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We extend the concept of Anderson localization, the confinement of quantum information in a

spatially irregular potential, to quantum circuits.

Considering matchgate circuits, generated by

time-dependent spin-1/2 XY Hamiltonians, we give an analytic formula for the out-of-time-ordered
correlator of a local observable, and show that it can be efficiently evaluated by a classical computer
even when the explicit Heisenberg time evolution cannot. Because this quantity bounds the average
error incurred by truncating the evolution to a spatially limited region, we demonstrate dynami-
cal localization as a means for classically simulating quantum computation and give examples of
localized phases under certain spatio-temporal disordered Hamiltonians.

I. INTRODUCTION

A peculiar phenomenon exhibited uniquely by quan-
tum lattice systems is the suppression of conductance in
the presence of disorder. This effect, known as Anderson
localization [1-4] in the single-particle setting and many-
body localization [5-11] in the interacting-multi-particle
regime, is a result of interference, which confines a local
disturbance to a bounded region near its initial position
for a very long time. As a result, these systems do not
act as thermal reservoirs for their own subsystems [12—
16], since local subsystems retain information about their
initial conditions forever.

An important consequence of the fact that local quan-
tum information does not mix, or scramble, among nonlo-
cal degrees of freedom in localizing systems is that many
properties of these systems can be efficiently simulated
classically. Such properties include local integrals of mo-
tion [17, 18], Hamiltonians’ eigenbases [18-23], unitary
time-evolution operators [24, 25], and samples from their
output distributions [26]. In light of these many results,
we ask the question of whether localization could man-
ifest in time-dependent quantum systems, such as those
performing a quantum computation. If this is possible,
then it would allow for the efficient simulation of an oth-
erwise apparently complex quantum algorithm by classi-
cal means.

However, there are currently very few prior investi-
gations into localization in the time-dependent regime.
Initial explorations into fluctuating disorder [27, 28] and
Floquet circuit ensembles [29] suggest that a form of lo-
calization persists in these time-dependent cases, yet few
analytic results are known in general. In this work, we
consider the setting of nearest-neighbor matchgate cir-
cuits, which are generated by time-dependent spin-1/2
XY Hamiltonians, and can be mapped onto the dynamics
of free-fermions with arbitrarily time-dependent single-
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particle Hamiltonians by the Jordan-Wigner transforma-
tion [30-36]. These circuits therefore constitute the nat-
ural framework in which to study the generalization of
Anderson localization to quantum circuits.

Despite the encoding by free-fermion dynamics, some
properties of these circuits are not known to be classi-
cally simulable. The example we consider is the Pauli-
expectation value (UTX;U) on an arbitrary qubit j in the
output of a matchgate circuit U from an initial arbitrary
product state. Despite being local in the qubit picture,
this observable takes the form of a long-range correlation
function in the fermion picture and requires exponen-
tial resources to simulate by brute-force. We solve this
problem for circuits U describing localizing dynamics by
exploiting the confinement of their measurement observ-
ables in the Heisenberg picture. For time-independent
Hamiltonians, this confinement is described formally by
the so-called zero-velocity Lieb-Robinson bound [37]

1[4, B(#)]|| < min (Jt], 1)e~""A5), (1)

This inequality states that the degree of noncommuta-
tivity between the local observable A and time-evolved
observable B(t) = UTBU initially separated by lattice
distance d(A, B) > 0, such that [A, B] = 0, is exponen-
tially decaying with decay constant n > 0. It gives an
effective speed at which disturbances propagate [38-41],
which goes to zero with increasing propagation time in
localizing systems. Correlations between distant lattice
sites take exponential time to develop [42].

In the case where A and B are unitary, and the norm
taken is the Frobenius norm ||O]|? = tr (OT0), the left-
hand side of (1) is known as the infinite-temperature
out-of-time-ordered correlation function (OTO correla-
tor). This quantity has arisen as a useful diagnostic tool
for studying scrambling in chaotic quantum chaotic sys-
tems [43-47], including black holes [48-51], and recently,
for many-body localization [52-56]. As a first result, we
provide an analytic formula for this quantity when A and
B are Pauli observables, and the time evolution is de-
scribed by a matchgate circuit. This is surprising con-
sidering that the evolution itself cannot even be stored


mailto:akchapman@unm.edu
mailto:amiyake@unm.edu

efficiently by a classical computer in general, and so it
constitutes an exponential speedup over the brute-force
method. We next show that this quantity bounds the
average-case change in expectation-value magnitude from
truncating the Heisenberg evolution of B(t) to a subset
of qubits and thus provides a measure of the expected
error incurred by such truncation. Finally, we provide
numerical analysis verifying the bound (1) for two nat-
ural models of time-dependent disorder and construct
phase diagrams demonstrating their transitions to local-
izing dynamics and subsequent classical simulability.

