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Optimal Frobenius light cone in spin chains with power-law interactions
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In many-body quantum systems with spatially local interactions, quantum information propagates with a finite
velocity, reminiscent of the “light cone” of relativity. In systems with long-range interactions which decay with
distance r as 1/r%, however, there are multiple light cones which control different information theoretic tasks. We
show an optimal (up to logarithms) “Frobenius light cone” obeying ¢ ~ r™"@~1.D for ¢ > 1 in one-dimensional
power-law interacting systems with finite local dimension: this controls, among other physical properties,
the butterfly velocity characterizing many-body chaos and operator growth. We construct an explicit random
Hamiltonian protocol that saturates the bound and settles the optimal Frobenius light cone in one dimension.
We partially extend our constraints on the Frobenius light cone to a several operator p-norms, and show that
Lieb-Robinson bounds can be saturated in at most an exponentially small e~ fraction of the many-body

Hilbert space.
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I. INTRODUCTION

The celebrated Lieb-Robinson theorem proves that for
arbitrary systems with nearest-neighbor interactions (with
bounded strength), the speed at which quantum information
can propagate is finite [1-6]. Intuitively, the time ¢ it takes to
prepare an entangled state between two qubits (in an initially
unentangled state) separated by distance r is lower bounded
as

r
t > —, (1.1)
ULR

with v g the so-called Lieb-Robinson velocity. In many re-
spects, v g is analogous to the speed of light ¢ in special
relativity: no signals can be sent faster than v g. For this
reason, we call (1.1) the Lieb-Robinson light cone. Over the
past few decades, numerous unexpected and important results
have been shown to follow from the Lieb-Robinson theorem,
including the exponential decay of correlation functions in
a gapped ground state, together with an area law for en-
tanglement [3] and the effectiveness of matrix product state
representations [7], proofs of the ability to efficiently simulate
local quantum systems [8], and demonstration of the stability
of topological order [9].

A. Alternative choices of norms

In quantum information dynamics, we study information
propagation through the commutator between local operators
(e.g., Pauli matrices) localized on lattice sites x and y. This
commutator takes the form of [A,(¢), By], where

denotes Heisenberg time evolution.' Indeed, local operators
commute [A((0), B,] =0, and a nonvanishing commutator
indicates the operator A,(¢) has “grown” to a distant site y.

The traditional Lieb-Robinson bounds quantify the growth
of this commutator in the infinity norm (or the operator norm):
I[Ax(?), Byllloo, being the maximal singular value of the oper-
ator A. In slightly more physical terms,

Al = llAlle = sup [{¥|AlY)] (1.3)
V.

is the maximal matrix element of A between any normalized
many-body states ¥ and ¥’ and we drop the subscript. A
bound on this operator norm then rules out the possibility of
signaling, under the “worst-case” choices of states ¥ and ¥'.
For quantum technology applications, such a bound is relevant
to a device only when the many-body initial and final states
can be controlled exactly. If the device is imperfect and prone
to some local errors, then we would like to know if other states
in Hilbert space can also transmit information similarly fast.

Recently, [10] emphasized that there can be multiple dif-
ferent light cones for quantum information. Mathematically,
these different light cones correspond to the choices of norms,
which capture different physics and constrain different quan-
tum information theoretic tasks; the physical question would
be as follows: “What quantum mechanical task are we trying
to bound?”

As a concrete example, we consider whether or not one can
signal between two qubits x and y independently of the actual
quantum state. This amounts to averaging over the magnitude
of (Y'|A|Y) over all pairs of ¥ and ' [10]. This can be

A1) := A e (1.2)
"For simplicity, we assume in this equation that Hamiltonian H
*chifang @caltech.edu does not depend on time. In all main results in this paper, we will
fandrew.j.lucas@colorado.edu eventually relax this assumption.
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captured by the square of matrix element’s magnitude, and
(for an operator A) we then recognize that this average is
nothing but the normalized 2-norm, which will be called the
Frobenius norm

_ Tr(AA)
TOTe()

Here I denotes the identity matrix. If we wish to design a
quantum device in which signaling or quantum state transfer
is achieved regardless of the details of the many-body state,
we will care not about the Lieb-Robinson bound on a commu-
tator, but instead a “Frobenius bound” on ||[A,(?), By]|lF.

Interestingly, this Frobenius norm has a natural inter-
pretation as an (out-of-time-ordered) correlator at infinite
temperature

A : (1.4)

Tr([A:(t), By]"[A.(2), By])
Tr(l)

= Tr(pr=colA+(t), By]'[A((2), By]).

Here pr—oo o< I denotes the infinite-temperature density ma-
trix. Such objects have been used to diagnose many-body
chaos in extensive studies over the past few years. Indeed,
when the Frobenius norm becomes large for any operator B,,
information about the initial operator A, cannot be retrieved
via local measurements.

A simple way to define a “light cone” out of either of these
norms is to define #(7) as the first time that qubits separated
by distance r have a large commutator, e.g.,

I[AL (1), By1II% =

(1.5)

t(r) = arginf,{O <t <o0o:|[A(®), B/« = %} (1.6)

The notation here is simply that we look for the smallest time
(arginf) at which a certain commutator norm is bigger than
some O(1) number, such as % It is interesting to ask whether
in all Hamiltonian dynamics consistent with various sim-
ple constraints (e.g., nearest-neighbor interactions) there are
bounds on #(r). For the operator norm, the answer is provided
by the Lieb-Robinson theorem (1.1). But, is it possible that in
typical states (Frobenius norm),” the light cone is slower:

Vr < ULR? (17)

Preliminary work [11,12] noticed that in random unitary cir-
cuits, this was indeed the case. In other words, the choice of
norm (or, more physically, the task of interest) quantitatively
changed the “speed limits” on quantum dynamics.

With local interactions, this change is typically quan-
titative (but not qualitative). With long-range interactions,
however, the discrepancy between Lieb-Robinson and Frobe-
nius bounds becomes drastic. This perhaps explains why the
Frobenius norm did not draw serious attention in the study of
locally interacting systems.

