PHYSICAL REVIEW B 110, 064307 (2024)

Differences between quantum and classical adiabatic evolution

Cyrill Bosch®,"2" Andreas Fichtner®,! and Marc Serra-Garcia

3

VInstitute of Geophysics, ETH Zurich, 8092 Zurich, Switzerland
2Department of Computer Science, Princeton University, Princeton, New Jersey 08540, USA
3SAMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands

® (Received 22 October 2023; revised 24 June 2024; accepted 8 July 2024; published 8 August 2024)

Adiabatic evolution is an emergent design principle for time modulated metamaterials, often inspired by
insights from topological quantum computing such as braiding operations. However, the pursuit of classical
adiabatic metamaterials is rooted in the assumption that classical and quantum adiabatic evolution are equivalent.
We show that this is only true in the limit where the frequencies of all the bands are at infinite distance from 0
and some instances of quantum adiabatic evolution, such as those containing zero modes, cannot be reproduced
in classical systems. This is because mode coupling is fundamentally different in classical mechanics. We derive
classical conditions to ensure adiabaticity and demonstrate that only under these conditions—which are different
from quantum adiabatic conditions—do the single band Berry phase and Wilczek-Zee matrix for everywhere
degenerate bands emerge as meaningful quantities encoding the geometry of classical adiabatic evolution.
Finally, for general multiband systems we uncover a correction term in the non-Abelian gauge potential for

classical systems.

DOLI: 10.1103/PhysRevB.110.064307

I. INTRODUCTION

Quantum-classical analogies have grown into a vibrant re-
search domain, particularly with the emergence of topological
photonic [1] and phononic [2] metamaterials. More recently,
classical metamaterials with time and space modulation
[3-5] achieve topological pumping [6—15] and non-Abelian
physics [16-18], inspiring both fundamental research and
novel information processing concepts. At the heart of these
advancements lies quantum adiabatic evolution and the cor-
responding geometric quantities [19-24]. Until now, studies
have assumed that classical adiabatic evolution is subject to
gap conditions analogous to those in the quantum case and the
geometric quantities arising are equivalent [3,6,9,14-16,25—
29]. Our article challenges this assumption by demonstrating
fundamental differences in the mode-coupling equations aris-
ing from the fact that a time-dependent Hermitian classical
system is mapped to a time-dependent non-Hermitian quan-
tum system. This has two consequences: (i) it introduces a
correction term in the non-Abelian gauge potential and (ii)
it implies an additional condition to ensure adiabaticity in
classical systems, rendering concepts such as braiding of zero
modes untenable. Nevertheless, we identify a limit where
these differences vanish and classical adiabatic evolution ap-
proaches the quantum case.

A. Quantum adiabatic evolution

In the context of a slowly changing quantum Hamiltonian
H4(t) with instantaneous eigenstates |n(f)) and instanta-
neous eigenvalues A,(¢), a quantum state initially prepared
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as |¥9(0)) = |n(0)), and evolving under the Schrodinger
equation i|y9) = H(t)|y9), remains in the nth eigen-
state, approximately described as ngia (1)) ~ exp[—iA(t) —
y()]|n@)) [19]. Here, A,(t) := f(; dt'r,(t") represents the
dynamic phase and y,(t) = fot dt'(n(t")|n(t')) corresponds
to the geometric phase, known as the Berry phase. In
what follows we choose a parallel transport gauge, i.e.,
(n(t)|n(t)) = 0. Then the Berry phase can be computed as
y(t) = Im In (n(0)|n(¢)) [30,31]. To obtain W;’dia(t)), we
expand [¢¥9(¢)) in terms of the instantaneous eigenstates
as [Y9(1)) = >, qm(t) exp[—iA,(t)]|m(r)). Substituting this
into the Schrodinger equation and contracting with (n|, we
integrate from O to ¢, leading to [32-35]

t ’
4n(1) = 4u(0) = = / dt' gu(t") (i)™ 44 2mE"),
m#n 0

6]

where ¢,(0) = 8, and Ay, (t) = Ay () — Ay (¢). The right-
hand side (RHS) can be interpreted as the error of the adiabatic
approximation due to the excitation of other modes and is
negligible if the exponential in the integrand oscillates rapidly
compared to the slowly changing other terms. This condition
is captured by the quantitative gap condition,

(n|rm)
)\‘"‘l}’l (t)

<1 Vn#m, )

max
1€[0,77]
where T is the final time of integration.