II. BACKGROUND

Define a matchgate G(V, W) to be the following 2-
qubit unitary, written in the (ordered) computational ba-
sis {|00),]01),|10),|11)} as

Voo 0 0 Vin
- 0 Wy Wor O
Gy~ [ 0 M Wo D) )

Vio O 0 Vi

where V, W € SU(2) are single-qubit unitaries (crucially,
detV = det W). G(V,W) preserves the eigenspaces of
Z®Z and so may be written as e'~, where £ is an element
of the vector space spanned by {X @ X, X @YY ® X,
YQRY,Z®1,I1®Z}. When the 2 qubits on which G(V, W)
acts are a nearest-neighboring pair, £ is an instance of
the 2-qubit spin-1/2 XY model. Such a Hamiltonian
on n qubits is quadratic in the 2n Majorana operators
{cu 12];1, given by the Jordan-Wigner transformation

Cop1 = ®§;11Zj ® Xp, Cop = ®§;11Zj ® Yy,

where cﬁ = I and cye, = —cpcy for all p # v €
{1,...,2n}. Tt is straightforward to verify that any such
unitaries U generated by quadratics in the Majorana
modes form a group, and that this group is exactly that
of circuits composed of nearest-neighbor matchgates [34].
Furthermore, such U preserve the number of Majorana
modes, as

2n
UTC#U = Zu,uucua (3)
v=1

where u € SO(2n) is a 2n X 2n orthogonal matrix. We
introduce a Majorana configuration as an ordered tuple
of indices & = (ay, @9, ...,ar) of degree |&d| = k with
a; € {1,...,2n} and a; < aj4q forall j € {1,...,k}.
The corresponding Majorana configuration operator is
the ordered product Cgz = Hlfil Ca;, With Majorana in-
dices ascending from left to right. Finally, denote by u 5
the submatrix of u given by taking the rows indexed by
@ and the columns indexed by A, ie. (u&g)jk = Uq, by, -

Majorana configuration operators transform under
matchgate evolution as (see Appendix A)

UTO&‘U = Z det (u(ﬂ;) CB‘ (4)
{Al1B1=lal}

That is, the degree of a Majorana configuration operator
is preserved, and configuration transition amplitudes are
given by determinants of the corresponding single-mode
transition submatrices. We also note that

Zk = —iCap—_1,2k) and Xj = (—i)k_lc(l ..... 2k-1)- (5)

From Eq. (4), we see that the Heisenberg evolution of Z
will always consist of (g) terms, regardless of k. However,
that of X} will consist of (%"_1) terms, which may scale
exponentially with n if k also scales with n, such as for
X|n/2) in the center of the chain. This is reflected in the
fact that (UTZ,U) can always be computed efficiently by

a classical computer when the expectation values <CE>’

for | 3] = 2, can be, such as for product input [34]. On the
other hand, U' XU cannot even be stored efficiently on a
classical computer in the worst case, so the same strategy
will not work [57]. Nevertheless, localization will provide
a means to efficiently approximate this quantity, as we
state formally below.

III. ANALYTIC RESULTS

We are able to efficiently calculate the left-hand side
of (1) in our setting by our first result

Theorem 1. (Analytic OTO correlator) The OTO cor-
relator for Pauli observables A = i°Cy; and B = i*Cy
may be computed analytically as

1

a4, UTBUY| P =

{1 + det[u@[gn] (I- 2Pﬁ)u[1;n]a]} )

N |

where (Pg)j =0 if j ¢ 7 or k & 17, and (Pg)ji = dji
otherwise (i.e. Py is the projector onto the modes 1j).
The sign factor is simply (—1)IF171+1,

The result follows from the Cauchy-Binet formula (see
Appendix B). In fact, it is possible to modify the Cauchy-
Binet formula to obtain an analyltic calculation of the
OTO correlator when A = n - o is any single-site Pauli
observable (Appendices C - E). This allows us to regard
the OTO correlator as a quadratic form My, as

1

WH[HS'U&UTBU]HQEn:~MS~nS (6)

When the bound (1) holds, we can efficiently approx-
imate the evolution in Eq. (4) by truncating the sum to



those ﬁ whose support lies strictly within a constant sub-
set of qubits. We model this truncation by the action of
a completely depolarizing channel

ao=1lor X dost]. @

ke{z,y,z}

which takes any single-qubit operator to its identity com-
ponent. With our second result, we show that this trun-
cation incurs a bounded error in the average case (see
Appendix F):

Theorem 2. (Average disturbance by truncation) Let E;
be the completely depolarizing channel on qubit s. The
average change in expectation-value magnitude of Ut BU
under depolarization on a set of qubits S is bounded by
the OTO correlator as

[(UTBU) — (@:es&)UTBUN) < 3 v/ni - M, - ny,
seS
where (-) denotes an average over a product basis whose
Bloch azes are orthogonal to the vectors {ns}s, and M
is as defined in Theorem 1.

IV. NUMERICAL EXAMPLE

Theorem 1 is valid for every unitary time-evolution
satisfying (3). However, we will narrow the focus of our
numerical analysis to two specific Hamiltonian models,
each of the form:

H(t) = ni: 2p5(t) (X X1 + Y;Yj41) + z": 2v;(t)Z;
Jj=1 j=1
(8)

In Model 1, we allow the local disorder to fluctuate in
time about some mean static disorder, and in Model 2,
we allow interactions to fluctuate in space and time about
mean translationally invariant interactions. The flucuta-
tions are chosen as independent, identically distributed
random samples taken from the interval [—A, A] every
period §t = 0.25. We vary the strength of the mean value
and the fluctuation strength A for each model, keeping
the remaining parameter fixed. This is intended to re-
semble a discrete-time control setup, wherein some of
the parameters are constrained but others may be varied
with some control strength. The static limit, for which
A = 0, is well-understood (see e.g. Ref. [24]) and will
provide a convenient reference point. These models are
summarized in Table I.

