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Abstract

We investigate why, in quantum many-body systems, the adiabatic fidelity and the over-
lap between the initial state and instantaneous ground states often yield nearly identical
values. Our analysis suggests that this phenomenon results from an interplay between
two intrinsic limits of many-body systems: the limit of small evolution parameters and
the limit of large system sizes. In the former case, conventional perturbation theory
provides a straightforward explanation. In the latter case, a key insight is that pairs
of vectors in the Hilbert space orthogonal to the initial state tend to become nearly or-
thogonal as the system size increases. We illustrate these general findings with two
representative models of driven many-body systems: the driven Rice-Mele model and
the driven interacting Kitaev chain model.
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1 Introduction

In the modern era of quantum technologies, it is crucial to prepare and manipulate quantum
states with precision. For this purpose, various approximations based on the quantum adia-
batic theorem (QAT) [1-4] are widely used. Examples of applications include adiabatic quan-
tum transport [5-8], adiabatic quantum computation [9-11], and adiabatic quantum state
manipulation [12-17] and preparation [18-23]. Adiabatic evolution refers to the evolution
of a quantum system whose time-evolved state remains close to its instantaneous eigenstate.
A well-known adiabatic criterion [4, 24]" is that the rate of change of the time-dependent
Hamiltonian must be much smaller than certain non-negative powers of the minimum energy
gap of the Hamiltonian. Although calculating energy gaps is often possible for systems with
a small Hilbert space or for exactly solvable models, it is generically difficult for many-body
systems with a large Hilbert space. Alternatively, the formalism of shortcuts to adiabaticity
(STA) promises to give the same adiabatic results as those provided by the QAT but without
requiring slow driving [25-32]. Yet, since counterdiabatic terms in many-body systems are
not necessarily local in space [33-36], there are circumstances in which the STA approach is
not useful for practical purposes.

Instead, a complementary bottom-up approach considers how the fidelity (termed adia-
batic fidelity) between the time-evolved states and the instantaneous eigenstates deviates from
unity under dynamical evolution. However, for quantum many-body systems, obtaining time-
evolved states and instantaneous eigenstates by solving the many-body Schrédinger equation
and eigenvalue equation may be a difficult task. It then raises the question of whether one can
estimate the adiabatic fidelity without solving equations from scratch.

The approach initiated by Ref. [37] and extended in Ref. [38] is that the adiabatic fidelity
can be estimated by exploiting a many-body nature of the problem — generalized orthogonality
catastrophe (GOC), and a fundamental inequality for the evolution of unitary dynamics in
Hilbert spaces — quantum speed limit (QSL). The GOC refers to the property wherein the
overlap between instantaneous ground states and the initial ground state decays exponentially
as both the system size and the value of the evolution parameter increase [37], whereas the
QSL sets an intrinsic limit on how fast the time-evolved state can deviate from the initial
state [39-45].

1See also Ref. [11] for a comprehensive review.
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While the estimates derived in this manner effectively capture the behavior of the actual
adiabatic fidelity within the parameter space, an unresolved question remains, first observed
numerically in Ref. [37]: Why are the numerical values of the adiabatic fidelity and the ground
state overlap nearly identical in various situations, such as when the evolution parameter is small
or when the system sige is large? The primary aim of this study is to address this question.

Clarifying the relation between adiabatic fidelity and ground state overlap is not only of
conceptual interest but also of practical value, as it enables adiabatic fidelity to be estimated
from more accessible quantities without solving the full dynamics. Our goal is therefore to
provide a mechanism-level explanation for the observed closeness and to derive quantitative
bounds that render this observation useful for diagnosing adiabaticity in many-body systems.

Summary of main results and contributions

In this work, we clarify why the adiabatic fidelity and the ground state overlap often yield
nearly identical values in many-body systems. We show that this closeness originates from the
interplay of two complementary mechanisms (Sec. 3). First, when the driving parameter is
small, perturbation theory shows that the time-evolved state remains closely aligned with the
initial state, implying that adiabatic fidelity and ground state overlap coincide up to quadratic
order [Eq. (24)]. By contrast, as the evolution parameter increases, perturbative arguments
lose adequacy. In this regime, the explanation lies in an intrinsic property of high-dimensional
Hilbert spaces: vectors within the subspace complementary to the initial state tend to become
nearly orthogonal to one another. This almost-orthogonality (Sec. 3.2) strongly suppresses the
difference between adiabatic fidelity and ground state overlap.

To substantiate these insights, we establish reverse triangle inequalities (Sec. 4) that con-
nect adiabatic fidelity, ground state overlap, and the auxiliary overlap term [Eq. (30)], thereby
providing a quantitative explanation for why adiabatic fidelity and ground state overlap re-
main close whenever the auxiliary overlap is small— a manifestation of the two comple-
mentary mechanisms mentioned above. We illustrate these general findings using the driven
Rice-Mele model (Sec. 5), a free-fermion model amenable to partial analytical treatment; An-
alytic and numerical results confirm indistinguishability between adiabatic fidelity and ground
state overlap already for system sizes of order 10? [Eq. (33) and Fig. 2]. We further examine
the robustness using the interacting Kitaev chain (Sec. 7), where exact diagonalization shows
that almost-orthogonality—and thus the closeness of adiabatic fidelity and ground state over-
lap—persists in a nonintegrable setting.

We also propose a scaling description of the auxiliary overlap in terms of the ground-state
overlap (Sec. 6) via an effective exponent s [Eq. (39)]. This leads to a family of refined in-
equalities [Eq. (40)] for estimating adiabatic fidelity and to a modified adiabaticity breakdown
criterion in which the critical driving rate acquires a finite multiplicative factor [Eq. (42)].

Taken together, these results demonstrate that the near-equality of adiabatic fidelity and
ground state overlap is a robust and generic feature of driven many-body dynamics, governed
by perturbative behavior at small parameters together with almost-orthogonality at large sys-
tem sizes. Beyond conceptual clarification, our results provide practical diagnostics for driven
many-body dynamics.

Relation to mathematical results on many-body adiabatic state preparation. Rigorous
many-body adiabatic theorems provide sufficient conditions for successful adiabatic prepa-
ration, typically formulated in terms of spectral gap conditions and smooth (e.g., Gevrey-
class) ramp assumptions, with driving rates that must decrease as system size increases (see,
e.g., [24,46-51]). Our approach is complementary: rather than offering sufficient condition
guarantees under asymptotically slow ramps, we develop diagnostic, computable criteria for
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adiabaticity in finite many-body systems. We likewise conclude that the driving rate must de-
crease with system size to maintain adiabaticity; in contrast, our scaling is inferred from the
decay of adiabatic fidelity and ground state overlap rather than from spectral gap or Gevrey-
class assumptions. Thus, our results provide necessary diagnostics directly applicable to con-
crete systems.

Organization. The rest of this paper is organized as follows. After reviewing the basic for-
malism in Sec. 2, we consider a limiting case in Sec. 3 where the essential elements for address-
ing the proposed question are exposed. We then derive a set of useful triangle-type inequalities
in Sec. 4. Our general results are illustrated using a driven Rice-Mele model in Sec. 5 and a
driven interacting Kitaev chain model in Sec. 7. Implications and summary are presented in
Sec. 6 and Sec. 8, respectively. The appendices provide additional technical details.