B. Classical adiabatic evolution

In this article we consider a classical evolution where
a dynamical matrix H(t) is changed slowly. H¢(¢) is
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symmetric, positive definite, and real-valued as classical sys-
tems have real-valued couplings, but in principle the reasoning
is also valid for complex-valued Hermitian matrices. The
dynamics of the classical state vector |y“(z)) is governed
by the Newtonian second-order equation |yre) = —HE(t)|y°).
We denote the real-valued instantaneous frequency of H° ()
as wy(t) := /A,(t) > 0, the dynamic phase as ,(t) :=
f(; dt'w,(t"), and we choose the instantaneous eigenstates
real-valued and in a parallel transport gauge. As we will
prove shortly, for an initial condition of |°(0)) = [n(0)) and
[¥°(0)) = 0, the classical adiabatic approximation reads

wn(0)
wn(1)

We observe that the amplitude is not conserved and increases
(decreases) as the mode becomes softer (stiffer). The Berry
phase is hidden in the eigenstates and can be extracted as
y () =Im In (n(0)|n(z)). For a closed-loop evolution, i.e.,
H¢(T) = H°(0), the Berry phase is obviously quantized to
0 or w modulo 27, protected by the fact that H is purely
real-valued and symmetric.

[V () ~ cos[Q2,(t)]|n(t)). 3

C. Problem statement and structure of the paper

The expression (3) has also been obtained using WKB
assymptotics in [3]. However, there and in other studies
[6,9,14,15,25-29] it is assumed that the classical adiabatic
condition is exclusively based on a frequency gap, analogous
to the quantum gap condition (2). We will show, using a quan-
tum formalism, that a gap condition (2) is not sufficient and,
more generally, quantum and classical adiabatic evolution are
different except in the limit of infinitely high frequencies.

The study is based on contrasting the quantum coupling
equations (1), with classical coupling equations, from which
we deduce the adiabatic conditions and approximations. In
Sec. II we derive the coupling equations by applying a
transformation that would symmetrize the problem in the
time-independent case but fails to do so for time-dependent
systems. In Sec. Il we explore the results in the light of
biorthogonal operator theory. Then, from the coupling equa-
tions we derive classical adiabatic conditions and compare
them to quantum conditions in Sec. IV. We find fundamental
differences and identify a limit where they become equivalent.
In particular, setting H := H and HY = H, we will show
that, while generally different, in the limit where the full spec-
trum of H is at infinite distance from 0, both the nonadiabatic
and adiabatic dynamics of H? and H¢ will be the same. In
Sec. V we further study energy consumption of adiabatic
evolution. We then present a simple numerical example in
Sec. VL. Finally, in Sec. VII we generalize our findings to the
multiband, non-Abelian case and discuss the appearance of a
correction term to the non-Abelian gauge potential in classical
systems in comparison to quantum systems. Conclusions are
drawn in Sec. VIII.

II. DERIVATION USING COORDINATE
TRANSFORMATION

It is well known [2,36] that, in time-independent systems,
symmetric classical equations of motion can be mapped to a

Hermitian Schrédinger equation. However, as we now demon-
strate, this is not the case for time-dependent problems. The
resulting Schrédinger equation is non-Hermitian because the
coordinate transformation does not commute with the time
derivative.

To see this we first define |W(r)) = [|¥ (1)), [ ()7,
such that the classical equation of motion can be transformed

to first order
. 0 1
W) = [y, “)
—H@) 0

We now introduce the transformation [2,36]

JH(@) 0
T@) = 0 ; %)

il

which would symmetrize Eq. (4), i.e., mapping it to a Hermi-
tian Schrodinger equation, for time-independent H.
Let us further define |W¢) = T (¢)|¥°) and

_ 0 H(t)
H(@) = . )
JAEDH 0

Then, transforming~Eq. (4) under 7 (¢), we obtain the equa-
tion of motion for |W¢) as

i15ey = (@) + iTOT " 0)115°). %

The inverse transformation, 7!, exists because H is assumed
to be positive definite. This is a non-Hermitian Schrédinger
equation because

®)

. VHOVED ™" 0
iT(t)Tl(t)zi[ H(I)OH(I) o}

is in general non-Hermitian. All the differences between
quantum and classical adiabatic evolution and mode coupling
arise from this term. We now expand the general (nonadia-
batic) solution in the instantaneous, adiabatic eigenbases of
H,ie.,