As the Hamiltonian (8) is quadratic in the Majorana
operators, its time-evolution operator may be expressed

3
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FIG. 1: (Color online) Typical light cones for Zso (left) and
Xs50 (right) propagating through the time-dependent disor-
dered XY model (Model 1) with mean disorder strength v
and fluctuation strength A, for n = 100 qubits (time in units
of 46t). Light cones are taken as the geometric mean of the
determinant over 10 disorder realizations to preserve expo-
nential decay. Representatives of the ballistic (v =0, A =0,
top), diffusive (v = 0.75, A = 1, middle), and localized
(v = 2, A = 0, bottom) phases are shown. We note that,
while the light cone envelopes for Z5o and Xs50 are always
nearly the same, the interior of that for X5o generally has a
higher value.

as a matchgate circuit [34] and so may apply our The-
orem 1. In Fig. 1, we plot representative profiles of the
OTO correlator (hereafter referred to as “light cones”)
for B = Zsp (left) and B = X50 (right) for n = 100
in Model 1 in its ballistic (top), diffusive (middle), and
localized (bottom) phases. In the localized propagation,
for which static disorder v = 2 and A = 0, the bound (1)
is satisfied, and the observable support remains confined.
As we increase fluctuations relative to static disorder in
the middle plots, for which v = 0.75 and A = 1, we see
that time-dependent fluctuations induce a transition to
diffusive propagation.

We identify the propagation phase of each profile by
the taking principal singular component of its light cone,
treated as a numerical matrix (see Appendix G). We ar-
gue that this gives an operationally meaningful, robust,
and numerically inexpensive means of extracting the en-
velope and decay profile.

We characterize the propagation phase by fitting the



Parent Hamiltonian (8)
H(t) = 307 20 (8) (X5 X1 + Y5Yiu) + 200 205(8) Z5
Model Fluctuation Fixed Varying

1 |v;)=vj+6t w0 |p=1 v, A

2 | pit)=p+ot ki) |lv=1 y A

TABLE I: Summary of the time-dependent models considered
in this work, corresponding to the numerical phase diagram
shown in Fig. 2. v; ~ [—v,v] are chosen uniformly randomly,
and the k;(t) ~ [-A,A] are uniformly randomly sampled
every 0t = 0.25

principal temporal component of each lightcone to a poly-
nomial and extract the exponent of the leading-order
term t". In Fig. 2, we plot m for Zsy and Xs5q for our
two models for n = 100, as in Fig. 1, as phase diagrams.
We identify the ballistic phase with regions where m is
very nearly one, the localized phase with regions where m
is very nearly zero, and the diffusive phase with regions
where m is nearly 0.5. With this identification, we see
that as A — 0, our results agree with the known limit of
static local disorder in Model 1. Similarly, as A becomes
large, we see the emergence of a diffusive phase, which is
consistent with the results put forth in [27]. Finally, we
see that, for small A # 0, the localized phase survives.
This indicates the existence of new matchgate circuits for
which localization may be applied to classically simulate
(UT X, U) for arbitrary k in a general product state input.

V. DISCUSSION

We have presented examples where localization may
be applied as a tool for classically simulating quantum
circuits which were a priori believed to be classically in-
tractable. This is achieved by an analytic calculation of
the OTO correlator (presented in Appendix E), followed
by truncation to a subset of qubits for which this quantity
falls below a certain threshold.

One advantage of our method is that it gives the in-
terior of the light cone in addition to its envelope. In
each phase, we see that the light cone interior for Xsq
generally has a higher value than that for Zsg. This is
a consistent difference between the profiles of these op-
erators, which may have important consequences for the
complexity required to exactly simulate their expectation
values, in a similar fashion with [44]. We attribute the
emergence of a near-ballistic region in the X phase dia-
gram of Model 2, which is absent from the Z diagram,
to this observation. Though some amplitude propagates
ballistically for both observables in this region, this only
manifests as a spreading of the exponential tails for Z.
For X however, this is exhibited as a ballistic spreading
of the high-amplitude region due to interference between
its many constituent Majorana operators. This indicates
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FIG. 2: (Color online) Phase diagrams for the propagation of
Z (left) and X (right) in the presence of locally fluctuating
disorder (top) and fluctuating interactions (bottom). These
are given by taking the fitted slopes m of the light cone en-
velopes. Though this parameter is continuous, we see that
several natural regions emerge: ballistic (m ~ 1), diffusive
(m = 0.5), and localized (m =~ 0). Numbered points corre-
spond to the corresponding light cones in Fig. 1, where points
(1) and (3) on the y-axis meant to be located at A = 0. The
extended localized phase demonstrates that localization sur-
vives under weak fluctuations.

that, at least in the presence of fluctuating interactions,
propagation behavior between different local operators
can be strikingly different.

We empirically observe, however, that the difference
between X and Z observables only emerges at late times,
in the saturation value of the OTO correlator for each
of these operators. By examining the constant-position
slices from the light cones in Fig. 1 as functions of time,
we observe a characteristic exponential early-time behav-
ior for these values, which is identical between X and Z
propagation. Only as the growth of these operators sat-
urate to roughly their constant values do the differences
emerge. This suggests that the evolution of low-degree
Majorana configurations may be useful as a good heuris-
tic to observe the lightcone envelope, in a similar spirit
to the treatment given in Ref. [58] for finding a low bond-
dimension matrix product operator approximation to the
evolution of such observables in interacting-fermion sys-
tems.

Although we chose here so-called matchgate circuits,
related to the time evolution of free fermions, because
of their correspondence to Anderson localization, our
method is expected to have further applications and ex-
tensions. On the former, for example, one may apply
it to other random-circuit ensembles, such as those with
Haar random matchgates, to study scrambling in general.
A preliminary analysis indicates that propagation in this
case seems to scale logarithmically, rather than polyno-
mially. On the latter, it may be feasible to extend our
method to analyze universal quantum computation by
considering matchgate circuits acting on certain entan-



gled input states, such as those of Ref. [33], as our method
is independent of the input. In a similar way as Ander-
son localization has been extended to many-body local-
ization, certain perturbative analysis (in analogy to that
performed in [59] for Clifford circuits) could probe possi-
ble dynamical localization in general quantum circuits as
well as simulating interacting fermions. We report some
progress on this direction in an upcoming work.

