I =
(il,i27..iN) is a multi-index and |(I)]> = |¢11¢12¢1N>
(where i, = 1,..ng) are configurations of fully flexible
single-particle functions. We call |¢;,) (ix = 1,n) the
“occupied” spfs for the k" mode, and |®;) the “occupied”
configurations. The scalar product over the k" degree of
freedom

0 if i, ¢ J
N
(Gal®s) {|<1>f,’?> if iy € J

defines the single-hole configuration |<I>f]i)> (and the N —1
dimensional multi-index Jx = j1..Jk—1jk+1..jn) with the
spf for the £*" mode removed. When “spawning” is re-
quired (i.e., when the error € exceeds some given thresh-
old) new spfs are introduced and the set of configurations
enlarged,

|Wo) = [WG) = [Wo) + [6Tg)  [6Tg)

=Y D,[62,)
J

where |0®;)’s have one or more occupied spfs replaced
by newly generated ones. At the time of spawning, how-
ever, such an addition does not modify the wavefunction



(Dj = 0) but only its time-derivative

(W) — [Th) = [To) + |6Fo)  [6F0)

=> D;|6®,)
J

We consider one additional spf per mode at a time, call
it ;) for the k*" mode, and assume that the main con-
tribution comes through single excitations, i.e.,

|600) ~ Y |60F) ZZD
k

7k (I>(k)

where J is now a N — 1 dimensional index and |<I>f]k)>
a k*™-single-hole configuration. If |n;) is chosen to be
orthogonal to both the occupied spfs (|¢;, ), ix = 1,nk)
and their time-derivative (|¢;,), ix = 1,m%) the above
time-derivative is orthogonal to

o) = S"Crlen) + 33 Crlds,) @)
I k I
and thus

[511% = [Pol*+)_ IID®]|* where |[D®)||? = ZID
k

On the other hand, the amplitude coefficients of the
newly introduced configurations follow from the secular

10

problem

ihDW = (0, ® ¥ | H|w,)

hence

RDW2 =3 (@ | H|Wo) (| H|mi @)
J

This suggests to introduce a reduced, self-adjoint opera-
tor for the £ mode

r® =3 (@ | H|wo) (o|H|@)
J

(where the scalar products are now over all modes except
the k' one) in such a way that it holds

R IDWP = (e TP i) =
Accordingly, the original local-in-time error h2e? =
AEZ — ||¥y]|? transforms, upon spawning, into

= h?e? — Z’Yk
k

2 (notice that the added spfs do not modify |¥y), hence
neither the average energy nor its variance). One can
thus maximize the error reduction by choosing, for each
mode, the eigenvectors of maximum value of the operator
I'®) (in the appropriate residual space of the k" mode).

h25/2
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