() = an,m(t)\/wl7l(0)wm(t e " Dlo m(t)), (9)

m,o

where |o, m(t)) := 1/ﬁ[|m(t)), o|m(t))]7 are the orthonor-
mal instantaneous eigenstates of H(¢) in a parallel transport
gauge, i.e., (m(t), olo, m(t)) = (m(t)|m(t)) = 0, and corre-
sponding instantaneous eigenfrequencies are ow,(t), with
o = =1 labeling the subspace corresponding to the positive or
negative eigenfrequencies [36]. While for time-independent
systems these two subspaces are always decoupled (as are
eigenstates in general), in the time-dependent case this is
no longer true. Inserting this expansion into Eq. (7), con-
tracting with (m(¢), r|, and integrating from O to ¢, one
arrives at the classical version of Eq. (1) (see Supplemental
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Material [37])

Cr,n(t) - Cr,n(o) = - Z/(; dt/cr,m(t/)(n|m)
m#n

1
2

= 3 [ drecnttytuni
0

m#n

t

+ / dtc_.,(t")
0

2 wu (1)

where Czn(0) = 8umdzo (n(0), T[T (0)[W(0))/wn(0),
Q- (1) = Q) — 2, (), and QF (1) := Q,() + Q2,@).
Again, the RHS can be identified as the error to the adiabatic
approximation. Clearly, if the RHS is approximately 0, so
is the left-hand side, i.e., ¢; ,(t) = c; ,(0). Substituting this
result back into (9), applying the inverse transformation, i.e.,
T1(¢)|¥°(¢)), and taking the real part results in the adiabatic
approximation (3).

Because the transformation does not commute with the
time derivative operator, Hermitian classical systems funda-
mentally map to non-Hermitian quantum systems giving rise
to differences in the (adiabatic) evolution for finite frequen-
cies, as analyzed in Sec. IV.

III. DERIVATION USING BIORTHOGONAL FORMALISM

It is customary to treat non-Hermitian systems in the
biorthogonal formalism, directly starting from Eq. (4) [38].
Now we show that such a treatment produces the same cou-
pling equations (10) which we demonstrate to be well-defined
despite the time-dependent norm ambiguity of biorthogonal
basis functions.

Let us define

L 0 1
6= g o] an
such that Eq. (4) reads
|¥€) = G|we). (12)

The mth instantaneous eigenvalue-eigenstate pair of H(¢) is
denoted by [1,,(¢) = wfn(t), |m(t))]. Without loss of general-
ity, we again choose |m(¢)) in a parallel transport gauge such
that (m|m) = 0. Let us introduce the biorthogonal left and
right eigenvectors of G [39]. It is easy to check that

. [

=7

lm(t)) }
) 9
Bn(t) := —0iwy(t),

_Gia)in (t)|m(t)
for o = +1 is a right eigenstate-eigenvalue pair of the non-
Hermitian operator (11). Its corresponding left eigenstate is
given by

o, M(2))
13)

~ 1 .
W@, ol = [0l 5001, (14)
with corresponding eigenvalue
Bu(t) = B(1) := Tiew, (1), (15)

1 d)"(t/)eirZSZ,,(t’)

1
2

a)ﬂl (O)
wn(0)

wp (1)
wy(t')

w, (1)
wp(t')

I
I

(B
-

: (10)

®,(0)
w,(0)

wn(t')
wy(t')

(1)
on(t')

—i(—D)Q (1)

‘nm

(

where *x denotes complex conjugation. Note that because H (¢)
is assumed to be positive definite and symmetric, we have
Am(t) > 0 and hence w,,(t) C R*, implying that the instan-
taneous non-Hermitian system is purely oscillatory.

We further note that degeneracies in H carry over to de-
generacies in G. We assume that respective eigenstates of
H have been orthogonalized so that corresponding left and
right eigenstates are naturally biorthogonal. The left and right
eigenstates satisfy the biorthogonality relation

)

wy (1)

(N@), tlo, M(1)) = %((nlnﬂ + 10 <n|m>> = Sumbor-

(16)

Biorthogonal eigenstates of non-Hermitian operators do
not only have an arbitrary phase but also an arbi-
trary norm [38,40]. Hence, for any at least once differ-
entiable f, ,,(r) € C, the right f-transformed eigenstates
lo, M(t)) = fo.m(t)|T, M(¢)) and left f-transformed eigen-
states (N(7), 7| — (N(7), T|1/f7,(@) also form a complete
biorthogonal basis. Furthermore, because here we are inter-
ested in parallel transporting |m) rather than |z, M(¢)), in
general there is no further restriction on f, ,,(t) (see [38] for
more in detail discussion).