Note Added.—Since the original submission of this
work, the authors became aware of several new related
works relating to scrambling in random quantum circuits
[60], matrix-product appproximations to the OTO corre-

lator in the mixed-field quantum Ising chain [58], and ex-
act calculation of the OTO correlator for the transverse-
field quantum Ising chain [61]. We expect that ours will
contribute alongside these insightful papers to develop a
unified picture of this growing field.
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Outline of Appendices

In the following sections, we prove Theorems 1 and 2 in the main text. In the first section, we show that the
transition amplitudes between Majorana configuration operators — ordered products of Majorana operators — under
matchgate evolution are given by determinants of submatrices of the single-Majorana transition matrix. We use this
to simply prove Theorem 1 in the main text. Next, we show a modification to the Cauchy-Binet formula to compute
sums of only those configuration transition amplitudes which involve a fixed background of Majorana operators. In
Appendix D, we apply this formula to compute a sum of only those configuration transition amplitudes which involve
a fixed parity on a given subset. Finally, we use the results of Appendices A-D to arrive at our analytic calculation
of the infinite-temperature OTO correlator with respect to any single-qubit observable, Eq. (6) in the main text,
in Appendix E. In Appendix F, we prove a bound on the average-case change in expectation value induced by the
depolarizing channel in terms of this quantity (Theorem 2). Finally, we elaborate on some of our numerical techniques
in Appendix G.

Summary of Notation in Appendices

a = (a1, q2,...,ar), where aj < ajy1, for all a; € {1,2,..., N} for some N € N, and j € {1,2,...,k—1}; i.e.
an ordered tuple of indices.

|&| = k, the number of elements in the tuple & = (a1, az,...,ax).

(k] = (1,2,...,k), the particular tuple consisting of consecutive integers from 1 to k.

a = Ordered tuple of indices in the set-complement of & in [N].

0O = The empty tuple, for which |()| = 0.

au 5 = Ordered tuple of all indices in either & or E

an /5" = Ordered tuple of all indices in both & and ,/5"

& C f = @ is an ordered tuple of indices o; € 3 for all j € {1,2,...,|a| < |3]}.

&\a; = Ordered tuple of indices from & with the particular element a; removed.

(a, _‘) = (a1,02,...,0k,01,02,...); i.e. the unordered concatenation of & and E

Cs = H'Joi‘l Ca;, the product of Majorana operators with indices in ascending order, called a Majorana configu-
ration operator.

u,; = Submatrix Uy of u, with row indices from & and column indices from E; ie. (u&E)jk = Ua; By -

Additionally, when we say we have a matchgate unitary U on n qubits, we associate it with the 2n x 2n orthogonal
matrix u € SO(2n) by the corresponding lowercase symbol in bold. We also denote block matrices in the usual way

le.g. (é ]]?))].



Appendix A: Majorana Configuration Operator Transition Amplitudes
Here we prove the formula

UlCsU= 3 det (u&g> s, (A1)
{Bl1B|=lal}

for some matchgate unitary U, by induction on the number of Majorana factors k = |@|. First consider the case where
k=2, and let a1 < ap. We have

Ulca,Ca,U = (Ulea,U) (U'ea,U)

= Zualﬁlcﬂl Zua2ﬂ2cﬁ2
B1 B2
= Z + Z + Z U, 1 Uz B2 CB1 C2

{(B1,82)|1B1=B2}  {(B1,B2)|B1<B2}  {(B1,82)|B1>B=}

= Zualﬂluazﬁl I+ Z (U’QIBIUQZBZ - ualﬁzuoézﬁl) CB1CB2
B1 {(B1,B2)1B1<B2}

= > det [W(a,,a0)(81,82)] €61 €8s
{(B1,B2)181<B2}

3

where, from the third to the fourth line, we used the Majorana algebra anticommutation relations

{eu ev} =201,

relabeling dummy indices 81 <> P2 on the third sum in the third line. From the fourth to the fifth line, we see that the
identity term vanishes as its coefficient is the inner product between two distinct row vectors of an orthogonal matrix.
This proves the statement for £ = 2. Next, we assume the statement holds for general k£ and use this assumption to
prove the statement for k + 1. Without loss of generality, assume o; < a1 for all j < k. We now have

U'Cseayp, U = (UTC3U) (U'eq,,,U)

= Z det (u&5> CB‘ Z Uy y1Brs1 Chrsr
{Bl181=lal} Brt
UTC&CakJrlU = Z Uerjo 1 Brosa det (uag) C5‘65k+1 (AQ)
{(B.Br+1)IBl=|al}
Each of the terzns in the sum above falls into one of two categories. Either (i) Sr4+1 € B, and C’Etjgk+1 = :I:Cg\ﬁk_+17
or (i) Br41 ¢ B, and Cyep, ., = nguB“N with sign given in both cases by (—1)7<FI8i>Bki1}l " We first proceed
Vo The
coefficient on this operator in the r.h.s. of Eq. (A2) is given by a sum over all indices y which could have been removed

from A to yield g\ﬁk+1

to demonstrate that all of the terms in category (i) vanish. Fix a particular configuration operator C’g

D oy det [“a(ﬁ\ﬂkﬂ,w)} =Dty det {u&(é\ﬂkﬂn)} ’
YEB\Br+1 v



where we were able to cancel any sign factors on the terms inside the sum by reordering columns in u so that the ~y
column appears at the rightmost position, using the alternating sign property of the determinant. The equality is due
to the fact that if v € E\ﬁk+1, then the determinant in that term evaluates to zero. Finally, we use the multilinearity
property of the determinant to bring the sum on to the last column, as