B. Long-range interactions

We now turn to physical systems with power-law, or
long-range, interactions. Many promising platforms for future

2Sometimes the Frobenius light cone vg ~ r/t(r)g is called butter-
fly velocity in the quantum chaos literature.

quantum technologies do not merely contain nearest-neighbor
interactions: they can include trapped ion crystals [13], Ry-
dberg atom arrays [14], polar molecules [15], etc.; each of
these platforms has long-range interactions between all pairs
of qubits which decay with the distance r as V (r) o« r~*. Here
« is an exponent characterizing the system: 0 < o < 3 can ap-
proximately be achieved in trapped ion crystals, while ¢ = 3
for polar molecules with dipolar interactions and & = 3, 6 for
Rydberg atoms. The classic techniques from Lieb-Robinson
bounds were ineffective at constraining information dynamics
in long-range systems. Over the past few years, increasingly
sophisticated methods have been developed [2,16-23] to con-
clusively settle the optimality of Lieb-Robinson—type bounds.
In a d-dimensional system, the time it takes to prepare an EPR
state between two qubits, separated by distance r, scales as
t ~ rmin@=24.1) for o > 2d. This remarkable result means that
even when o = 6, in three dimensions it is possible to prepare
highly entangled states in nearly constant time (¢ ~ In r).

It was first noted in [10] that the Lieb-Robinson bounds did
not effectively constrain the Frobenius norm of a commutator
in models with power-law interactions. There, it was argued
that the bound on Frobenius norms would scale as

t}}k(r) Z rmin(a—Sd/Z,l)’ (18)

which was proved in d =1 and also shown to be “op-
timal.” However, strictly speaking, the out-of-time-ordered
correlators (OTOCs) which saturate (1.8) are not of the form
I[A<(?), Bylllg, with A, and B, simple Pauli matrices. Instead,
they are of the form (in d = 1, for simplicity):

[Ax(z), HB;}

zzy

9

F

with B, Pauli raising operators on sites z > y.3. However, (1.8)
is not optimal if we demand A, and B, are both local matrices.
It was recently proved in any dimension d that for « > d, the
Frobenius light cone for such an OTOC is of the form [24]

t z r2(0t7d)/(20t7d+1). (19)

C. Our results

The main motivation of this paper is to reconcile the re-
sults of [10,24], and prove an optimal Frobenius bound of
small operators in systems with long-range interactions, in
one-dimensional (1D) models (d = 1). We find in Sec. IV that

te(r) > rmin@lh (g 5 1), (1.10)

where logarithms and absolute constants (that only depend on
«) are suppressed. In Sec. V, we construct an explicit random
dynamical protocol that saturates this scaling (up to factors of
Inr).

We conjecture that in d spatial dimensions, (1.10) general-
izes to

min(e—d,1)

tg(r) ~r (1.11)

3Products of raising operators have low rank and a very large
singular value, unlike simple Pauli
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for o > d. In fact, we will present a random protocol which
saturates such a bound. Our bounds together with a saturating
protocol definitively settle the nature of the Frobenius light
cone in d = 1 spatial dimensions. For technical reasons we
explain in the body of the work, proving Frobenius light cones
in higher dimensions is much more difficult and thus remains
a conjecture for d > 1.

In our proof, we employ an alternative set of mathematical
tools for deriving bounds on quantum dynamics with other
norms in Sec. III. In a nutshell, the standard Lieb-Robinson
bounds work by exploiting submultiplicativity, which states
that

IAB|| < [IA]l - [I1B]]- (1.12)

The traditional Lieb-Robinson bound strategy proceeds by it-
eratively using this identity repeatedly to a nested commutator
of the form ||[H, [H, ...O]]||t"/n!, reducing the problem of
bounding quantum dynamics to a combinatorial problem. This
property does not hold for the normalized Frobenius norm
introduced in (1.4). As a consequence, existing proofs [10,25—
27] of Frobenius light cones have typically involved other
methods inspired by quantum walks and probability theory:
these methods are, in turn, uniquely adapted to the Frobenius
norm. A key development in this paper is to show that (1.12)
can be nearly generalized to the normalized Frobenius norm
(and also Schatten p-norms below), when the operators A and
B obey certain spatial locality constraints:

IABllg < lAllg - |Bllg In || B]lg. (1.13)

Our results therefore allow us to use traditional Lieb-
Robinson-type techniques, but to obtain parametrically
stronger bounds on dynamics using more physically relevant
norms.

We are also able to obtain results for p-norms which in-
terpolate between the Frobenius and operator norms defined
above. We generalize the proof of [20] to any Schatten p-
norms [Tr([A,(t), By]?)/Tr(1)]'/?. We prove that there is a
p-dependent light cone of the form

rmin(l,a—S/Z)

VP

for any fixed value of p. Intuitively, these bounds constrain the
pth moments of the singular value distribution of [A,(?), B, ],
and therefore tell us how rare extreme singular values are.
While we do not believe this bound is tight, it is already tighter
than Lieb-Robinson bounds. In particular, we will show that
Markov’s inequality implies it is exponentially rare to find a
state in Hilbert space that can saturate a Lieb-Robinson light
cone.

t(r)p 2 (1.14)

D. Implications of our results and further conjectures

Our results have a number of interesting implications. In
systems with power-law interactions, we find a remarkable
result: in a spin chain with o = 2 the growth of operators is
hardly faster than with nearest-neighbor interactions, while
existing state transfer protocol may send a single qubit in
time t ~ Inr [22]! At the same time, the rapid state transfer
algorithm of [22] requires an exponentially fine-tuned back-
ground state to implement in quantum processors. Our results

therefore have important practical implications for the wide
range of possible quantum technologies, such as trapped ion
crystals, which might seek to use power-law interactions to
speed up the transfer of information. It will be interesting to
understand the actual performance of the protocol of [22] in
the presence of some errors.

We conjecture that the Frobenius light cone is an up-
per bound on the time it takes to generate a volume-law
entangled state. Intuitively, generating volume-law entangle-
ment requires taking all local information and scrambling it
amongst highly nonlocal degrees of freedom; thus, a local op-
erator must evolve into a nonlocal one. Since operator growth
is captured by the Frobenius norm, the Frobenius light cone
should also control entanglement. Support for this conjecture
is found in the examples of [28].