To that end we use the following nonadiabatic ansatz:

@) =D bom@)e MO f, (D)o, M(1)).

m,o

a7

We substitute the ansatz into the equations of motion (12) and
contract with (N, t|1/f},, where from now on we omit to

show the time dependence explicitly. We obtain (see Supple-
mental Material [37])

br,nft,n«/ Wy
. 1 Cbn
= —benfrn/ = brnray

2 Dm \ e

=D befeminlin) = Jop( 14+ == )
m 2 a)n
1 o\
- Xm: b_r,mf—r,m (n|m) E Wy <1 — Z_n)elrﬂgn
1 w" 2t

+ b_r,nf—r,nz—we " (18)

To demonstrate that the results obtained in this study are
well defined we have to show that the coupling equations (18)
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are independent of the arbitrary choice of {f, ,,}. We will show
that this is indeed the case, as the choice of {f, ,,} will just turn
out to be a time-dependent scaling, which is compensated by
the corresponding coefficients.

To that end we define a; , 1= br,,,f,,m/aTn with

= br l’lf‘[ na/ @n "l‘br nfrn br,nfr,n\/ w,. (19)

\/—
J/w,) and, because

. 1@, o
br,nf‘c,n\/ Wy = a‘c,n —Arnz 2 - ar,nfT’a (20)

2 w, o

We further use b, , = a,,/(f;

,n

all the diagonal terms in Eq. (18) vanish and all f terms
are absorbed into the coefficients a, , such that the coupling
equations for a, , read

. 1 o, Om \ -
e =—Zar,m<n|m>§<‘/w—m + /w—”>e %,
.. ©n Dm \ irqr
- Za_f,m(mm)— — — [ et
m 2 Wy Wy

g @
2 w,

We note that the above equations are equivalent to (10)
up to factors of +/w,(0)/w,,(0), which can be pulled out and
absorbed in the coefficients.

Therefore, upon time integration, these coupling equa-
tions for {a, ,(¢)} are equivalent to Eq. (10) for the coefficients
{cz..(¢)}. The ambiguous scaling factors {f, ,,} do not appear
in the coupling equation, meaning that they are well defined.

The choice of {f, ,,} results in a scaling of the coefficients
that leave the overall, generally nonadiabatic state invariant.
To see this, we observe that 7 (¢)s/@,,(0)/wy,,(t)|o, M(t)) =
Vo (0w, (t)|o, m(t)). Therefore, in Sec. II we use the
biorthogonal basis with f; ,(1) = f,(t) = /&u(0)/w, () and
transform it under 7 (¢). Hence, if we backtransform the
ansatz (9) with 7-1(¢) we get

mO — t
|We(1)) = chm(),/w((t)) T Ole, M(1)).  (22)

Comparing this ansatz with the one chosen in (17), we find
that the different coefficients are related by a scaling of
ba,m(t )f(r.m (t)\/ wm(t)/wm(o) = aa,m(t )/\/ @, (0) = Co,m(t)-
Solving for b, , and substituting the expression back into
(17), we see that f, , vanishes and therefore conclude that
|W€(2)) is independent of the choice of {f, .}, as expected.

In summary, a choice of {f, ,}, here { f:,,m}, results in a
unique set of coefficients. The coupling between these co-
efficients is independent of {f, ,}. Furthermore, while the
time-dependent scaling of the coefficients depends on {f5 .},
|W€(2)) does not. In Sec. I, the coefficients {c, ,,} were chosen
such that in the adiabatic limit they remain constant.

An extensive discussion about the scaling issue, which is
about how to define the population of biorthogonal eigen-
states, can be found in [38]. In this article we focus on the
mode coupling, which is well defined, despite the ambiguity
of the norm of the biorthogonal eigenstates.