Z Ugy 4~ det {u&(g\ﬁkﬂﬁ)] = det [( Us A\ Brss Z'y Uy 1y Udny )] , (A3)
¥

i.e. the determinant of a matrix whose last column vector is > ta,,,yUay. The Ith element of this column is given
by

E :uak+1"/u04l7 = 5ak+1az
5

again following from the fact that this sum is the inner product between two column vectors of an orthogonal matrix.
However, ag11 > aq by assumption, so this sum is actually always zero and the determinant in (A3) vanishes. Each
of the terms in category (i) therefore vanishes, and the only terms in the r.h.s of Eq. (A2) that survive are in category
(ii). We examine these terms by next fixing a particular configuration operator Cﬁuﬁkﬂ‘ The coefficient on this

operator in the r.h.s. of (A2) is given by a sum over all indices v that could have been added to E to yield BU Br+1
(we cannot cancel sign factors this time)

Z (_1)I{jSk+1\Bj>“/}|uak+ﬂdet u (

a, 5U5k+1)\7:| = det {u

(&an41),BUBk+1
YELUPBK+1

To see that this equality indeed holds, relabel indices in E U Bk41 such that 8; < B;41 for all i < k, and suppose 7 = S5
in this labeling. Then we have

(—1)IshHUB>AH = ()b =s — (1) (kD) +s

As a; < apqq for all j < k, this is exactly the sign factor that would appear had we expanded along the last [(k+1)st]
row of the matrix in the r.h.s. above, since B, appears as the sth column of this matrix. We therefore have

UlCatay U= > detfug, 5] Cs
(ANBI=k+1)

which proves the statement for k + 1, given that it holds for k. This completes our inductive proof of Eq. (A1). O

Appendix B: Proof of Theorem 1

Let A and B be two Pauli operators (i.e. A' = A, Bt = B, and A2 = B? = I) and U be a matchgate unitary, then
we have

[[A, UTBU||> = tr{[A, UT BU]'[A, U BU]}
= —tr{[A, UTBUJ?}
=—tr [A(U'BU) A(U'BU) — A(U'BU) (U'BU) A— (U'BU) AA (U'BU) + (UTBU) A (UTBU) A]
=tr[2] —2A (U'BU) A (U'BU)]|

I[A, UTBU||? =2{2" —tx [A (U'BU) A (U'BU)|}

From the first to the second line, we used Hermiticity of A and B, and we expanded the expresion in the third line.

From the third to the fourth line, we used A% = B? = I, and from the fourth to the fifth line, we used tr(I) = 2" on
n qubits. Dividing by a normalization of 2”2 on both sides, we have



1

s lllA, U BU]|? =

M| —

{1 - %tr [A(UTBU) A (UTBU)}} (B1)

Next, we assume A = i*Cl7 and B = i*Cy for some integers a and b, such that i* and i® ensure that A and B are
Hermitian, respectively. E.g., for A, this implies

Al = (=i)*CL
Al = (—i)“(—l)%‘ﬁ‘(‘m’l)Cﬁ, (B2)

where CJT = (—1)%"7‘“’7"1)077, since the individual Majorana modes are Hermitian and we need 1|7](|77| — 1) anticom-
mutations between individual distinct modes to reverse the order of || modes. Since AT = A, Eq. (B2) implies

i“Cy = (—i)?(=1)zMT-D o
and multiplying both sides of this equation by iaCj7 gives
20 = (—1)zlmAA=D ],

Thus, 2% = (—1)2/77-1)  and similarly, i2> = (—1)%@‘('&‘_1). Continuing from the dynamical term in Eq. (B1), we
have

;ﬂ (—1ylaltal=v+an-vl¢ (4 (Ut BU) A (Ut BU)] = 2% tr [C7 (UTCzU) Cq (UTC5U)]

= 2% Z det (u&g> det (u&3,> tr (Cﬁcﬁcﬁcﬁ'>

{B.3'1181=18"=la}
— 27(_1)|a\\n\+§lnl(lnl—1) 3 (= 1)/ get (uag) det (u&g,) tr (ngg,)
{B.3"1181=18"1=lal}
= (—1)\alI7+ 1811 =1)+ (17— 1)] 3 (—1)178] et (uag) det (u&g,) 855
{B.3"1161=18"1=lal}

%tr [A(U'BU) A (UtBU)] = (1)1 S ) det (ugg) det (ugz ) 055

{B.5"1181=15"1=Ial}

From the second to the third line, we used

CyC
C

1

- (_1)|Bllﬁ|+|ﬁﬁﬁlcgcﬁ
= (=1)2 A=D1

SN

and similarly from the third to the fourth line, as well as the fact that || = |@|. We recognize that

det [(1 - ZPﬁ)B~,] = (~1)ldls .,

where P is the projector onto modes 7j. We therefore have

%tr (AWBY) AWUTBY) = (-1 3T det (1g5) det [(T—2P7) 55| det (u,)
18,8/ 1BI=15" =14}

zin tr [A (UTBU) A (UTBU)] = (—=1)!17 det[ugja, (I - 2P;)u, 4,



which follows from the Cauchy-Binet formula. This therefore proves the theorem

1

on+2 1[4, UTBU]HQ =

1 a7

5 {1 (=1 detfugn (T - 2Pg)ud, )} (B3)
Appendix C: Modified Cauchy-Binet Formula

Here we prove

3 0., & vi

- S L) = (=8l [S1x15] S&

o Z ) det (u& us) det (vd,ﬂus) (—=1)!""det ( Ug Ugv q) (C1)
{BCBlIpl=lal=IS1} ' ¢