While we believe this intuitive argument to be correct, we
have not been able to formalize a proof of this result. Nev-
ertheless, if this conjecture is correct, it would immediately
imply a very surprising result: namely, the (asymptotically)
optimal way to send volume-law entangled states using
power-law interactions is to send one qubit at a time. Indeed,
the protocol of [22] shows that we can send one qubit in
a time 7*~2 for 2d < « < 2d + 1. However, if volume-law
entanglement can only be generated in time 7*~¢, that means
that sending one qubit at a time using the fast protocol of [22]
takes a time r* 24 x 4 ~ r2=4_wyhich is the fastest possible.
This observation can simplify the design of any future quan-
tum processor performing fast quantum state transfer with
power-law interactions.

Another implication of our results is that the Frobe-
nius bound we present is essentially optimal even when
the Hamiltonian is drawn randomly; in fact, our saturating
protocol is designed using an ensemble of saturating Hamil-
tonians, which are themselves random. In contrast, typical
random Hamiltonians have sharper operator norm bounds
than deterministic Hamiltonian [29]. This demonstrates that
the Frobenius bounds are more robust than the operator
norm, in that much less fine tuning of Hamiltopnians is
needed to saturate a Frobenius bound. In this sense, Frobe-
nius bounds are slightly more universal than Lieb-Robinson
bounds.

Our mathematical results may help to improve exist-
ing “many-body quantum walk” techniques for bounding
OTOCs in a variety of models [25-27,30,31]. A partic-
ularly challenging problem where our methods may be
extremely valuable is bounding finite-temperature correla-
tors, where the appropriate “norm” depends on the thermal
density matrix [32]. Understanding how to derive specific
notions of submultiplicativity, which might hold under this
norm, but not in general, may help to solve longstanding
conjectures about the speed limits on finite-temperature dy-
namics which have, in recent years, linked developments
in string theory and quantum gravity to many-body physics
[33-35].

Lastly, our bounds on Frobenius light cones may help to
find sharper error bounds on new numerical techniques such
as matrix product operator methods [36] since so long as a
thermal correlator is being studied, one is not interested in the
error in the numerical evaluation of an operator in the worst-
case state, but only in a typical state in the ensemble.
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II. PRELIMINARIES

In this section we review formalisms in operator dynamics
and useful facts from noncommutative functional analysis.

A. Long-range interactions

We first provide a careful definition for long-range inter-
acting systems. Let A denote the vertices of a lattice graph,
consisting of some unit cell repeated periodically in d spatial
dimensions.* For vertices i, Jj € A, let us define the distance
d(i, j) between the two vertices to be the Manhattan distance
(minimal number of edges to traverse to get from i to j). For
ease of presentation, let us consider a many-body Hibert space
consisting of a single qubit (two-level system) on every lattice
site. The Hilbert space of operators acting on a single qubit on
site x is spanned by the identity /,, and the three Pauli matrices
X, Yy, Z,. In what follows, we denote with X¢ = (X, Y, Z) the
set of all nontrivial Paulis.

Given a 2-local Hamiltonian

3
H@y= Y Y Jhwoxx!, @.1)

x,yeA a,b=1

we say that it has power-law interactions of exponent « if

&)l < y 2.2)

_ 1
(x, y)*

Without loss of generality, we set the prefactor above to be 1
by rescaling the Hamiltonian. In practice, it is useful to say a
model has exponent « if it does not have exponent o’ > «, in
our bounds the only criterion necessary is (2.2).

B. Operator norms and operator size

In this paper, we are interested in the Heisenberg time
evolution of an operator

dA
di’) = i[H(1), A] := L(O[A@®)].

(2.3)

It will be helpful to interpret operator dynamics in a bra-ket
notation on the “Hilbert space” of operators, in which case we
write the above equation as

d
771A0) = L(1)IA®)). (2.4)

4Mathematically, if E, is an edge set on A, we demand that the
pair (A, E,) has an automorphism group containing a translation
subgroup Z¢.

We define a Frobenius inner product on this space. Loosely
speaking,’
tr(A'B)

AB) ==

(2.5)

It is often helpful to define projection operators. For example,
the superoperator PP,, defined via

’;[x;, [x2, A]],

allows us to restrict to all terms in A which act nontrivially on
site x. Since

PA=— (2.6)

0| —

I[By, Allle = [I[By, PyAllle < 21IBylloo[PyAll

= 2[Byllcoy/(AIPy|A),

it suffices to bound the (Frobenius) norm of IP,|A), in order to
bound OTOC:s.

In fact, without loss of generality, we may write any oper-
ator A as

2.7)

_ _ JAs@), xe€S§
A= ZASO)’ where PyAs(t) = {O, otherwise.
ScA
2.8)
Assuming (A|A) = 1 is normalized, we will then refer to
ps = (AslAs) (2.9)

as the probability that the operator is supported on subset S.
Clearly,

(2.10)

ZPS =1,
s

so this terminology is well defined. This probabilistic lan-
guage will be highly valuable for us as we develop a fast
operator growth protocol.

While the most important operator norms in this paper are
the Frobenius norm (1.4), along with the operator norm (1.3),
we will also find useful the Schatten p-norms® that interpolate
in-between the Frobenius and operator norms:

I1X1l, := Tr[(X X))/ 2.11)

>0On an infinite lattice, this ratio is not well defined. We may
interpret it so long as the operators A and B have compact support,
in which case the traces may be restricted to the support of A and
B. Taking such an operator A with compact support, we may also
time evolve it. With a Hamiltonian H without compact support, the
operator A(r) will (in general) also no longer have compact support.
In this case, we may define (A|B) via a limiting process: letting
Ag denote the terms in A supported on compact set S, the limit of
(As|Bs) will converge as S grows; the convergence is guaranteed by
Lieb-Robinson theorems.

®As before, one should rigorously only apply this definition on
a finite-dimensional Hilbert space. We will implicitly invoke the
limiting process explained above in this paper, in order to make sense
out of the p-norm on an infinite-dimensional space.

062420-4
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We will often deal with the normalized p-norm divided by
tr(/) that

IX| X1l p
P 171,

S XMoo < I1X M- (2.12)
To show an approximate form of submultiplicativity for the
Frobenius norm, we will also find useful the following stan-
dard inequality from functional analysis:

Proposition 1 (Noncommutative Holder’s inequality [29]).