2 Preliminaries

2.1 Setup

We begin by defining notations and terminologies. Consider a time-dependent Hamiltonian
H, with A = A(t) being an explicit function of time t. Using A in place of ¢t as the evolution
parameter, the Schrodinger equation for the time-evolved state |\I/A) reads

iro,|v,) =H,[¥,), with [¥)=[®,), )

where I':= 9,A(t) being the driving rate and we assume that the initial state, |¥,), is in the
ground state of the Hamiltonian H, at A =0, |®,). For generic values of A, the instantaneous
ground state of the Hamiltonian H, is the solution to the eigenvalue problem,

H,|®,) = EGS,AM))L} ) @)

with E ¢ , being the A-dependent ground state energy. To quantify the distance between ¥, )
and |®, ), one introduces the quantum fidelity /(1) between them,

FA) = [(@,]%,)]*. 3

Let C(1) be the overlap between the initial ground state |®) and the instantaneous ground
state |®, ) for an arbitrary value of A,

C(A) = [(®;]0)I*. )
For a large class of many-body systems, the ground state overlap C(A) has an asymptotic form
CA)~e W, ¢y >0, (5)

under the limit of large system size, i.e. N — oo [37]. Generalized orthogonality catastro-
phe, renaissance of Anderson’s orthogonality catastrophe [52,53], takes place if the exponent
Cy — o0 as N — o0. The scaling form of the exponent C,, depends on the type of driving,
space dimensions, and whether the energy gap is present or not [37].

At any value of A, we are given three vectors: |®,), |¥, ), and |®,). There are three ways
to construct overlaps between any two of the three vectors. We have already mentioned two
kinds of the overlaps, namely, the adiabatic fidelity F(A) (3) and the ground state overlap
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C(A) (4). The remaining overlap, |(\I/A|<I>0)|2, can be utilized to define the distance between
the initial state |,) and the time-evolved state |¥,) through the Bures angle 6(2) € [0, /2],

6(A):= arccos [(¥, [®,)]. (6)

Given the triplet {F(A),C(A1),0(A)}, a bound on the adiabatic fidelity F(A) around ground
state overlap C(A) was first found in Ref. [37],

|F(A)=C) < 6(4). (7

To facilitate practical use, we employ a Mandelstam-Tamm-type quantum speed-limit in-
equality [39-45], which sets an upper bound on the Bures angle (1) (6),

. T ~
6(A) < min (R(A),E) — R, (82)
Aav
where R(A):= J;) IT(\))| <H)2L/>0_<HA/>(2)a (8b)

with (-+):= (®,|---|®,). In this work we focus on the time-dependent Hamiltonian H, of
the following form:

H, =H,+ AV, 9)
for which the function R(A) (8b) with a positive constant driving rate T reads
kz

2.2 Orthogonal decomposition

We now reformulate the main formalism developed in Ref. [38] using a more concise projection
operator approach for later use. Define P = |$,){(®,| as a projector onto the initial state and
Q = I— P as the complementary projector. By definition, P2 = LQ? = Q, and PQ = QP = 0.
Consider the following orthogonal decompositions for the time-evolved state |¥,) and the
instantaneous ground state |®, ),

|‘I}A> :P|W1>+Q|\IJ1): |¢A> :P|¢A>+Q|¢A>- (11D

Notice that, by the construction of Eq. (11), the following relations hold (here, |||-)|| = v/ {])),

IPIw )= [{@oW; )| =cosO(A),  [IQI¥,)II = 1/1—[(2,|¥,)|? =sin6(A), (12a)
IP1@)1l = [{®,|®,)| = v/ C(A), IQI®, )l = /1= 1(®l®,)1> = v/1—-C(2),  (12b)

where the Bures angle 6(A) and the ground state overlap C(A) are introduced in Egs. (6)
and (4), respectively. The two vectors, Q|¥,) and Q|®, ), are not normalized; we defined the
corresponding normalized vectors as

o Qi)
SR AT

_ )
BL(A) = ale,) (13)

QeI

where the superscript | indicates that these two normalized vectors are orthogonal to the
initial state |®,). We introduce D(A) to denote the overlap between the two normalized vectors,
[84(2)) and |83 (1)), )

D)= (&5 (W)Ie5 (M), 14

5
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and D (A) to denote the overlap between the two unnormalized vectors, Q|\I/l) and Q|® A),

D, ()= |(¥;lale,)]". (15)

Note that the two overlaps, D(A) and D (A), are not independent. They are related through

VD (M) =sin8(1)y/1—C(A) /D). (16)

Both the normalized overlap D(A) and the unnormalized overlap D, (A) play important roles
in the following discussion.

It was found in Ref. [38] (for an alternative derivation using the projection—operator for-
malism, see Appendix A) that the difference between the adiabatic fidelity F(A) (3) and the
ground state overlap C(A) (4) obeys the following inequality

IF)—C) < |-sin? 6(A)C(A) + D, (W] +2c0s 6(M)4/C(A)/D,,(1), A7)

where D (A) is defined in Eq. (15). To make further progress, the strategy made in Ref.
[38] was to replace the normalized overlap D(A) of Eq. (16) by its trivial upper bound 1,
i.e., D(A) < 1, which renders the unnormalized overlap D (1) (16) bounded from above as

follows
VD,,(A) < sin6(A)y/1-C(A). (18)

The rationale for adopting the trivial upper bound, D(1) < 1, is that, since presumably we have
no knowledge about the overlap between the two normalized vectors, |¢‘é‘(7t)> and |$é(7t))
(13), we may simply replace their overlap with the trivial upper bound of their overlap. Ap-
plying the upper bound (18) to the inequality (17) yields

IFIA)—C(A)| < sin?0|1—2C| +sin(20)vVCvV1—C. (19)

Although the inequality (19) offers an improvement over the inequality (7) found in Ref.
[37], it remains unclear why the values of the adiabatic fidelity F(A) and the ground state
overlap C(A) are nearly identical when (i) the system size N is sufficiently large (e.g., N > 100),
or (ii) the evolution parameter A is small for any system size. In the present work, we address
this question using the orthogonal decomposition formalism detailed in this section.

3 A motivating limit and interpretations

By inspecting Eq. (17), one observes that the least controlled piece in the inequality is the
unnormalized overlap D, (A) (15), which contains two factors [see Eq. (16) ], namely, v/ D(A)
and sin 8(A1)+/1—C(A). Among them, the trivial upper bound of D(A) is employed in Ref. [38]
to obtain universal upper bounds on | F(A)—C(A)| [see Eq. (19)]. Therefore, the reason why
the inequality (19) is insufficient to explain the smallness of | (A1) —C(A)| may stem from the
use of the trivial upper bound, D(A) < 1. To justify this claim, we simply look at the extreme
limit:

D, (A)—0. (20)
We will further elaborate on the orthogonality limit (20) later. For now, let us examine its
consequences. Imposing the orthogonality limit (20) to the defining equations (11), the cal-
culation of | F(A)—C(A)] is fairly simple. First, we find from Eqs. (11) and (12) that

F(A) = cos? 0(A)C(A). (21)
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It then follows that

|F(A)—C(A)| - sin 6(1)C(A). (22)

Comparing the right side of Eq. (22) with that of (19) indicates that only a portion of Eq. (19)
is retained on the right side of Eq. (22), resulting in a stronger upper bound on |F(A)—C(A)|.
The orthogonality limit (20), in view of Eq. (16), can be achieved by either

(@ sind(A)y/1—C(A) >0, or (i) y/D(A)—0. (23)

Case (i) is satisfied if A is small. This is anticipated since if A is small, one expects that the
Bures angle 6(A) is still small as well, while both C(1) and D(A) remain close to one. To
support this argument, we will present in Sec. 3.1 an explicit calculation based on the pertur-
bative expansion in A. As for case (ii), we shall see in Sec. 3.2 that it can be understood as a
manifestation of almost-orthogonality occurring in the complementary subspace of the initial
state |®,). We now elaborate on the two cases of Eq. (23) in turn.