v

for S disjoint from B. We first rearrange rows and columns inside the matrices u and v in the Lh.s. of (C1) to bring
each of them to a fiducial form, u’ and v', respectively. These are such that u’ . = u,z and v, - = u;5 (and
similarly for v'), for @ = [|@|] and §’ = [|S]]. That is, we bring the rows @ to the top and the columns S to the left
inside the matrices u and v without changing the internal ordering of these tuples, nor the ordering of B. This is
done purely for convenience of presentation and will not affect the argument, as we will undo the rearrangement in
the end. We will continue to refer to the numbers of elements in these rearranged tuples by those of their unprimed
counterparts (i.e. using \§ | instead of |§’ |), as they are equal. Since this rearrangement is done for both u and v, any
resulting sign factor acquired due to the alternating sign property of the determinant will cancel in the product, and
we have

— /! !
o Z ) det (ua,5u§) det (V&ﬂug> = Z ] det {u&,(g,ﬁ)] det [v&,(g,ﬁ)] , (C2)
{BCBl|Bl=Ial-IS|} {BcB’||Bl=lal-|S|}

We will next need the Laplace “expansion by complimentary minors” formula

det (u) = Z ef L et (ujz7)det (ugz), (C3)
{H| | H|=k}

where efl'L = (—1)2?:1(Hj+Lj), L is a fixed subset of the columns of u of size k, the sum is over all subsets H of rows

of u of size k, and L and H are the set-complements of L and H in the sets of all columns and rows of u, respectively.
This is the analogous formula to expanding the determinant by minors of a fixed column, generalized to a subset of
columns L. Applying Eq. (C3) to the columns S’ of u’ and v’ on the r.h.s. of (C2) gives

Z det (ui ﬂusﬂ) det (V&,Eu ~) = Z Z M5 det (u;?@) det (u;q,\ﬁﬂ)

{BcBJ|B|=|al-1S1} {BCB'|1B|=|al-|S8|}y L{HCa'||H|=|S|}

{BcB||l=lal-IS]}
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We next apply the Cauchy-Binet formula to the sum in square brackets, as

/ / _ / /T
2 det (w7 7) det (V5,7 ) = det (wly, g 5V ) (C4)
{BcB||Bl=Ial-|5]}
Notice that the matrix in the determinant of the r.h.s. above is simply u%l é/vg&, with the rows H and columns L

removed (i.e. instead of removing the rows and columns and then multiplying, we can multiply and then remove rows
and columns from the product). This gives

CEELE
(C5)

The next step is to “put back in” the rows H and columns L. We do this by treating (C5) as an expansion of the

determinant of a larger matrix by complimentary minors of rows Vg»l: _, and then columns u’,, G Working backwards,
(03 «

we see that the sum over H in Eq. (C5) evaluates to

H,8 ’ / /T
Z € det (uﬁg,) det [(u&,é,vé,&)&,\ﬁ,&,\i]
{HCa'||H|=|S}

To put the rows back in, we note that

det (V’E§,> = det (Vgi) = (—1)'5‘ det [( 0,535 vg&, )s”/if} , (C6)

where L' is related to L by L;=1L;+ S| for all j € {1,2,...,|L| = |S|}. Shifting the columns over by |5 inside the

determinant gives the overall factor of (—1)‘5' |. Thus, the sum over L in Eq. (C5) evaluates to

In the first equality, we apply Eq. (C6) together with the fact that, for each term in the sum for which L contains

any of the first |S| columns, the matrix in the first determinant factor of that term contains at least one column
of all zeros, and so the term evaluates to zero. This brings the second line to a form which we recognize to be an
expansion by complementary minors of the rows S’ in the larger matrix in the third line. Finally, we use uél g = Ugg

(and similarly for the other submatrices) to undo our initial row and column rearrangements and therefore obtain the
formula, Eq. (C1). O
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Appendix D: Fixed-Parity Sum
Here we prove
> det [ug 5,5 7] det |V 5.7, |

{ELCEL,ECCET\\@H\Erl:\@l—\s_‘\v
|Br| mod 2 = p}

g L T 0z, a Vi,
— (_1)‘ ! det 0|S|><\S\ V§&T + (_1)p det [S]x]S] Ssa - : (Dl)
2 Uy Ugpvh gs ugp (I-2Pg) v

where S is disjoint from B= (El, Br) The statement follows simply from

X ey et e det Ve s
{BiCB.B-CB|Bi]+18r|=1d]=1S],  {BiCB1.B-CBr|Bi]+]B-|=]a]—|S],
|Br| even} |Br| odd}

= Z (—1)'57" + Z (fl)lg"‘ det {u& 5,54, ] det [v& i ag }

X ) DS ] (81,562 (B1,5.8r)
{BiCBi,B,CB,|Bi|+|8r1=Ia|-IS], {B1CB1,BrCBr||Bil+|Br|=|d] 1S,
|| even} 8- odd}
_ 15| oL
= Z (=1)"" det [u* (6,5.8. )} det [V&,(ﬁz,S,BT)}

{(B1.6-)CBI|B|+|8r1=]a| -S|}

In the first equality, we used the fact that (—1)‘51| = 1 in the former sum, and (—1)‘5““| = —1 in the latter. In the
second, we simply combined the sums over all even-sized 3, and all odd-sized 3, with the same summand into the sum
over all (3}, 8;). We next apply the steps we used to prove the modified Cauchy-Binet formula, except now applying

oy T )Brls s
det [(I QPBT)wl,ﬁr)(ﬂ;,B,;)]—( D165 505 5

to evaluate the sum with the sign factor (71)‘&| which appears in the place of Eq. (C4). This gives