If

1 1 1
-—=—4—, (2.13)
P pP1 P2
then
IABlp, < [1Allp, I1Bll - (2.14)
Additionally, we have the following:
Proposition 2 (Riesz-Thorin interpolation). If
1 6 1-6
—=—+ , (2.15)
96 91 92
then
IAllg, < IANS IAIL . (2.16)

III. TOWARDS SUBMULTIPLICATIVITY FOR THE
FROBENIUS NORM

In this section, we develop a mathematical machinery
which will be critical to proving the Frobenius light cone,
and its p-norm extensions. In the main text, we will focus
on the simpler case of two-body (2-local) Hamiltonians; the
straightforward extension to k-local Hamiltonians is provided
in Appendix A.

The following lemma represents the key technical result of
this section:

Lemma 1. Consider the 2-local Hamiltonian

H=>"H;

i<j

3.1)

with each H;; supported on exactly sites i and j [PcH;; =
I(k € {i, jDH;;], and || O] < 1, then

IHOllr < 2elH|lIOle(| In[|Ollel + 1), (3.2)

where the Frobenius norm is normalized as in (1.4), and

Hle = > I1H;1.
i<j

Before diving into the proof, let us put this result into
some context and explain why this refinement is valuable. For
simplicity, consider a operator O of diameter r. As this paper
is motivated by long-range interacting systems, we consider
the effect of long-range interactions with another sphere of
diameter r, a distance O(r) away (see Fig. 1). The leading-
order type of operator growth is

(3.3)

eM0e ' ~ O +it[H, 01+ - - - , (3.4)
and an unconditional bound would be
IHO|lr < [|HloollO]lF- (3.5)

0 [0.H]

FIG. 1. Long-range interactions acting on a large operator be-
tween two balls of radius r. The interaction Hamiltonian between
these two balls has norms given in (II1.6). The key technical advance
of this paper is to learn how to take advantage of the smaller Frobe-
nius norm of an interaction Hamiltonian in controlling the Frobenius
light cone.

If we simply wish to bound ||O||g, this triggers an recursive
identity; however, it comes at the price of a large prefactor
of ||H| - Indeed, observe that between two balls of size r a
distance r apart [10],

1
H oo < ~—
xE%% 1 yeb;Z (X y)"‘ r“*2d
2
2 2 ( d(x, y)")

xeball 1 yeball 2

(3.6a)

L

1l ~ i, ~

IH]lg =

1
a—d”

~

(3.6b)

I

This equation suggests it is highly desirable to use ||H ||(2),
not | H ||, if at all possible. Yet (3.5) suggests we must always
use the worst-case scenario, set by the operator norm.’

An observation in [24] was that the Frobenius norm can be-
have submultiplicatively when the other operator has bounded
spectrum: as in (2.7),

IHOlle < [1H |l Olloo- (3.7

If |Ollo = ||O]lg, as is the case when O is a simple Pauli
matrix (0% = 1), then using this inequality gives us an ap-
proximate form of submultiplicativity, one time. Of course,
clearly this does not feed in to a recursive bound; indeed in
[24] this trick was only used once. But, our refined bound is
written entirely in terms of the Frobenius-type norm ||H ||()
(except for the global constraint ||O|| < 1 inherited from the
initial operator). This is more powerful and allows us to obtain
much stronger Frobenius light cone bounds. We now present
the proof of the lemma.
Proof. Using Proposition 1,

IHOl2 = [[HO2 < [[Hll2/1-6) - [1Ol2/6-

We now bound each of these norms in turn. The idea is to
choose 6 — 1, without making the norm of ||H||2/1-¢) to0
large. Hence, we need to prove that the p-norms || H ||,/
grow sufficiently slowly (when normalized by the Hilbert

(3.8)

"Note that the normalization is absolutely crucial, otherwise the
Schatten 2-norm is even looser than the operator norm, and is already
submultiplicative: [ X|l2/[/]l2 < IXlloo < X2

062420-5
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space dimension). In other words, we need to prove bounds on
the tails of the singular distribution of H. In the mathematics
and probability literature, this is called a concentration bound.

More precisely, to bound ||H ||y, g :=2/(1 —0), we will
use a seemingly simple recursive moment inequality, proved
in Appendix A:

Proposition 3 (Uniform smoothness for subsystem).
Consider matrices X, Y of the same dimensions that satisfy
Tr(Y)=0;X =X; ® 1. Forq > 2,

IX + Y17 < IXI7 +ClY Il (3.9)
for optimal constant C, = g — 1.
Hence,
2 Hy| <| 2 Hu TG 2 H
i<j 1<i<j I=i<j q

ZC ZHU
i<j

<Z@ﬂ%ﬁ

i<j |

IHO|lg =

where we explicitly display the ||/||; and used that ||I|, =
(Tr[I1)'/? to normalize ||O|,. Now we choose a value of 8
close to 1:

1
n=_—g = max (1, [ In(|Ollg)]) < [In(||O]lp)| + 1.
(3.13)

(Note that ||O||r < 1 since ||O||s < 1.) Then,

IHO|Ir < |H[@lIOllr x nllOlI;""

S 2H [ olI0lle x n exp(|In [Ofgl/n).  (3.14)

Combining (3.13) and (3.14), we obtain the advertised
result. |
In Appendix A, we extend Lemma 1 to both p-norms and
to k-local Hamiltonians. The price of each of these extensions
is a slightly worse prefactor in (A9). However, these prefactors
are mild enough that we can still prove Theorem 2: a partial
extension of the Frobenius light cone to any p-norm.

In Appendix B, we extend our results to an additional
family of physical norms, inspired by [31,40], which allow
us to straightforwardly extend the results of Appendix A to
certain norms which induce physical correlation functions in
thermodynamic ensembles.

These two additional sets of results demonstrate the flexi-
bility of our methods.

8This also has the name of hypercontractivity that was proven in
some special cases [37,38]. We rederive it using uniform smoothness
which also has wider applications. See [39] for a further discussion.

10l < [ (125 =1 )il s 1016 < (Z)Wmomﬂ
i AR = i1

< COMNZ D IHG 12, =

i<j

CHPINZNH 1T,

(3.10)

In the first line we applied Proposition 3 for Y =) ,_._ jHij
and X = Zkkj H,j,i.e., “peeling of”” any term traceless on
the qudit i = 1. In the second inequality we peel off qudit i =
2,3, ... analogously. In the third line, we recursively repeat
the first and second lines for the j index, which gives a second
factor of C,. Lastly, we use Holder to bound the g-norm by the
oo norm with a ||7]|, overhead.?