3.1 Insights from perturbative expansion in A

Here, we provide a further explanation for case (i) of Eq. (23). Our objective is to solve
the instantaneous eigenvalue equation (2) and the time-dependent Schrédinger equation (1)
perturbatively in A for the Hamiltonian H, presented in Eq. (9), given the eigenvalue equation
of Hy, Hylx,) = ¢,lx,), where {|x )} is a complete set of orthonormal eigenstates of H, with
l%o) = I¥,) being its ground state and n € {0,1,...} labels different eigenstates. One finds
(refer to Appendix B for details) that, up to order A2, the adiabatic fidelity F(1) (3) and the
ground state overlap C(A) (4) are identical and are independent of the driving rate T,

2
Vool

F~c)=1-22> —2 1+ 0(1%), 24)
n#0 (80 B En)

where the matrix element V. := (x,|V|y,,). The difference between F(A) and C(1) appears
atorder A3, F(A)—C(A) = -3 Voo€o/ I'2+... Leading order contributions for various quantities
can also be obtained,

) A2 1/2
sinO(1) = E(; V,ol2) +0(2%), (25a)
_ AB |Vn0 2 4
VD) =2 ; P oY, (25b)
sinf(1)y/1—C(A) = O(A%), (25¢)
VD) =0(1). (25d)

We see that, for small A, ,/Dun()t) (16) is of order A3, which is attributed to the same order

of small sin 8(A)+/1—C(A) (25¢) since 4/ D(A) (25d) is of order one. However, as A contin-
ues to increase, the result from perturbation theory is insufficient to explain the smallness of

v/ D, (A). Instead, when A is not small, the almost-orthogonality exhibited in the normalized
overlap 4/ D(A), as shown in case (ii) of Eq. (23), should be taken into account.

3.2 Insights from almost-orthogonality in the complementary subspace under
large system size

Case (ii) of Eq. (23) may be understood as follows. Let {|<I>O), [uy), lu,y), ..., Iun_l)} be a com-
plete set of A-independent orthonormal basis in an n-dimensional Hilbert space ¢,. Since

7
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both the time-evolved state |\IJA) and the instantaneous ground state |® /1> are vectors in the
full Hilbert space ¢, it follows from the orthogonal decomposition (11) that the two nor-

malized vectors, |<I>OL(A)) and |$OL(A)) (13), are vectors lying in the subspace %”nL_ 1> Where the
codimension-1 Hilbert space 3{#—1 is spanned by {|u,), [u,),...,lu,_;)}. When n is large, the
two normalized vectors, |<I>é(7t)) and |5é(l)), may be thought of as two independent ran-
dom vectors in the Hilbert space %nl_ , even though the vector |<I>é(7t)) undergoes dynamical

evolution while the other vector |5é(7t)) experiences adiabatic transformation. As a result,
one would expect their overlap, D(A) (14), to decay sufficiently fast with increasing n. Fol-
lowing literature in mathematics [54], we refer to this kind of orthogonal property as almost-
orthogonality.

4 Reverse triangle inequalities

The discussion presented in the above section [see Eq. (22)] indicates that F(A) is identical
to cos? O(A)C(A) under the exact orthogonality limit (20). This observation motivates us to
pursue bounds on the difference between them, namely, |/ F(A)—cos 8(A)+/C(A)|. A useful
tool for the present work is the following lemma.

Lemma. The three real-valued quantities, v/ (1) (3), cos 0(A) +/C(A) (4), and /D, (1) (15),

obey a set of (reverse) triangle inequalities,
|V F() —cos 6(1) /(M) VP, (26a)
’m—cose(l) \/@\ < VFW, (26b)
‘ N \/]-"()L)‘ < cos8(A)v/CA). 260)

Thus, / F(A), cos 8(A) +/C(A), and /D, (1), form a triangle on a plane for all values of
parameters. See Fig. 1 for an illustration.

IA

A

Proof. First, we begin by considering the right side of Eq. (26a) with the help of Eq. (15),

1Y Dun(l) = ‘(‘I/Alqﬁ) - (\I’ﬂq’o)(‘i’g@x)’
> (100, 18,)]| = (0, [8)11{o12, )| = | ) — cos 6(2) v/CB)

where we have used the reverse triangle inequality |z —w| > ||z| —|w]|| for z,w € C. The
inequality (26a) is thus established. Note that the right side of Eq. (27) may be interpreted as

a lower bound on /D, (A).

(27)

5

cos 0VC

‘.,

Vv Dun

Figure 1: Depict of the triangle relationship (26) between the three real-valued quan-

tities: 4/ F(A) (3), cos (A1) /C(A) (4), and 4/D_ (A) (15), where O(A) is the Bures
angle (6).
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Second, we observe that there is an upper bound on /D, (1),

VPu) =|(;12,) — (w,120) (32,
< |<\PA|<I>)L>| + |<\IJA|<I)O)||(CI>O|<I>A>| =V F(A)+cosO(A) % Cc(A),

which is a consequence of the triangle inequality, |z + w| < |z| + |w| for z,w € C.
Finally, combing the upper bound (28) with the lower bound (27) yields two two-sided
bounds on /D, (A) (neglecting A to simplify notation),

(28)

—vVF+cosOVC < D, < VF +cosb 1/5, (29a)
VF—cos0VC < /D, < VF+cosdVC. (29b)
This completes the proof of Egs. (26b) and (26c¢). O

The first triangle inequality (26a) provides a quantitative way to understand the closeness
between F(A) and C(A) since
VF—VC < VF—cosOW)VC < /D (30)

un *

Given that the unnormalized overlap /D, (A) acts as an upper bound, a small value for it,
which can be achieved by the two cases of Eq. (23), suggests that the numerical difference
between the adiabatic fidelity F(A) and the ground state overlap C(A) must be even smaller.

5 Illustrative example I: Non-interacting Hamiltonians

To illustrate our general analytical findings from Secs. 3 and 4, the remaining task is to explic-
itly express /D, (1), as defined in Eq. (15), in terms of the Bures angle 6(2) and the ground
state overlap C(A) for specific models. This can be done analytically for non-interacting Hamil-
tonians for which one obtains [see Appendix C],

<wl(k)|(]1k —Pk)|¢x(k))

D (A~ O(A)v/C(A
/Do () = cos B(A)/C( )Zk:Ak (4, (Olp, |, (K))

Here, |4, (k)), |¢,(k)), and p, are the single-body counterparts of [¥, ), |®, ), and P introduced
in Sec. 2, respectively.

For concreteness, let us consider a time-dependent Rice-Mele model describing a system
of fermions on a half-filled one-dimensional bipartite lattice with the Hamiltonian [37,55,56]

, where A, = (31)

+

N N
Hpg= Y[~ +D)ab,—(—Dalb,,, +he]+> u()(aja;—bib,),  (32)
j=1 j=1

where N, the number of lattice sites, is assumed to be even. Here, a. and b. are the fermionic
annihilation operators on the a and b sublattices, respectively. For this model with u(A) = A,
the ground state overlap C(A) (4) and the function R(A) (10) take the form shown in Egs. (5)
and (10) with C,, = (16JU)"'N and 5V, = VN.