IV. CLASSICAL VS QUANTUM ADIABATIC EVOLUTION:
DIFFERENCES AND A LIMIT WHERE THEY MEET

We now analyze the differences between quantum and
classical adiabatic evolution by comparing the RHS of the
classical coupling equations (10) and (21) to the RHS of the
quantum mechanical couplings (1). (i) The first RHS term
in Eq. (10) resembles the quantum mechanical coupling to
other modes of the same subspace 7. In the classical case,
however, the square root ratio of the tracked and all the other
instantaneous frequencies scales this error term. If any mode
(tracked or not tracked) approaches a zero frequency, this
term diverges, requiring ever slower time evolution of H(¢).
(i) The second sum is the error due to coupling to other
modes of the other subspace, denoted with —z. It will be
clear shortly that if the first term is negligibly small, so is
the second term. (iii) Finally, the last term is the coupling to
the same mode of the other subspace which can lead to ampli-
tude pumping through parametric amplification. Because this
last term holds simultaneously for all c; ,, small transition
errors to a near-zero mode, c; o, may grow over time. This
is exactly the situation in Figs. 1(c) and 1(d), as discussed
shortly.

Following the same logic used to derive the quantum gap
condition (2), we can now establish two classical conditions
ensuring that the integrals in Eq. (10) become negligible thus
implying the validity of the adiabatic approximation (3):

(nlm) 1 [@,(0) [ | wn(t) (1)
Tty wmmi\/ on(0) (\/ o) +\/ wn(t)) <)
Vm #n
and
1 w,(t)
071 | 4 02(1) 24)

We stress that condition (23) implies also that the second sum
in Eq. (10) is small because the absolute difference of the
positive ratios is smaller than their sum and the same applies
to the more rapid oscillations, i.e., w,,, (t) = 0, () — w,(t) <
w,j’m(t) = w,(t) + w,(t). The first condition resembles the
quantum mechanical gap condition, however, scaled by the
frequency ratios. The second condition is a condition on the
distance from the zero frequency line.

Note that for a single degree of freedom (DOF) harmonic
oscillator there is only one coupling to its mirrored mode
partner, the last line in Eq. (10). In the Supplemental Material
[37] we apply our study to the single DOF case in detail.

In Egs. (10) we can identify the limit @, — 0o, Vn where
the classical time-dependent dynamics under H(¢) approach
the dynamics of a quantum system under /H (¢). In this limit

Jw,(t)/w,(t) — 1, which implies that
1 fow(0) [ [ @a(t") wm(t')
5\/ on(0) (\/ o) +\/ wn(m) -h®
1 ]on@ ( Jout)  Jon@)) 26)
2V @,(0) @ (") wy(t') .

and
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n=2w=03 n = 0.0005, w = 0.3

Ll (()

Wy

n=01Lw=12 n=20,w=12

(8)
I~
e e =

band 0
band 1

- N~

(h)

~o

t/T

FIG. 1. Numerical simulation of a2 x 2 system defined in Eq. (27), where H® = h* and H? = h. Row 1 displays the band structures, while
row 2 shows the time evolution of the classical and quantum mode coefficients. The coefficients are initialized in the excited mode for various
values of n and w, while s = 3 and 7 = 10 are fixed. (a), (b) In the presence of a large gap and the absence of a zero mode, both the classical
and quantum systems exhibit adiabatic behavior. (c), (d) With a small amount of energy transitioning to the lower mode, the classical system
violates adiabatic conditions due to interactions between c. ¢ and c_ . In contrast, the quantum system remains adiabatic. (e)—(h) The classical
system approaches quantum behavior as the spectrum is shifted to higher frequencies. In (e), (f), nonadiabatic interactions occur due to the
small band gap (quantum) and the combination of a small gap and a near-zero mode (classical). Shifting the spectrum to higher frequencies in
(g), (h) results in the classical system where only the gap matters and the frequency ratios approach unity. Consequently, the modes from the
negative frequency axis are no longer excited and the full nonadiabatic dynamics closely approximates that of the quantum system.

Finally, the last line in Eq. (10) approaches 0; therefore, the
coupling dynamics reduces to the quantum case (1) and the
classical adiabatic conditions to the quantum conditions. Note
that this limit requires all the bands to be at sufficiently large
frequencies; it does not apply to a subset of bands at high
frequencies. In general, any arbitrary high frequency mode
can couple to any near zero mode.