For the norm of O, a standard manipulation using Proposi-
tion 2, and ||O||s < 1, allows us to write

101260 < 110115 - 1011557 < llO1)5. (3.11)

Now combining (1.4), (3.8), (3.10), and (3.11), we plug in
q=2/(1—0)toget

(3.12)

IV. LIGHT CONES

Now we turn to our main application of the mathe-
matics developed above: the Frobenius light cone for a
one-dimensional system with power-law interactions.

A. Frobenius light cone

For simplicity, suppose that we study a spin chain with a
qubit on each site. Let us define a set of projectors Q; for i =
0, 1,..., R (here R is an integer capturing the number of sites
on the chain we wish to study). On Pauli strings of the form
XX ... with ap = 0 denoting I and ay = 1, 2, 3 denoting
Xo, Yo, Zy, we define

Qx,{xiai}) =

I(a, = 0ify > 0)|{X"}). x=0
I(a; > Ol(ay, =0ifx <y)|{X*}), 0<x<R
I(a, # 0 for some y > R)HXZ.“"}), x=R.

4.1

Here T denotes the indicator function which returns 1 if its ar-
gument is true, and O if false. The projector Q, hence projects
onto operators which act nontrivially on site x, but trivially
on all sites to the right of x. The exceptions are Q( and Qg,
where we simply include all operators supported on a site >R
into Qg, and all operators supported on < 0 in Q. Note that

R
ZQi =1L
i=0

For more general qudit systems, the extension of these defini-
tions is straightforward (albeit notation can get clunkier).

4.2)
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FIG. 2. We organize a growing operator |Ay(t)) according to the site x on which the rightmost nontrivial Pauli acts [achieved via projectors
Q,|Ap(1))]. We then regroup the Hamiltonian into scales as in [20]. We then study the quantum walk of the weights Q,|A(¢)), which are

efficiently bounded one scale at a time.

With these projectors defined, we may now state our main
result, which is the Frobenius light cone for spin chains with
power-law interactions:

Theorem 1. Let H(t) be a time-dependent Hamiltonian
which has power-law exponent @ > 1, as defined in Sec. IV A;

let
R =241l _1 4.3)

for some positive integer g,. Then for any § > 0, if Qg|A¢) =
|Ag), and

1QrIA0()IE = 8,

then there exists a a-dependent constant 0 < K, < co such
that

4.4)

R/InR, a>2
It| > 8°Ky x {R/In*R, a =2 (4.5)
R l<a<?2.

Note that in the statement of this theorem, we choose R
to be (nearly) a power of 2 for the conceptual simplicity of
Fig. 2. From the definition in (4.1), we can always just choose
r/2 < R < r if we wish to get a bound on the light cone at
any distance r which is not of the form (4.3).

Proof. The method of proof is adapted from the “quantum
walk” proofs developed in [10,25-27,30,31]. In a nutshell,

J

d C(gx + DA + (1 + £)In2),
T AOIFIA0) <
(1 _ 22—0{)2

we can think of [Ay(#)|Q,]Ao(?)] as the probability that the
operator has made it as far right as site x. We then try to bound
how quickly [Ag(£)|Q,]Ao(¢)] can grow with x and . We
do this using Markov’s inequality, by bounding the expected
rightmost site of the operator, and noting that

[rightmost site x at time 7]

E
(Ao ()IQrIAN(D)) < R

(4.6)

To formalize this last equation, we define the following
superoperator JF which acts on an operator and returns its
rightmost site:

R
Fi=) iQ 4.7)
i=0
Our goal is to prove that at sufficiently short ¢,
1
8 < IQrlAo))IIE < 7@ OIFA@).  (4.8)

We thus must bound d/dt(A|F|A). This is achieved by the
following lemma:
Lemma 2. For constants 0 < C < 00,

oa=2

(4+m2)2*" = DR — 1) + 2% 4 g, — (1 +¢.)2°))  else.

(4.9)
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Proof. The rigorous proof is in Appendix C; here we sketch
the main ideas. We divide up the Hamiltonian into a set of
scales g, with the rough intuition that couplings on scale g
have lengths of order 2¢. Using some identities special to one-
dimensional models, we are able to rewrite

d
o7 AoIF A1) = (Ao @)ILF L11Ao(1))

G
=YY (AOILF, LesllAo(®)) (4.10)

q=0 &k

as a sum of similar inner products at each scale g; here g,
denotes the maximum scale g, ~ Inr, and k denotes which
“block” of couplings of size ~29 we are studying. These
blocks are shown in Fig. 2. At each scale, we can efficiently
resum up the magnitude of each £, using Lemma 1. We
find that each factor of £, x contributes (29!~ following the
logic of (3.6b). When o > 2, the logarithmic factors in (A9)
cannot be neglected, and lead to an additional logarithmic
enhancement in (4.9). |

Using the result of this lemma, we see that there exists an
«-dependent constant K,, such that

d K,InR, o>2
— (Ao FlA) < { Kz In*R, =2 4.11)
at K,R* ™, l<a<?2.

Indeed, looking at (4.9), when o = 2, the constant scales as
qﬁ ~ In? R; when o > 2, the term linear in ¢« dominates and
leads to In R scaling; when o < 2, the 22~ ~ R~ terms
dominate.

Combining (4.11) and (4.8) we obtain (4.5). |

As we will show in the next section, the scaling of Theorem
1 is optimal. We thus arrive at the surprising result that it is
possible to have a Lieb-Robinson velocity which grows expo-
nentially with time (at « = 2), while the butterfly velocity of
the Frobenius light cone grows no faster than In’ .

We note that it is quite challenging to extend this result to
higher dimensions. The reason is that on a one-dimensional
(1D) chain, it is very simple to define the projectors Q. to
classify how far to the right an operator has grown. Ford > 1,
we have tried to define analogous projectors keeping track
of the “diameter” of a growing operator, yet because there
are LY~ sites near the edge of a ball of diameter L, the
transition rates between sectors Q; and Q4 will grow with
L. The more sophisticated ansatz necessary to use quantum
walk bounds to constrain higher-dimensional models (with
power-law interactions) has not yet been found. An analogous
challenge was present in the original proof of a linear light
cone in 1D systems with power-law interactions [20]; a much
more complicated proof [21] was necessary to prove the lin-
ear light cone in higher d. We would not be surprised if a
similar lengthy extension is required to generalize Theorem 1
tod > 1; however, we expect that our Lemma 1 will be at the
heart of any generalization of this work.