We shall specialize to the case where J = U = constant for which the summation in Eq.
(31) can be evaluated in closed form [see Appendix C],

v/ Dun(A) 2 //C(A) cos (1) sin 6 (A)ar(A), (33a)

A/ D(A) 2~ 4/C(A) cos B(A)a(A)/4/1—=C(A), (33b)
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(@a)N=10 (b) N =200 (c) N =1000
1.0 1.0 1.0
0.8 0.8 0.8 —Cc®
0.6 0.6 0.6
0.4 0.4 04 — F@)
0.2 0.2 0.2
0.0 0.0 0.0
0.5 27777 0006 5
S A M
93 R 0003} + N Jooo2} ; v ----- F) -yCW
: R 0.002 h *
0.1 0001}
0.0 bem=, 0.000 ke
07 0.14
06 012
23 838
03 0.06 — VDu®
02 0.04
01 0.02
0.0 0.00
0100 [ ===
0-1%0,1-, o el T~ O N, ] - \NFQA) - Ci
1077
1071? ' Dun (A)
10- '
1.0 1.0
0.8 0.8
0.6 06 :
04 04 Sin6(A) Y1-C(A)
0.2 0.2
0.0 0.0 0.0 %
00 05 10 15 20 00 02 04 06 08 00 01 02 03 04 05

A A A

Figure 2: (Color online) Various quantities are calculated numerically for the driven
Rice-Mele model (32) with the value of parameters shown in Eq. (35) for system size
N =10, 200 and 1000. The fourth row overlays the curves from the second and third
rows, with the vertical axis on a logarithmic scale. Further explanation is provided
in the main text.

where we have introduced an auxiliary function a(A) for later convenience

a(A)= VN4/1—=C(A)VN . (330)

We shall examine whether the explicit form of /D, (A4) (33a) has the desired characteris-
tics under the limit of small A or large N as claimed previously in Sec. 3. First, it is readily
checked that, for small A, the leading order contribution to 1/D, (1) (33a) and /D(A) (33b)
are O(A%) and O(1), respectively, which is consistent with the results obtained from general
perturbation theory as presented in Eq. (25). Second, note that the auxiliary function a(A)
(33c¢) scales at most with a rate of v/N:

a(A) < VeNA2 = /—InC(A), (34)

as a result of the inequality 1—e™™ < x for all x € R. Therefore, we deduce from Eq. (33) that
VDA ~ VD(A) ~ VC(A)VN — 0 as N — oo, which is in agreement with the case (ii) of
Eq. (23).

To numerically demonstrate our findings, we choose the following value of parameters

J,U,I')=(0.4,0.4,0.7), (35)

in the Hamiltonian Hy,, (32) as a representative example. In Fig. 2, we plot various quanti-
ties for the driven Rice-Mele model (32) with system size N = 10,200, and 1000. In the first
row, the adiabatic fidelity F(A) and the ground state overlap C(A) are indistinguishable for
N =200 and N = 1000. The second row shows that, for both N = 200 and N = 1000, the
difference between +/ F(A) and 4/C(A) raises as A increases and then diminishes as A fur-
ther increases. This bell-shaped curve of 4/ F(A) — 4/C(A) is in phase with the curve of the
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unnormalized overlap 4/D, (A) [third row]. This is consistent with Eq. (30), which states
that 4/ F(1) — +/C(1) < /Dyn(A) (see also the fourth row). In the fourth row, we overlay
v F(A)—+/C(A) (dashed) and /D, (1) (purple) in a single panel with the vertical axis on a
logarithmic scale, making their separation visible. Since 1/D,,(A) can be factorized into two
pieces, c.f. Eq. (16), the smallness of the monotonically increasing part of v/ F(A) — +/C(A)
is attributed to the smallness of sin 8(A)+/1—C(A) [fifth row]. Likewise, the monotonically
decreasing part of v/ F(A) — +/C(A) is particularly small due to the almost-orthogonality oc-
curring in the complementary space when N is large, which is manifested by a small 4/ D(A)
[fifth row]. By contrast, for N = 10 [see Fig. 2(a)], v/ F(A) — v/ C(A) [second row of panel
(a)] is monotonically increasing in most of the values of A and is small only in the region of
small A (say, A < 0.2). Again, this smallness of v/ F (1) — 4/C(A) is related to the smallness
of sin 8(A)+/1—C(A) [fifth row of panel (a)]. When A further increases, however, the differ-
ence between 4/ F(A) and 4/C(A) is notable since the normalized overlap +/D(A) [fifth row
of panel (a)] does not exhibit almost-orthogonality for N = 10.

To further investigate the behavior of the normalized overlap v/ D(A), we compare it with
the ground state overlap 4/C(A) in Fig. 3. Notably, both 4/D(A) [green curve] and 4/C(A)
[blue curve] decay monotonically as N and A increase. Moreover, 4/ D(A) exhibits a slower
decay compared to 4/C(A). For further comparison, the unnormalized overlap /D, (A) [pur-
ple curve] is also depicted in Fig. 3.

(a) N=200 (b) N=1000
1.0 1.0F~ QR
0.8 0.8 - (*)
0.6 0.6 — VD)
0.4 0.4 — VD (A
0.2 0.2 C (A2
0.0 0. ] *)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.00 0.05 0.10 0.15 020 —— s(A)
A A
(c) A=0.05 (d)A=0.1
1.0 1.0
\ — 4 CA)
0.8 0.8} \
0.6 0.6 — VD)
0.4 0.4 — VD (A
0.2 0.2 7
0.0 0. cA
0 2000 4000 6000 8000 0 500 1000 1500 2000 ___ s(A)
N/2 N/2
(e) A =0.05 (f)A=0.1
15 15
10 10 — -InC(A)
5 5 _— —I1nD()\))
—EInC()\)
0
0 2000 4000 6000 8000 0 500 1000 1500 2000
N/2 N/2

Figure 3: (Color online) Various quantities, 1/C(4) (4), v D(A) (14), 4/D,,(A) (15),
v/ C(A)V/2, and s(A) (39) for the driven Rice-Mele model (32) are plotted as a function
of AorN.
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1.0F
0.8} — f(A)
0.6} — A
f2 (A)
0.4+ - g(,\)
0.2} ] g1 (A)
A — %2
0.0k : . : :
0.0 0.1 0.2 0.3 0.4

A
Figure 4: (Color online) Compare the behavior of the function g(1) = g;(1) + g,(1)
(36) with the function f (1) = f;(4) + f,(4) (38) for N = 200.

Given the explicit form of /D, (A) (33a), we may substitute it into Eq. (17) and apply
the inequality of quantum speed limit (8) to obtain the following bound on | F(A) —C(A)|

IFA)-CI = gA), )= g ) +g,(), (36a)
g,(A):= sin® R(AC(A) |-1+ a(1)?| (36b)
g,(1) = sin (2R(V)) Ca(R), (360)

where R(1) is defined in Eq. (8) and %(/1) is defined as
= . T
R(A) = min (R(}L), Z) . 37)

Note that combing the inequality (36) with the defining range of F(A), i.e., (1) € [0,1],
yields the following two-sided bound on the adiabatic fidelity F(A)

max(C(A)—g(A),0) < F(A) < min(C(A)+g(A),1),

which provides a way to estimate the adiabatic fidelity F(A) in terms of the ground state
overlap C(A) (4) and the function R(A) (8b).

For comparison, let us revisit the inequality given by Eq. (19), which is derived from Eq.
(17) by substituting the overlap 4/ D, (A) with its universal upper bound [see Eq. (18)]. When
the quantum speed limit inequality from Eq. (8) is applied to bound the Bures angle 6(A) in
Eq. (19), the following inequality was derived in Ref. [38]:

FQ—C < fO),  fF)= £ +FHA, (382)
f,(A) = sin* R(A) |11 —2C(A)| (38b)
£,(0)= sin@R(ANVCR)1—C), (380)

where R(1) and R(1) are defined in Eq. (8) and Eq. (37), respectively.