V. ENERGY CONSUMPTION

The energy consumption of adiabatic driving is nontrivial
as the norm is not conserved. From the classical adiabatic ap-
proximation (3) we see that the average instantaneous energy

J
h(t) := |:

and identify the quantum and classical systems as H? = h and
H¢ = I?, respectively (hence HY = +/H¢). By squaring the
operator, the eigenstates and hence the Berry phase remain
unchanged, while the eigenvalues are squared. This implies
that the quantum and classical states oscillate with the same
frequency. The parametrization of 4 is chosen such that chang-
ing n allows us to shift the spectrum without altering the gap.
Furthermore, for 0 < w < s/2 (s > w > s/2), the first (sec-
ond) band has a Berry phase of 7 (0). The transition from 0 to
7 of both bands occurs at w = s/2, where the gap closes. Fi-
nally, T’ controls the slowness of integration. The parameters s
and T are fixed to 3 and 10, respectively. The classical system

(s —w)sin(t/T + )

n+s+[w+(s—w)cos(t/T + )]

for a system with time-independent, unit mass is given by
(E@)) = %wn(O)wn (t). Therefore, the adiabatic energy cost of
transforming an initial state |n(0)) into a final state |[n(T")) is
AE = %wn(O)[wn(T) — w,(0)], with AE = 0 for a flat band.
Furthermore, for a closed loop, where w,(T) = w,(0), the
total energy cost is also zero, meaning that adiabatically ac-
cumulating a Berry phase does not consume any energy.

VI. EXAMPLE

The following example illustrates the phenomena dis-
cussed above using a simple 2 x 2 system. To this end, we
slightly reformulate the system considered in [41]. We define
the following matrix:

[

has four modes |+, 0), |+, 1), |—, 0), and |—, 1) with corre-
sponding coefficients c g, ¢y 1, c— 9, and c_ ;. The quantum
modes are |0) and [1) with coefficients gy and ¢g;. In the
following, we always initialize the system in the excited mode,
|+, 1) and |1), respectively, setting c4 ;(0) = q;(0) =1 and
c+,000) = ¢4.1(0) = c— 0(0) = ¢ 1(0) = go(0) = 0. We nu-
merically integrate Eqs. (1) and (10) and display the norm of
the coefficients over five periods in Fig. 1. In panels (a),(b),
we set n = 2, w = 0.3. We observe that the adiabatic approx-
imation is well justified for both the quantum (due to the large
gap) and the classical (due to the large gap and no near-zero
mode) system. In (c),(d), we set n = 0.0005, thereby shifting

(s —w)sin(t/T + 7)

(27
n+s—[w-+(s—w)cos(t/T + )]
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the lower band closer to zero. This has, as expected, no effect
in the quantum case, which remains adiabatic. However, in
the classical case, the small amount of energy that scatters
to ¢4 o(t) and c_ o(t) amplifies because the second condition
(24) is violated for |+, 0) and |—, 0). Finally, panels (e)-(h)
demonstrate how the classical system approaches the quantum
system by shifting the spectrum to higher frequencies: in
(e),(f), the parameters are chosen as n = 0.1, w = 1.2. The
larger w and hence smaller gap result in a nonadiabatic tran-
sition to the lower mode. Because the lower band is still close
to zero, the classical coupling to the other modes, particularly
the nonvanishing coupling to the negative frequency subspace,
presents a different picture in the classical than in the quantum
case. As predicted, shifting the spectrum to large enough
frequencies (g),(h) such that /wo(¢)/w;(t) — 1, the classical
mode coupling behavior approaches that of the quantum sys-
tem, which is, once again, left invariant by a spectrum shift.

VII. MULTIBAND CASE

We now treat the case of generally interacting bands and
also reduce it to the case where a set of bands are everywhere
degenerate. Let us first recall the quantum behavior: let S be
a subspace of interacting bands that are well separated by an
energy gap from all other bands such that

(s]rmn)
Asm (1)
Then Eq. (1) can be solved for the coefficients of the subspace,

qs, using the evolution operator U9(t) .= U (t,0) [20,21],
i.e.,

max
1€[0,77]