B. Lieb-Robinson light cone is rarely tight

A natural question to ask is whether the Frobenius light
cone or the Lieb-Robinson light cone is more relevant for a
“typical” physical state. Naively, one would expect the Frobe-

nius light cone to be more relevant. Indeed, we can take a
probabilisitc interpretation of the Frobenius norm:

AN = Tr[Ey (1%) (W DATAl = Ey [IIA [¥) 117, ]

for any ensemble of pure states that average to the maximally
mixed Ey, (|Y) (¥|) = I/Tr[I]. Then, we can obtain a concen-
tration inequality via Chebychev’s inequality:

4.12)

IAIZ
P(IA W), > a) <~ .
a

4.13)

In words, a state drawn “randomly” from the ensemble will
mostly like be of order O(||A||r). However, 1/a* dependence
is not the strongest concentration we can ask for.

As it turns out, a sharper concentration inequality would
be possible if we further obtained bounds on the Schatten p-
norms of A, for tunable values of p. Let us denote normalized
p-norm by

T
L,

that avoids tedious and exponentially large normalization con-
stants when discussing the p-norms of local operators in a
many-body system. We now note the following fact:
Proposition 4 (p-norm and typical states [39]). For any
operator A, when uniformly averaging over states |i) that

E ) (| =1/Tr(1],

(4.14)

P Al \"
AT, 2 a) < P . (4.15)

And we obtain a p-norm estimate as follows.

Theorem 2. Let H(t) be a time-dependent Hamiltonian
which has power-law exponent @ > 1, as defined in Sec. IV A.
Then under the Heisenberg equation of motion generated by
this H (t),

It

Ao, < ' /P—=—— 4.16
1QrAII, < ¢ PR (4.16)
for constant 0 < ¢’(«) < oo which only depends on «, and
T, ifa >5/2
R(r)= {r/I0*2(r), ifa=5/2 (4.17)

re=3/2, if5/2 >a > 3/2.
Alternatively, we may write that |QrAo(?)||, = & is only pos-
sible if

|t| > 8/pc"R(r).

Proof. The technical details of the proof are quite similar
in spirit to the proof of [20], which itself uses the same de-
composition of H into different scales shown in Fig. 2. The
difference between the proof of this theorem and Theorem
1 is that we are unable to use the quantum walk bounds to
tightly control the growth of Qz|Ao(7)) because ||Q|Ao(1)) |5
does not obey a quantum walk equation. We give the proof in
Appendix D. |

We do not expect this bound to be tight; clearly it is
not for p = 2, in which case Theorem 1 is already stronger.
Nevertheless, it already suffices to guarantee a meaningful
concentration bound:

(4.18)
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Corollary 1. For power-law models with exponent 2 <
a < 3, the Lieb-Robinson light cone is rarely saturated: for
0 < € < oo and sufficiently large r,

P14, B, > ) < exp2 = €Cr") @.19)

for some constant 0 < C(«) < co which does not depend on
r, and with 8 = min(1, 6 — 2«) — § for arbitrary § > 0. This
result holds even if H () is time dependent.
Note that the infinitesimal parameter § is only due to the
logarithm In(r) at o = %, and should not distract the reader.
Proof. Plug the p-norm bound of Theorem 2 into Proposi-
tion 4 to obtain

P (140, B, > )

ra72 't p C/rqu P
s < e VP R(r)) B (ﬁ eR(r))
5 R(r)2r4—2a )

62 c/2

< exp <2 —€ (4.20)
where in the last inequality we used that (,/pb)? < exp(2 —
e 2b72) [set p = min(2, (eb)~2)]. The 42 in the exponential
is added since to use our concentration bounds we must al-
ways take p > 2. We conclude the proof by noting that for
any 2 < o < 3, r*"2R(r)* > r if r is sufficiently large. W
Remarkably, even though the form of the bound in The-
orem 2 is not tight, we find an exponential bound on the
number of states in which the Lieb-Robinson bounds might
be saturated. In the regime 2 < o < %, this bound is optimal
(up to constants in the exponent): the protocol of [22] shows
that in a spin chain of qubits, it is possible to saturate the
Lieb-Robinson light cone in at least one state. What Corollary
1 proves is that the state identified in [22] is in fact one of the
exponentially rare states for which the Lieb-Robinson light
cone can be saturated! This strongly suggests that the rapid
single-bit state transfer protocol of [22], which can transfer
one qubit in time ¢ ~ r*~2¢_ may require exquisite control of
the background state; this contrasts with the more robust (yet
slower) protocol of [10,41], which uses long-range interac-
tions to send qubits in a “self-error-correcting” scheme. It is an
interesting open question to more quantitatively compare fast
quantum error-correction schemes to the optimal Frobenius
and Lieb-Robinson light cones which have been developed
over the past few years.
Lastly, we conjecture that the optimal bound on p-norms
takes the form
”
11Ao(0). Bl S -

T (4.21)
re-
This is an educated guess: it extrapolates to the p = 2 case,
and that the concentration holds at (") though Corollary 1.
We do not currently know how and if our quantum walk based
proof of Theorem 1 can be generalized to a p-norm bound.

V. ALGEBRAICALLY OPTIMAL OPERATOR
GROWTH PROTOCOL

Having established the Frobenius light cone rigorously in
d =1, and with a conjecture on how it generalizes to higher

dimensions d, let us now describe a protocol which we claim
(and will subsequently prove) achieves these speed limits (up
to subalgebraic corrections). Our approach is loosely inspired
by the optimally fast single-qubit state transfer protocol de-
veloped in [22]: as in [22], we will develop our protocol via
“recursive” intuition.

A. Intuitive argument

To begin, let us assume that we have a system with tun-
able and time-dependent power-law interactions of exponent
d <a <d+1 on the standard hypercubic lattice Z?. We
divide up this lattice into a partition of hypercubes at multiple
scales ¢ = 0, 1, 2, .. .. For intuitive purposes, we can say that
the scale ¢ = 0 corresponds to each lattice site being in its
own cube; scale ¢ = 1 corresponds to a partition of the lattice
into hypercubes of side length m; in all dimensions; scale
q = 2 corresponds to a partition into hypercubes of side length
mymy in all dimensions, and so on. (Note that the ¢ = 2 cubes
contain my g = 1 cubes within them, etc.). In the discussion
that follows, we will for simplicity setm; =m, = --- = m.