X Y et ugg e det [vagg s
{B1CBL,BrCBr||Bil+1Br|=|@| =S|, {BiCBi,BrCBr||Ail+]6-|=|d-5],
|B,| even) EARSE!
T

~ 0 = = V=
= (—=1)*I det [S1x15] Sa 7
uzg  ugs(I—2P35 )55vE

from Eq. (C1). Applying this, together with

> + ) Z ) det {“axﬁl,im} det [V&,(ﬁz,ﬁ,@)}
(BiC BB CB\Bil+IB:1=181-1S),  {B.CBuB.CBylIAiI+15.=Ia1-I8],
|Br| even} |Br| odd}

= o N T
= (1) det [ O5IxIS1 Vs
I
Ba

we solve for the sums over even |5,| and odd |5,| individually to obtain Eq. (D1) above. [J
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Appendix E: Exact Calculation of the OTO Correlator — Proof of Equation 6
Here we give an explicit calculation of the matrix My, defined implicitly by

1

grzllns 05, UTCaUN|[* =) - M, - n, (E1)

for some single-spin operator n; - o5 acting on qubit s, matchgate unitary U, and Majorana configuration C'z, where
||Al|* = tr (ATA). Since we are only considering a single spin s, we drop the spin labels on n = n, and M = M in
this section for convenience, choosing to label the components of these objects by subscripts instead. We begin by
expanding the r.h.s., using this definition and Eq. (A1)

srallin o UG
i
= 2n—1+2 tr Z ngok, Z det (u&g> Cs Z nk/af/, Z det (uag/)cﬁ/
ke{w,y,2} {B1131=|al} k' efz,y,z} {B'113"1=1al}
= QTl+2 Z NN Z det (u&g> det (uaﬁ,) tr { [af, Cﬁr [0‘5, Cﬁ’} }
k.k'el@y.z} {8118|1=lal}

{F18'1=lal
Thus

My = 271% Z det (‘%75) det (u&§,> tr { [af, Cgr |:0'§/7 C[;,} }

{Bl18]=lal}

{A'115"|=lal}
We can obtain the diagonal elements of M, for which k& = £/, from Theorem 1. It remains, then, to calculate the
off-diagonal elements of M. Clearly, M = M™ by the cyclic property of the trace and the fact that the sum over 5
and ﬁ_" is symmetric in these indices. Furthermore, we must have M., = M,, = 0 since there are no 5 and ﬁ_" for
which | Bl = | g | and which describe the same Pauli string on every spin except s, with a X (or Y;) present on one
and a Zs present on the other. This is because the former are always described by exactly one Majorana operator
and the latter by either two or zero Majorana operators. Therefore, we are only left to calculate M,,. In this case,
we have

M,, = 2n1+2 3 det (uag) det (u@@) tr { [Xs,cg}T [Ycﬂ]}
{Al1|=lal}
(F1181=1al}

The only nonvanishing terms will be those for which B’ and B_” describe the same Pauli string on every spin except for
s and for which there is a Y, present for C 5 and an X present for C’g,. We examine the conditions under which an

operator Ufl will be present in CE' Let § = (ﬁl, 55, Er>, where E; C [2(s — 1)] consists of all indices less than 2s — 1,

and B; - w consists of all indices greater than 2s (corresponding to the spins to the left and right of s, respectively).
We have

25 —1) and |3,| even

X, present only if either : B; = { %) q w_.  odd
s and |5,| o

2s) and |3,| even

2 E2
2s—1) and |B,| odd (E2)

25 —1,2s) and || even

(
(
Y, present only if either : ﬁs = {E
( -
0 and |3,| odd

Z, present only if either : f, = {
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When |§T\ is odd, then CE and Cﬁ’ will have a relative phase of —1 between them since X;Z, = —iY}, but Y, Z, = i X,.

Additionally taking into account the fact that [X;,Y;] = —[Ys, X;] gives
Moy=1{ > - > et [0, 490 93,205
{BL.B)IB+|Br1+1=a], {(Br:B)IBi+]Br | +1=]4],
|Br| odd} |Br| even}
T
M, = det ’ \
Yy — o _ _ _ T )
Ug(2s—1) Ug(2s_1,29) (I QP[QS])—(23—1,25)(25—1,23) 11(2871’25)&

therefore completing the calculation. For completeness, we list the elements of M, once again, below

1 -

Mz = 5 {1 — (=119 detugpp, (T — 2P[28_1])u’[gn]&]}
1 "

Myy = 3 {1 — (—1)|a| det[u&[gn] (I — 2P[2(s_1)]u(23))ugn]&]}
1

Mzz = 5 {1 — det[u@[gn] (I — 2P(25_1725))U’[I‘2n]0—2]}

M,y = My, = det | o
Ty — yx — d€ . - o . T
Ug(2s—-1) Uz(2s-1,29) <I 2P[25])—(25_1725)(25_1723) Yo 29)a
sz:Mza::Myz:szzo [l

Appendix F: Proof of Theorem 2

Here we prove the statement

1
(0} = {(®:esE)ON)] < ze; 1[0, - 05, 0]|| = ; Vvni M, n,, (F1)

where the average (-) is taken over a product basis {®7_,|[(=1)%n;)}4c(0,1}x» whose Bloch axes are orthogonal to
the {ns}s, and & is the depolarizing channel on qubit s, given by

58(0):3 0+ Y otoot|. (F2)

ke{z,y,z}

This channel has the effect of projecting O onto its component which acts only as the identity on site s. We further
assume that O is a traceless Hermitian operator. We first show that the left-hand side of Eq. (F1) is bounded by the
trace norm for any averaging orthonormal basis set {|j)}; and Hermitian operator A, as
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2m
=57 Z JIAI)]
2" 2m
Z Z kade’W|
J=1 k=
1 2"
o0 > Jdi| U |
G k=1

Q%ZWkl
k=1

[A) < o trlA4 (F3)

\ A

From the first to the second line, we used the fact that we assume A to be a Hermitian operator, and so can be
diagonalized as A = U'DU, for D a diagonal matrix. From the second to the third line, we applied the triangle
inequality, and from the third to the fourth line, we rearranged sums and used the fact that Z?; |Ugj|? = 1. The
resulting quantity is the trace norm.