<1 VseS, VYm¢gS. (28)

qs() = U (t)qs(0), (29)
with

Ul(t) =P exp ( - / dt’Q(t')A(t/)Ql(t')), (30)
0

where P denotes the path ordering operator and Ay := (s|5")
denotes the non-Abelian gauge field which is transformed
under Q¢ (1) := expl[iA;(t)]8sy. In the case of everywhere
degenerate bands one obtains Q(t)A(t)Q~'(t) — A(t) and
Ui(t) - UE) =P exp[— fot dt’A(t")] is the Wilczek-Zee
matrix whose trace is the gauge invariant Wilson loop [42].
To treat the classical system we denote coefficients of the par-
ticular frequency subspace, t, corresponding to states of the
subspace as [¢5]; = c; ;. We introduce the classical evolution
operator for the coefficients, U°(¢) := U°(t, 0), such that

c5(t) = U (1)e5(0). 31
In the Supplemental Material [37] we show that

US(t) =P exp ( — / dt'C(t"H[A1) +AA(t’)]C‘1(t’)),
0

(32)
with the classical transformation Cos(t) :=
exp[iQs(t)]Sss’/ a)s(o)ws(t) and Aﬁ’ (t) = (s|$/)(ws -

wy)/(Rwy), which can be seen as a classical correction
to the non-Abelian gauge field and again reflects the fact that
the coupling between interacting modes depends on their

frequencies. As shown in Sec. III the couplings and hence
the classical non-Abelian gauge potential A(t') + A%(¢') is
independent of the norm ambiguity of the biorthogonal basis.
This implies that it is well defined.

The high frequency limit can be identified as
(w5 — wy)/Rwy) — 0 implying  that  A%(t) >0
and  Jws(0)ws(t)// oy 0wy () — 1, implying that
CHAMC'(t) > Q()A()Q~'(t) and hence the classical
evolution approaches the evolution of the quantum system
governed by +/H (t). Substituting (31) back into the expansion
(9) and applying the inverse transformation 7 ~!(¢) yields the
classical, general multiband solution

w;dia,mult (t)

c Y(O) 711’9 s(1)
E E Uy (I)CY(O),/ Is(®)) ¢
seS s'eS (t)

(33)

with initial coefficients ¢y (0) = (s'(0), 7|7 (0)|¥°(0))/
wy (0). It remains to state the adiabatic conditions under which
the approximation is valid. The first two are a restatement of
the single band case but for the whole subspace S,

(slm) 1 [wn(0) [ [ ws(r) (1)
10,7, w;w(z)i\/ws(O) (\/wm(t) +\/ws(t)> <! s
VseS§, VmdgS
and
1 (1)
,g[})%l%] a)z(t) <1 Vsed. 35)

Finally, we have to explicitly require that the interaction of
bands in the subspace is isolated from the same subspace on
the negative frequency axis, —t, which is ensured if

(sl5") wy(0) ([ os(t) wy (1)
oy, (t)2 0,(0) \V 0y (1) | w,(t)

Vs,s' € S.

et T (36)

In the case of everywhere degenerate bands we have
Aﬁ, () = 0 since wy = wy and C(1)A()C~'(t) — A(¢), which
is integrated to yield, as in the quantum system, the
Wilczek-Zee matrix, U(t). Defining ws as the degenerate
eigenfrequency of the subspace and s the corresponding
dynamical phase and again using that the eigenstates can
always be chosen real for a real-valued symmetric system, one
obtains

.
Vadia,mult,deg ()

~ Vo ws(0)
Jos(t)

and the third condition becomes trivially satisfied.

cos[Qs ()] Y | Y Use(t)ce O)ls(0)  (37)

seS s'eS

VIII. CONCLUSIONS

We have demonstrated that a time-dependent Hermi-
tian classical system is equivalent to a time-dependent
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non-Hermitian quantum system, resulting in distinct mode
coupling equations. Using non-Hermitian operator theory we
showed that these coupling equations are well defined.

In contrast to the time-independent case, classical time-
dependent dynamics can in general not be symmetrized
because the transformation does not commute with the time
derivative. From this we deduced that the quantum gap con-
dition is not sufficient to ensure adiabaticity and certain
quantum adiabatic phenomena cannot be realized in classical
systems. Another consequence of this is the appearance of
a classical correction term to the non-Abelian gauge field
for general multiband systems which deserves further in-
vestigation and may inspire a new class of time modulated
metamaterials. Finally, we identified a limit where these dif-
ferences vanish such that quantum and classical adiabatic and

nonadiabatic dynamics become equivalent up to a difference
in the dynamic phase.
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