At time r = 0, we start with a Pauli matrix X, on a single
site. By the definitions above, that Pauli matrix occupies ex-
actly one O-cube, which we might as well call the origin of
the lattice. Our goal is to find a quantum mechanical protocol
[i.e., a unitary matrix U(¢), which can be generated from
a power-law Hamiltonian evolving for time ¢, possibly with
time-dependent coefficients], such that U (¢)"XoU (¢) consists
of Pauli strings of length L¢. If we achieve this, then we know
that this operator must have support on at least one site a
distance ~L away from the origin where we started. Our goal
istodo thisinatimet ~ LY ¢ ford <o <d + 1.

To motivate how we might achieve this task, suppose that
we have a quantum protocol, a unitary matrix U,, which is
capable of taking any single-site Pauli matrix (e.g., Xo) and
evolving it into an operator U, ; WU, which is supported on an
O(1) fraction of sites in the g-cube C;:

i 2 Rd
> Puiwu,|| o RY, (5.1)
xeCy
with R;’ being the number of sites in C,, and
R, =mR,_; = m1. (5.2)

We can certainly do this in constant time when g =1 by
simply using nearest-neighbor interactions.

Now, assuming that we found U, let us find a U, at the
next scale. First, note that any g-cube C, lies entirely within a
(g + 1)-cube C, . How can we find a unitary U, such that
(5.1) continues to hold at scale g + 1? One possible way to do
this would be

Uq+1 = UqVq—HU , (5-3)

where V.| is a unitary that takes an operator supported in a
single g-cube, and evolves it to have support on only a single
site in each of the other m? — 1 g-cubes in Cy+1. The three-
step process is sketched in Fig. 3.

The key observation is that this “recursive” construction is
quite natural to implement with power-law interactions. As the
scale ¢ = 0 — 1 unitary U, is quite easy to implement (even
using only nearest-neighbor interactions), let us focus on how
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FIG. 3. The recursive step in the idealized protocol, constructing U, from U,_;. The new sites are shaded lighter. (1) Grow a single Pauli
W to have support on ~C,| sites using the first U,_;. (2) “Seed” a single Pauli matrix (e.g., Z,) on one site x in each other g-cube C(; cC,

using V,. (3) Run again the
the left is the description of U,_;.

V,+1 might effectively be implemented with power-law inter-
actions. Suppose that as an idealistic cartoon, we found that

UiXU, = [ ] X (5.4)
xeCy
Now let us consider
) Z.7Z,
Vq+1 = exp _quJrl Z m (55)
q+

Xv)’ECqul

Clearly, this Hamiltonian is compatible with (2.2). When 7,4,
is small, we may estimate that the fraction of the operator with
support outside of the original C, is given by the first-order
expansion

- 2
Z,7Z,
Tq+1 Z (de & )Ot ) 1_[ XX
_)(,yEC,Frl g+1 XEC[/ F
_ Z 2Tq+1YZ 1—[ X
x€C,yeCypy1—C, (dRg+1)” c,
¢ YE€Cq+1 zeCy—x F
472
g+1 d d
= — —R 5.6
(dRy41)" o (Ryvr = Ry)- G0

U,-1 protocol on each remaining g-cube C;, to “bloom” the seeded single operator into a finite fraction of sites. On

Taking
5.7

we can estimate that our protocol may have substantial weight
outside of C, (and thus have some seeds in each new C,.). The
runtime of the overall U, is, recursively,

d
Tg+1 < Rq+1 ’

tq+] = Tg+1 + th (58)

And indeed,

o Re~ (5.9)

does appear consistent with (5.8). This suggests that our re-
cursive approach will be capable of growing an operator at
the provably optimal rate in d = 1, and conjectured optimal
rateind > 1.

In order to make the argument above precise, we will study
a random ensemble of protocols, which proceed up to scale
g ~ Inm ~ /In r. This peculiar choice of m happens to speed
up some technical steps in our proof, while only leading to
subalgebraic factors in the overall runtime of the method. We
will show that at least half of the protocols in our random
ensemble grow operators quickly, (nearly) saturating Theorem
1. We emphasize that randomness does not play some key
physical role; after all, if we just pick some random instance
of our protocol, with at least 50% chance that one nonrandom
protocol can grow operators quickly! Randomness is useful,
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however, as a way to simplify what is already a rather te-
dious proof which aims to keep track of the probability that a
growing operator O(t) has support on a given lattice site. In a
nutshell, we introduce random depolarizing unitaries (denoted
as D below) which will allow us to keep track of only whether
a given site has a Pauli matrix on it or not, but ignore what
kind of Pauli we have. This makes our technical proof a bit
more conceptually simple.

Despite this randomness, we emphasize that constructive
quantum interference is absolutely essential to the success
of these random protocols. Indeed, (5.6) holds as 7,41 — 0;
however, we also need to make sure that (5.6) holds at suf-
ficiently late times such that the unitary V| has spread the
operator U; XoU, into many sites in C, . The fact that V,;
is the product of many exp[—iZZ] unitaries, which are all
mutually commuting, ensures that the long-range interactions
are interfering coherently.

B. Explicit protocol

Having gone through the intuitive argument, let us now
present an explicit random Hamiltonian protocol that achieves
this result, at the expense of a logarithmically increased run-
time (which we will “justify” at the end of this section). The
protocol is built using the same g-cube structure outlined
above. In a nutshell, our (¢ + 1)-scale protocol takes the form

Uyt = UVys1Uq, (5.10)

where U, and U] are random g-scale unitary protocols drawn
from an ensemble that we will state below, and

U; =U,D, (5.11)
where D is a depolarizing unitary drawn uniformly at random
from a discrete ensemble (to be described below) and V4
is a random unitary, built out of power-law interactions, that
will mimic (5.5). At each step, we will choose the unitaries
U,, D, etc., uniformly at random from particular distributions.
Perhaps surprisingly, this randomness will actually help us
prove that the protocol works. The depolarizer D will allow
us to effectively ignore what operator is present on a given
site, and just keep track of which sites our growing operator
has support on. Analogous to recent work on random unitary
circuits [11,12], this can make it much easier to keep track of
the many-body operator growth.