Without loss of generality, let S = {1,2,...,]S|}. Then we have, for any input state
1S|-1
(0) = ((25esE)O))] = (O) + Y [((@521€5) (0)) = ((RF_1&) (O)] = ((®5e5E:)(O))]
k=1
S|
= IZ{ ®521€5) (0)) = ((2FZ1€;) [E(ON) } |
\SI
(O) — ((®jes&)(0))] < ZI ®521€5) (0)) = ((@5Z1&) [Ex(ON)], (F4)

where, from the first to the second line, we expressed the difference as a telescoping sum (let ®9_,;(0) = O) and

applied the triangle inequality in the third line. Next, we use the fact that, for any single-spin input |nt), the
depolarized operator expectation value is the same as that of the dephased operator in any basis orthogonal to the
input. That is, let (n- o) |nt) = e?| — nt) for some phase ¢, and we have

0) ~ (E.(OD] = (0) ~ (510 + (- 0,) On- 7)) = 51(0) ~ ((n-) O (- 01,)]| (F)

on input state |[nt) on qubit s. Furthermore, taking the same quantity for input state | — n*) has the effect of
exchanging O and (n o05) O (n- o) inside the absolute value, leaving it unchanged. Thus, we average over a product
basis of {@7_;|(=1)%1n5)}ec(o,13x» on both sides of Eq. (F4) and apply Eq. (F5) to obtain

S|
(0) = {(®se5E5)(0))] < QnHZH @521€5) (0) = (®521) (g - 01) O (g - )] |

S|
(0) — {(®se5E:)(0))] < 2n+1 Ztr 0 — (0 - o) O (g, o) |,

using the bound (F3) in the second line and the fact that the depolarizing channel cannot increase the trace distance
between operators in the third. Finally, we apply the operator norm inequality

tr|Al = tr VATA < Virtr ATA < Vortr AT A,
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where r < 2" is the rank of A, together with the fact that

tr{[0 — (k- 1) O (- 00)] 10 = (i ) O (g - )]} = [l - o, O],

for || - || the Frobenius norm, to arrive at our result

(0]~ [(@resE)(ON)] < ey Sotr10 — (0 0,) O im0

seS

2n+1 ZH 0.97 |

ses

1
|<O> - <(®SES‘€S)(O)>| < \/ﬁ;mns 'o'saO]H = Z \% n: - Mg - n,. O

ses

| /\

We remark that the bound is a sum of terms which are always between zero and one, and by Markov’s inequality, we
can use this result to bound the fraction of these basis states for which the change in expectation value exceeds some
threshold ¢

HIHO) ~ (@uesENON] > 8] < + 37 V/ar ML

sES

Since we expect each of these terms to be exponentially decaying outside of the lightcone, depolarizing in this region
should only induce a change in expectation value greater than the threshold for some exponentially small set of input
states. This affords us exponential precision so long as we are willing to tolerate a fixed fraction of these “pathological”
states. Finally, since we had a freedom in choosing which basis over which to depolarize in Eq. (F5), we may optimize
each of the {n;}s over the subspace for which they are orthogonal to the Bloch axes of the input to make this bound
as restrictive as possible.

Appendix G: Numerical Analysis

We characterize the propagation of B(t) by taking the singular value decomposition in discrete time

- Bl = 32 Ay s o), (G1)

where t, = kdt, and Ay > Ay > ... for the singular values \;. We take the function wu;(t) to represent the light cone
envelope and v1(s) the decay profile of ||[n; - o5, B(t)]|| outside of this envelope. This method has several advantages:
(i) the principal singular value component is the closest product approximation to the light cone, and so has the
form of the right-hand-side of Eq. (1) in the main text; (ii) the singular values themselves give the error incurred in
the approximation; and (iii) the principal singular value component is robust to fluctuations from specific disorder
realizations, greatly reducing the number of samples needed. It therefore gives an operationally meaningful, robust,
and numerically inexpensive means of extracting the envelope and decay profile, which is completely general beyond
the setting of matchgate circuits considered here.

In Fig. 3, we plot the results of our analysis for the X light cones of Fig. 1 in the main text. We see that the envelopes
(linear scale on top left, and log-log scale on top right) u;(t) propagate as polynomials with different exponents m,
which we take to be indicative of the dynamical phases of these profiles.
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FIG. 3: (Color online) (Top, left) Envelopes of the X light cones in Fig. 1, given by the principal temporal components of their
singular value decompositions (time in units of 46t). (Top, right) Envelopes on a log-log plot, with fitted slopes displayed. Note
the saturation of the ballistic case around ¢ ~ 6 is a boundary effect; otherwise, it is expected to be a straight slope. (Bottom,
left) Singular values in these decompositions on log-log scale, which demonstrate the error in truncating to a product function;
we see that these decay by several orders of magnitude over the first ten. (Bottom, right) Light cone decay profiles, given by
the principal spatial vectors; these profiles are very nearly Gaussian, rather than exponential.
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