In Fig. 4, we compare the two upper bounds on |F(A) —C(A)]: g(A) = g,(A) + g,(A) [Eq.
(86)] and f(A) = f;(A) + f,(A) [Eq. (88)]. The former one corresponds to the case where
the unnormalized overlap /D, (A) takes the explicit form given in Eq. (33a), whereas the
latter one is obtained by substituting 4/D, (A) with its universal upper bound [Eq. (18)].
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N =1000
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Figure 5: (Color online) Bounds on the adiabatic fidelity F(A) for N = 200 and
N = 1000 using Eq. (38) [blue-shaded region], Eq. (36) [red-shaded region], and
Eq. (40) with s = 1/2 [green-shaded region] and s = 1 [yellow-shaded region]. For
both figures, the actual adiabatic fidelity () is the black curve, while the red curve
is for the ground state overlap C(A), which is, however, not distinct from F(A).

The result shows that the function f (1) [blue curve] increases monotonically with A, whereas
the function g(A) [red curve] exhibits a bell-shaped profile. This indicates that g(A) serves
as a better upper bound compared to f(A). The enhanced performance of g(A) at larger A
values stems from the function g,(4) [Eq. (36b)], where the exponentially decaying factor
C(A) is extracted, offering a contrast to f,(4) [Eq. (38b)]. Meanwhile, the difference between
the function g,(A) [green curve] and the function f,(4) [orange curve] is not significant.
Consequently, among the two inequalities, Eq. (36) and Eq. (38), the former provides a better
estimate for the adiabatic fidelity F(A).

In Fig. 5, we offer a comparison: estimates of the adiabatic fidelity F(A) derived from
Eq. (38) are represented by a blue-shaded region, while those from the improved inequality,
Eq. (36), appear in a red-shaded region. The improvement in estimation achieved using the
improved inequality is evident. Specifically, the improved estimate derived from Eq. (36) is ef-
fective even for a system size of N = O(10?), which is the same large N limit beyond which the
ground state overlap C(A) can be accurately approximated by a form of generalized orthog-
onality catastrophe [see Eq. (5)]. It is noteworthy that previous estimates on the adiabatic
fidelity #(A) obtained by Ref. [37] and Ref. [38] were only effectively applicable for larger
system sizes, specifically N = O(10%) and N = O(10%), respectively.

6 Asymptotic form of the overlap D(A) and implications

While the function g(A) [Eq. (36)] offers a better upper bound on |F(A)—C(A)| than the func-
tion f(A) [Eq. (38)], determining the overlap D(A) explicitly can be challenging for generic
many-body systems. An explicit form of the overlap D(A) is crucial for the enhancement in
g(A). We thus seek for a universal scaling form of D(A), upon which an estimate of upper
bound on | F(A)—C(A)| can be obtained by means of Eq. (17) without calculating D(A) from
scratch. In light of the reasoning of almost-orthogonality presented in Sec. 3.2, we consider
the following ratio

_ InDA)
~ IncA)
The value of s(A) > 0 indicates how fast the overlap D(A) decays compared to the overlap

C(A). If the ratio s(A) takes values in [0, 1], then the overlap D(A) decays not faster than the
overlap C(A) does.

s(A): (39)
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(a) N = 200
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Figure 6: (Color online) Compare the behavior of the function h (A,s) (40a), h,(A4,s)
(40b), and h,(A,s) (40c) with different constant values of s. As for a comparison, the
function g(1) = g,(1) + g,(A4) (36) is also depicted.

By substituting D(A) from Eq. (39), which is given by D(1) = (C(A))’, into Eq. (17) and
then applying the quantum speed limit inequality from (8), we obtain the following inequality:

[F(A)—=C(A)| < h(A,s)=h;(A,5)+h,(4,s), (40a)
hy(A,s) = sin”? R(C(A) |1 —C(Ay ! +C(A)], (40b)
hy(A,5) = sin(2R(1))v/COO™14/1-COA), (400)

where ﬁ(k) and %(A) are defined in Egs. (8a) and (37), respectively. The inequality (40)
should be compared with that of Eq. (22), Eq. (36), and Eq. (38). It is worth noting that when
s = 0, the function h(A,s = 0) simplifies to the function f(A) in Eq. (38). Observe that the
function h(A,s) from Eq. (40) is expressed as sin R(A)C(A) x (- - - ), where the terms inside the
parenthesis scale at most polynomially in N and A provided s is not too small. The dominant
factor in the function h(A,s) for large N and large A is the sin R(A)C(A) component. This
dominance is also observed in Eq. (22) and in the function g(A) from Eq. (36). However, this
is not the case for the function f(A) in Eq. (38). In essence, only the behavior of the function
h,(A,s) at large A values determines whether h(A,s) can serve as a suitable upper bound.
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Although the value of s in Eq. (40) typically depends on both A and N, it is possible to
approximate it using specific constant values, thereby facilitating the use of Eq. (40) in the
estimation of adiabatic fidelity 7(A). To illustrate this, we shall revisit the driven Rice-Mele
model presented in Sec. 5. In Fig. 6, we plot h (4,s) = h,(A,s)+h,(A,s) (40) as a function of A
for different constant values of s = 0,0.05,0.1,0.3,0.5, 1. We observe that as long as the value
of s is not too small, say, s % 0.3, the function h,(A,s) [see Fig. 6(b)] decays quickly at large
A, which improves the tail behavior of the function h (A, s) [see Fig. 6(a)]. On the other hand,
the behavior of h,(A4,s) [see Fig. 6(c)] does not change significantly as the value of s varies.
Nevertheless, as long as the value of s is sufficiently large, the function h (A,s) is dominated by
h,(4,s) and serves as a strong upper bound on |F(A)—C(A)|. In Fig. 5, we plot bounds on the
adiabatic fidelity F(A) for N =200 and N = 1000 using Eq. (40) with s = 1/2 [green-shaded
region] and s = 1 [yellow-shaded region]. Note that the case of s = 0 reduces to the inequality
(38) [blue-shaded region]. One observes that the difference between the green-shaded area
and the red-shaded area is not significant. That is to say, the result of taking s = 1/2, namely,
taking D(A) & 4/C(A), is very close to the result obtained from the inequality (36), which is
derived using an explicit form of the normalized overlap D(A) (33b). Consequently, we also
plot 4/C(A) and s(A) (39) in Fig. 3, which shows that 4/C(A) is slightly larger than D(A).
Nevertheless, for the purpose of estimating the adiabatic fidelity F(A) using the inequality
(40), replacing s(1) by a constant value (such as 1/2) may be a good approximation.

Condition for adiabaticity breakdown revisited

Before concluding this section, let us discuss implications of a condition for adiabaticity break-
down using inequality (30). Recall that a large class of driven many-body systems exists for
which the condition

o0Vy/Cy =0, as N — o0, (41)

holds [37]. Here, 6V, is introduced in Eq. (10), and C, refers to the exponent given in Eq.
(5). Define A, as an adiabatic mean free path so that F(4) > e ! for A < A,. Here, A_ is
determined by C(A,) = 1/e. The relation R(A,) = 6V,;/(2I'Cy ) then follows from Eq. (10).
It was shown in Ref. [37] that, in order to avoid adiabaticity breakdown, the driving rate T' of
driven many-body systems must scale down with increasing system size N. Using inequality
(30), we find that quantum adiabaticity is maintained if I' < T}, with [see Appendix D for a
derivation]

10V,

FN =3 & L 2M(S*): (42)

2 Cy (1—e—e1/2)

0.6p
0.5¢
0.4}
«» 0.3}
0.2
0.1

00b
0 500 1000 1500 2000
N/2

Figure 7: (Color online) The ratio s_, defined in Eq. (39) with A = A_ (so that
C(A*) = 1/e), is calculated numerically for the driven Rice-Mele model (32) with
the value of parameters shown in Eq. (35). Asymptotically, s, = O(1) as N — oo.
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where € € [0,1], M(s):= v1—e™! e+/2 and s,:= s(A,) = —InD(A,). Consequently, the
asymptotic form of M(s,) as N — oo contributes to a multiplicative modification to the scaling
form I, ~ 6V,;/C,, found previously in Refs. [37,38]. Two key observations can be made: (i)
Ifs, = O(1) as N — oo, then M(s,) = O(1). (ii) For s, = O(N°) with ¢ being a real number
as N — oo, then M(s, ) = O(e™N°). Further, it is verified that when the leading asymptotics
of —InD(A) is proportional to that of —InC(A) as N — oo, then the condition s, = O(1) is
satisfied. Specifically, for the driven Rice-Mele model (32), we determine that s, = O(1) as
N — oo [refer to Fig. 7], which implies M(s,) = O(1).

7 Illustrative example II: Interacting fermions

Up to this point, our general results from Secs. 3 and 4, have been illustrated using the driven
Rice-Mele model (32), a model of quadratic fermions characterized by the unique property
where the underlying Hilbert space is constructed as a direct product of single-particle states. A
pivotal question emerges regarding whether the phenomenon of almost-orthogonality between
vectors in the complement of the initial state exists in typical many-body systems, especially
those governed by nonintegrable interacting Hamiltonians. In this section, we respond to the
question affirmatively. To demonstrate this, we analyze an interacting Kitaev chain model
defined by the following Hamiltonian

N
Hy = Z [(—Jc} Cip1t Ac} chH + h.c.) + annjH] + Z,u(l)nj , (43)
j=1 j=1
where n.:= clc. is the number operator of fermions at lattice site j, N the number of lat-

tice sites, J the hopping amplitude, A the superconducting pairing amplitude, V the strength
of nearest-neighbor Coulomb repulsion, and u(1) = uyA (with u, € R) the time-dependent

(@) N=10,V=0 (b) N=20,V=0 ()N=10,V=1 (d)N=20,V=1
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—
— FQ)

— @)
— FQ)

— VR = Ve

— VF) - Ve

— VF) - Veay
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Figure 8: (Color online) Various quantities are calculated numerically for the driven
interacting Kitaev chain model (43) with the value of parameters shown in Eq. (44)
for system size N = 10 and N = 20 with interaction strength V. = 0 and V = 1.
Further explanation is provided in the main text.
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chemical potential. If V = 0, the Hamiltonian (43) reduces to that of the Kitaev model of one-
dimensional p-wave superconductors [57]. We shall consider the Hamiltonian (43) with peri-
odic boundary conditions and the sector of odd fermion parity. To ensure that our numerical
simulation results reflect generic features, we avoid selecting parameter values corresponding
to solvable points [58]. For concreteness, we choose the following parameter values

(J,A, 4y, T) = (1.0,0.8,3.0,1.0). (44)

In Fig. 8, we plot various quantities as functions of A for the driven interacting Kitaev model
(43). Specifically, panels (a) and (c) depict results for a system size of N = 10, while panels
(b) and (d) illustrate results for N = 20. The interaction strength V = 0 is chosen for panels
(a) and (b), and V =1 for panels (c) and (d). The behavior of curves in panel (a) is quan-
titatively similar to those of the driven Rice-Mele model with N = 10 presented in Fig. 2(a).
For the increased system size N = 20, which approaches the computational limits of the exact
diagonalization method, the notable characteristic is the expedited decay of F(A), C(A), and
D(A), as illustrated in Fig. 8(b). This trend aligns with observations for the driven Rice-Mele
model shown in Fig. 2. Panels (c) and (d) of Fig. 8 represent the case of the driven interacting
Kitaev model with V =1 for system sizes N = 10 and N = 20, respectively. Compared with
their non-interacting counterparts [namely, panels (a) and (b)], the differences between pan-
els (c) and (a), as well as between panels (d) and (b), are not significant. Hence, we anticipate
that the phenomenon of almost-orthogonality between vectors in the complement of the initial
state should exist even in the presence of interacting Hamiltonians. To further elucidate this
point, we plot in Fig. 9 the quantities —InC(A) (4) and —InD(A) (14) for the driven inter-

(a) —InD(1.0) (e) —InD(2.0)

- V=0
31 vV=1.0
—e— V=20

—-e— V=0
39 v=1.0
—o— V=20

'(biv='0' —— — (f)vv='0'

—&— -Inc(1.0)
—InD(1.0)

81 —m— -Inc(2.0)
—InD(2.0)

() Vv=1.0 (9) V=1.0

—&— -Inc(1.0)
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(d)v=2.0 (h)v=2.0
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Figure 9: (Color online) The quantities —InC(A) (4) and —InD(A) (14) for the driven
interacting Kitaev model (43) are plotted as a function of N for different values of A
(A =1 in the left column and A = 2 in the right column) and V =0, 1, 2.

17


https://scipost.org
https://scipost.org/SciPostPhysCore.8.4.084

e SciPost Phys. Core 8, 084 (2025)

acting Kitaev model (43) as a function of system size N for A = 1,2 and interaction strength
V = 0,1,2. According to all the panels of Fig. 9, the normalized overlap D(A) decays with
increasing system size N, a characteristic of almost-orthogonality in complementary subspace.

As a final note, we would like to highlight two additional notable numerical findings from
Fig. 9. First, the ground state overlap C(A) decays faster than the normalized overlap D(A), a
feature found similarly in the driven Rice-Mele model (see Fig. 3). Second, the decay exponent
of D(A) increases with increasing interaction strength V. This observation may suggest that the
presence of interactions leads to a distribution of vectors in the underlying Hilbert space that
appears more “random”, resulting in a more rapid decay of the overlap D(A) as the interaction
strength increases (for a fixed system size). The extent to which these two observations are
universal, however, warrants further investigation.

8 Summary and outlook

This study elucidates the reasons behind the frequent observation in quantum many-body sys-
tems where the adiabatic fidelity, (1), and the overlap between the initial and instantaneous
ground states, C(A), exhibit nearly identical values in numerous instances, especially in regions
with small evolution parameters or large system sizes. While this observation can be rational-
ized in the region of small evolution parameter A using detailed perturbation theory, which
shows that the difference between F(1) and C(A) only appears at the A2 order, a thorough
explanation for the region of large system size fundamentally hinges on an intrinsic property
of quantum many-body systems: the almost-orthogonality of random vectors. Specifically, this
work details how the almost-orthogonality in the complementary space of the initial state, as
exhibited by an exponentially decaying normalized overlap D(A) (14) and a small value of un-
normalized overlap D (A) (15), controls an upper bound on the difference between +/ F(4)
and 4/C(A) [see Eq. (30)]. To support these general, model-independent findings, numeri-
cal studies were conducted on both a driven Rice-Mele model and a driven interacting Kitaev
model.

As a secondary result, our study provides improved estimates for the adiabatic fidelity
F(A). These estimates rely on an explicit representation of the normalized overlap D(A)
as a specific function of the ground state overlap C(A), leveraging the concept of almost-
orthogonality. Using the driven Rice-Mele model as an illustration, we demonstrated that these
refined estimates perform well down to system sizes N = ()(10%)—the same threshold be-
yond which the ground state overlap C(A) is accurately captured by a generalized orthogonal-
ity—catastrophe form. These results distinctly outperform the earlier estimates of Refs. [37,38],
which achieve good accuracy mainly for N 2 10%, marking a notable advance in the precision
and practical utility of adiabatic-fidelity estimates.

There are two key observations identified through our numerical analysis that warrant
further attention: (i) The ground state overlap C(A) decays more rapidly than the normal-
ized overlap D(A), and (ii) the decay exponent of D(A) increases with increasing interac-
tion strength. Future work should investigate whether these two observations persist across a
broader range of models and explore the potential connection between the degree of almost-
orthogonality and the dichotomy between chaotic and integrable many-body systems.

We conclude by noting that it would be worthwhile to pursue a rigorous proof (similar to
that in Ref. [53]) to confirm the existence of subspace almost-orthogonality. Additionally, it
would be intriguing to explore how subspace almost-orthogonality might affect other driven
many-body systems known to exhibit orthogonality catastrophe in the full Hilbert space, such
as those with time-dependent impurities [59] or undergoing quantum quenches [60].
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A Alternative derivation of Eq. (17)

We rederive inequality (17)—originally obtained in Ref. [38]—using a more compact
projection-operator technique. First, we compute F(A) using Eq. (11),

F(A) =1(2, (P +Q),)?
= (2, |PI¥,) +(&,|Ql¥,)* (A1)
(@, 1P, 2+ 1(2,1Q1T, )2 + 25 (T, PI®,) (2, QIT,)).

Combing (i) Eq. (A.1), (ii) the triangle inequality for absolute value, (iii) the inequality
R(2) < |z| for z € C, and (iv) Egs. (12) and (14) yields the following chain of inequalities

F() )| 2@, PIF,)[2—C(A) +1(2, Q1) > + m((%lPl%)(«bﬂQlw)‘

< {1(2,1P1%,) 12 — C(A) + (2, 1QI%,) | + 2|9 (¥, 1PI2,) (2, QI ;)

(A.2)

< (@, P|¥,)1* —C(A) + (@, 1QI, ) *

+2[(¥, [PI,)] [(2,1Q1w,)|

2 [=sin? 0AICR) + Dy ()] + 2056V EA)/ Dy (3.

A further alternative derivation

Alternatively, the inequality (17) can also be obtained using the set of triangle
inequality (26). We begin with the upper bound on +/F(A) from Eq. (26a),
VF(A) < cos B(A)v/C(A) + \/Dun()\), and then calculate F(A)—C(A),

F)—-C(A) < —sin?O(A)C(A) + D, (M) +2cos O(A)/C(A)4/D,, (1)
|—sin® 6(A)C(A) + D, (A)| + 2 cos 6(A)4/C(1)4/D,, (),

where the last step is obtained after using the inequality, x + y < |x + y| for

x,y € R. Similarly, we consider the lower bound on +/F(A) from Eq. (26b),
VF(A) = | v/ D, (A) —cos B(A) v/ C()L){, and then calculate F(A) —C(A),

(A.3)

IA

FA)—-CA) = —sin*0(A)C(A) + D, (A) —2cos O(A)4/C(A)4/D,, ()
> —|-sin? O(A)C(A) + D, (1) —2cos O(A)y/C(A)4/ D, (),

where the last step is obtained after using the inequality, x+y > —|x+y| for x, y € R. Combing
Egs. (A.3) with (A.4) yields the inequality (17).

(A4)
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B Perturbative expansion in A

A detailed derivation of Egs. (24) and (25) is provided.

B.1 For instantaneous ground state

We want to solve the instantaneous eigenvalue equation (2) perturbatively in A,
H,|®,) =Eqq,|®;),  H,=Hy+AV, (B.1)

given Hy|y,) = €,1x,), where |®, ) is the ground state of H,, and {| x,,)} is a set of the complete
orthonormal eigenstates of H, with |y,) = [¥,) being the ground state of Hy and n=0,1,...
labels distinct eigenstates. Apply the standard Rayleigh-Schrodinger perturbation theory up
to order A? yields the following series,

A2 Viol
8,0 = | 1= 2 | Io) ”Z 1%,)
n#0 (80 —¢ ) n#0 €0~ €n
1 vV V V.,V
+Azz Z nm’m0 Y00 'n0 |Xn>+---,
n#0 80 - gn m#0 lE‘O - gm EO - En
where V.= (y,|Vlyx,,). Hence, the following inner products are obtained,
|2
(x01®,) Yo
0 Z (80 —€ )2
+ AB(Z Vool Vio Z Z (Vi Vino Vi 0)) (B.2a)
(80—6 )3 n#o(so—s )2 Ferr S o ’
v 1 V. V Vo,V
<Xn7é0|q>)t> =2 n0 + 2'2 nm "m0 00 "n0 + ... (B.Zb)
80 — & EO — & 7&0 € 80 — &

Notice that both inner products, (y,|®,) and (x, 7é0|<I> ,)> are real-valued.

B.2 For time-evolved state

We want to solve the time-dependent Schrodinger equation (1) perturbatively,
iT3,1¥,) = (Hy +AV)1¥,), %) =lx), (B.3)

given Hy|x,) = €,|x,,)- The following perturbative expansion in A (i.e., reduced time) is differ-
ent from the usual time-dependent perturbation theory in which the expansion parameter is
time-independent. Hence, we provide some details for our perturbative approach. Generically,
we can decompose |¥, ) as

= > C,(Mexp(—ire,/T) ), (B.4)

with A-dependent coefficients C (A) from which a factor exp (—iksn / F) has been extracted
for later convenience. Since |¥,) = |x,), we have C,(0) = §,,. Bring the decomposition (B.4)
into Eq. (B.3) yields a first-order differential equation for C, (1),

Vv
8,C,,(M)=>_C (W exp(irw,,,/T) A o (B.5)

20


https://scipost.org
https://scipost.org/SciPostPhysCore.8.4.084

e SciPost Phys. Core 8, 084 (2025)

where w_ = ¢ —¢, . Now, as we are interested in small A region, we may expand C,_(A) in
power series of A, namely, C (1) = Z;ﬁo MY =5 o+ 2?21 A/CY). We shall also expand the
exp (i)twmn / F) factor in powers of A. The differential equation (B.5) then reads

o) . . o oS 1 . v
J-100) — ic() = (; _mn
Set Z(Zm )(;“(dwmn/r))l . 56

We now match terms for each order in A. One finds that C,S}) = 0 and, generically, the
term in the k-th order of A with k > 1 reads,

\%
FL C(k+1)_zz (kél) lw /)ﬁ

n (=0

The first few leading order contributions are

2
c® — Vino c® — @m0 Vimo c@ — _Z VaoVimn — @moYmo (B.72)
mo2ir’ m 3rz ’ m 8r2 8irs ’ '
w w V.V w3 V
C(s) — ( n0 + mn) n0"mn _ "m0 "m0 ) B.7b
m Zn: 3 2 5ir3 30r4 ( )

Upon substituting Eq. (B.7) into Eq. (B.4), expanding terms up to order A°, and separating
terms into n = 0 and n # 0 yields

2 3
€ € Vi € V,.€
)= |1+2-0_2 20 _ 00| _43f_20_, 0070
) [ ir (ZFZ 2il 6i3 = 2I2
4 2 2
424 20 = Vo™ Voot0
2414 4 8I2 4iF3
5
€ w0V, |2e
+ )(,5 0 . n0 _ 0 0
(120il"5 Zn: 3011"3 Z 8ir'3 121~4 1%0) (B.8)
+Z [Azﬁ PE (wnovno _ Vnogn)
70 2iT 3r2 o2

2 2
Z _ COnOVnO + Wy, VnOEn _ Vnogn + |X )
8F2 8irs 3irs 4ir3 B L

Thus, we obtain the following inner products,

€ gz \V 83 Vo g
<Xo|‘l’l>=1+lﬁ—k2(—o—ﬁ) 7L3( 0, foo 0)

22 2iT 6iI3 212
4 2
oy £ Z V.0l ~ Vooo
24T4 & 812 4ir3
(5 S Onolt nol” Z ol , Yoocs (B.92)
. B ..., .9a
12015 44 30ir3 sirs  1ar¢
\% w V V .e
ol ()
(Xméol 2 21T 312 212
2 2
» (_ VioVam _ Voo | @noVioln _ Vnpgn) . (B.9b)
i gI2 8iI3 3ir3 4ir3
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B.3 Various overlaps in perturbative expansion

We are ready to compute various overlaps using Egs. (B.2) and (B.9). First, the ground state
overlap C(A) follows from Eq. (B.2a),

2
cA)=1- AZZ(E f’g' )
0

v 1 o R aVho) (10
+213( 00 nm ~mO0 nO )+
nz#(:)(o—s )3 %(SO—EH)Z; €0~ &
Second, the adiabatic fidelity F(A) follows from Egs. (B.2) and (B.9),
2
FO) = @10 = |(@,180)(@1%,) + 3 (8,12, (£,1%,) |
—_——
O o)
Vol
; (e,—¢ )2
v, R(VEVEV ) Ve
+2)LS( 00 nm ° mO0 nO ___00%0 +...,
;#:)(80—8 )3 ;(80—8 )2; €= € 212
which is identical to C(1) (B.10) for up to order A2. Their difference, F(1) — C(1), reads
F(A)—C(A) = —A3 100 4
Third, cos® 6(1) follows from Eq. (B.9a),
M Vol s Viofs
2 _ 2_1_ M no 5 Y000
cos” B(2) = [{@| ;)P = 1= HZ#:) A (B.12)
It then follows that sin? O(A) and sin (1) read
M Vol Voot
) 1 2 _A no!  45Y00%0
sin“8(A) =1—cos* 6(A) = 2 Z 2 T4 +..., (B.13a)
n#0
1/2 —1/2
. 7(,2 |Vn0|2 3 |V 0|2 VOOES
SIHG(A)ZE(Z? —A Z T2 T4 +... (B.13b)
n#0 n#0
Fourth, the overlap /D, (A) follows from Egs. (B.2b) and (B.9),
2
Dy (A) = 1@, (1= P)9,) 2 = | (T, 1,2, ,)| =A%ag+ X a,+...,  (B.14a)
n#0

where

2
1 v OI2

n#0
1 Vol 1 R (Vi VoV, Vool Vo2
a7 — — Z Z Z ( nm 'm0 nO) n0 ) (B.14c)
2T #Oso—en n¢0‘90_8n 0 €0~ €m EO—En

Finally, we calculate sin? 8(1) (1 —C(A)) using Egs. (B.10) and (B.13a):
sin? (1) (1 —C(A)) =:A°by+ A7b, +..., (B.15a)
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where

1 Vol Voo
b6’:Z(Z rg )(Zm) (B.15b)

n#0 n#0
3 V|
00 0 Z nO
(80 —€ )2

—;(z ) (St -5

2
n#0 n#0 n;éO ) m#0
Combing Eq. (B.15) with Eq. (B.14) and Eq. (16) y1e1ds

Vol \2 —2
(2#052) V|2 V2
0 n0
|2)+16)L 2 Z(so—em)2 (a,bg—agb,)+...
)

(Znyéol 0| Zm7éo (ep—¢ n#0 m#0

R V* V*V
Z Vi Vimg “O)). (B.15¢)

EO_Em

D) =

(B.16)

C Non-interacting Hamiltonians

We consider non-interacting systems whose Hamiltonian can be written as N-commuting
pieces in momentum space, i.e., H, = 691,:[:1 #H, (k). Correspondingly, both the instantaneous
ground state |®,) and the time-evolved state |¥,) can be written as a tensor product form,

N N
=X, k), and [¥,) =)y, k), C.1)
k=1 k=1

where |¢, (k)) is the instantaneous ground state of 7, (k), whereas for each k, |1, (k)) solves

ird, I, (k) =H, (Y, (K),  |py(k) =1py(k)). (C.2)

It then follows that the overlaps of various many-body wavefunctions can be written as prod-
ucts of overlaps of single-body wavefunctions

(w,19,) =] [, Rle, (), (@gle,) =] [(bo)e,K)) . (C3)
k k

Define the single-body projector p, := |¢,(k)){¢,(k)| and its complementary projector
q; = L, — Py and make use of Egs. (C.3), we can express 4/D,_ (A) (15) as follows

) ) (¥, 00ld,l6, ()
VPur =[Pt | [0ra) -1 %, 0P, 19, (R}

To make further progress, a crucial observation for A, is that, for each k, the following condi-
tion holds

(C4)

, Wwhere A, :=

(9, (B)lg P, () < [{, (F)lpy |, (K))] - (C.5)
This fact can be verified directly by considering a perturbative expansion in A similar to what
has been done in App. B. If so, the following approximation formula,

[Ja+ap=~1+> 4, foralllpl<1, (C.6)
k k

can be applied to Eq. (C.4). Upon using Egs. (12) and (C.6), Eq. (C.4) reads

VDR = cos 0(A)VC) DA,
k

(C.7)
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Driven Rice-Mele model

We now apply the formalism developed above to the Rice-Mele model (32). Upon performing
a Fourier transform, the Rice-Mele Hamiltonian (32) can be written as a sum of N commuting
terms

Hey= > (al b})#, (k) (Zk) , (C.8a)
P k
where H, (k) =d, (k) - o and

—(J+U)—(J—U)cosk
d, (k)= (J—U)sink , (C.8b)
u(a)

with o are the Pauli matrices.

We shall specialize to the case in which J = U = constant and u(A) = A. It then follows
that the d vector (C.8b) has no momentum dependence and each single-body Hamiltonian
H, (k) (C.8b) is simply the Landau-Zener model. For this case, the {ZkAk| term in Eq. (C.7)

2 2
V1= W80 V1= [(@;100)]

simplifies
A
; ¢ |(451¢0)| [(9;160)]

where each overlap of single-body states can be obtained easily

=N

) (C.9)

— (cos ()Y . (C.10)

Z|=

1
(pylbo)l = 1@ 1217 = (VC)T . 1,100 = (T, ]2,)]
Using these results, Eq. (C.9) can be expressed in terms of (A) and C(A) as

Sa, N\/1—(cosz9(/1))%\/1—(C(;\))% . msine(x)\h—(cm)ﬁ
k

10
where we have used the inequality (1 —x)" < (1—nx) for0 < x <1and 0 < n < 1. It then

(cos B (VD)™ (cos ()T (V/CA))™
follows that /D (A) (C.7) reads

(C.11)

/D (A) = (cos O(A))F (\/cm))l_% sin O(A)a(A), (C.12a)
a(A)= VNV 1—(C)Y, (C.12b)

where the equality in Eq. (C.12a) holds if 6(A) is small. Note that the exponent 1 — % in Eq.
(C.12a) may be approximated as 1 if N is large.

D Derivation of Eq. (42)

Combing triangle inequality (30) and the inequality 1 — 4/ F(A) < € with € € [0,1] from
quantum adiabatic theorem, we obtain

(1—e- ,/C(A))z <D, (1)
1 gin 0(M)y/1-C(A)Y D)
(39)

=’sinO(1)4/1—C(A)y/C(A)
D sin R(A)V1-C()/CA)s,

(D.1)

24


https://scipost.org
https://scipost.org/SciPostPhysCore.8.4.084

e SciPost Phys. Core 8, 084 (2025)

where C(A) = e~Cv* as N — 0o. We shall take A = A ,=Cy Y2 in the inequality above. Since

we are interested in the limit where 6V, /C,, — 0 as N — 00, we may approximate sin ﬁ(l*)
by R(A,) = 6V, /(2I'Cy) from Eq. (10),

(1—e—/C)) <sinR(2)y/1-CA/CR )™

(D.2)
SR(AIVI— e~le /2,
where s, := s(4,) = —InD(A,). Equation (D.2) implies
16V, 1
r<-—2= SM(s,), (D.3)
2 Cy (1—e—e1/2)
where M(s,):= v1— e—Te™s./2,
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