Ultimately, we will prove that the ensemble-averaged
Frobenius norm of a commutator is large; if the average is
large, there must be one instance of a unitary time evolution
operator in the ensemble (which we do not need to explicitly
point out), which achieves a large Frobenius norm. Of course,
it is even more interesting that typical unitaries in the ensem-
ble achieve a large Frobenius norm.

Let us now carefully define the g-cube partitions of the
lattice Z¢. We define the g cubes

Cylk,y ... kg) = {(n1,...,nq) € 29 : Ryk;
< < Ry(ki + 1)} (5.12)
The set of all such g cubes will be denoted with
B, :={C,(k) : k € Z4}. (5.13)

R, is defined via (5.2), where
m = [evln(’)], (5.14)

The random depolarizing unitary D is chosen as follows:

D:= ®Dx,

xeA

(5.15)

where D, are 2 x 2 unitary matrix acting on qubit x, indepen-

dent and identically distributed (i.i.d.) for each x. Each D, is

chosen uniformly at random (via the discrete Haar measure)
from the group

G { 11 +1 £+iX“ Lixa +iXe +ix°

= e X, ——————,

V2 V2
:I:l:l:iX:I:iY:I:iZ}

5.16
> (5.16)
In the above equation, X“ and X b denote distinct Pauli ma-
trices (X, Y, Z). Each D, can be generated using a single-site
Hamiltonian of (operator) norm 1 in a time

T
Ip < 5 (5.17)
The growth unitary is

V, =exp [ — it H 7], (5.18)

where the Hamiltonian

1
77 ._

= ARy 3> Iwzz,, (5.19)

CeB, x,yeC

where J,, are i.i.d. random variables uniformly distributed on
the interval [—1, 1]. This clearly mimics what we intuitively
introduced above; however, we will see that the randomness
in the couplings is beneficial in allowing us to neglect possible
quantum interference phenomena (among growing operators)
that might ruin our protocol. The times 7, will be chosen
explicitly in (2.7) in Appendix E, but note for now that it obeys

7, < 1209m‘RI. (5.20)
The protocol will stop at scale
gy = [vln r-|. 5.21)

At this scale, at least half of the operator (as measured by the
Frobenius norm) will have size >r?~¢ for any € (Proposition
5). In order to demonstrate that the Frobenius light cone is sat-
urated (up to subalgebraic prefactors), we must calculate the
total runtime of the protocol U,. Using the inductive identity
(5.10), along with (5.20), we see that if #, is the total runtime
of Uy, and tp < 7, is the runtime of D, then

qx
tg =214 1 +ip+Ty <y 1 +2ty =Y T, 429 <20g,
g=1

(@a—d)(1++/Inr)
< 480(240¢)"1" (1 n e‘/m)

< 480(240¢% 4 +1ge—dVinr a—d (5.22)

This condition will always be ensured at sufficiently large r. We
can shrink the prefactor of quZ to ensure this at small r
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We thus conclude a lower bound on the Frobenius light
cone in any dimension. To be more precise, given the de-
composition of an operator defined in (2.8), let us define the

projector
Ps.|A) := >
SCAxdiam(SU{0)>L

As). (5.23)

Here diam(S) denotes the maximal distance between any two
elements in the set S. The discussion above immediately im-
plies the following theorem:

Theorem 3. Let Xy be the Pauli X matrix supported at the
origin (0, ..., 0) € Z¢. For any € > 0, define r(L) := L'*</2.
Then there exists a sufficiently large L, such that a power-
law Hamiltonian protocol drawn from the distribution (5.10)
achieves

IP>L1U; XoUg )l > % (5.24)
with probability 2%. Moreover, the shape of the Frobenius
light cone is bounded by

L(t) > K.taa—¢ (5.25)

for some constant 0 < K. < co. The asymptotic bound of
Theorem 1 cannot be improved by an algebraic factor.

The last thing we need to do is to prove that our protocol in
fact does grow a finite fraction of an initial small operator to
be large. This result is captured by the following key technical
proposition:

Proposition 5. For sufficiently large L, there exists a
Hamiltonian in the random ensemble of Sec. V B in which
(5.24) holds.

Proof. The proof of this proposition, of course, corresponds
to the overwhelming majority of the proof of Theorem 3.
As it is rather technically involved, let us outline the key
steps in the proof. (1) We will first develop a “superoperator
density matrix” perspective for bounding the Frobenius light
cone. (2) This notation will prove highly useful since we will
show that the “superdepolarizing channel” (conjugation by
D) destroys all (unwanted) quantum coherence, and leaves
us with an effectively classical problem to analyze. (3) We
will then describe the inductive hypothesis required to achieve
(5.24), and reduce the quantum mechanical problem of bound-
ing operator growth to the bounds on a classical stochastic
process. (4) We will then show that (in the language of the
effective stochastic process), with very high probability the
V, unitary “seeds” enough Pauli matrices in new cubes. (5)
Analogously, we will show that with very high probability,
these seeds in turn grow into large Pauli strings upon applying
another U,_;. (6) We will show that at every possible step of
the protocol, the collective failure probability is small and de-
creases sufficiently fast that there is a finite success probability
to grow a large operator. Upon converting back to the quantum
mechanical language, that will imply (5.24). The technical
implementation of this proof is in Appendix E. |

The fact that fypical protocols actually are effective at
growing operators at the Frobenius light cone suggests a cer-
tain robustness of this notion of light cone. At the same time,
for chaotic systems, the light cone is linear above o > d + %
[29,42]. One way to reconcile these facts is to note that the

chaotic Hamiltonians do not choose ZZ Hamiltonians to im-
plement operator growth in V. By only including ZZ terms
in our long-range Hamiltonian, we ensure that there is always
constructive interference in the V, step at which the operator
actually grows.!® In a Brownian circuit [29,42], in contrast,
the operator is rechosen randomly at each step in time: this
leads to far greater incoherence which effectively doubles the
power law of the interactions from o — 2« (as one can only
incoherently add squares).'!

Remarkably, our protocol also saturates both the Frobenius
light cone of this paper (proven in d = 1 and conjectured
for d > 1), and a Frobenius light cone proven for random
Hamiltonians in d = 1 (Theorem 7, [29]). In other words, the
Frobenius light cones are essentially the same, whether one
fine tunes the Hamiltonian or just draws one randomly from
an ensemble. We anticipate these conclusions generalize to
higher dimensions, though a formal proof is not known.

VI. OUTLOOK

We have shown constraints on the dynamics of growing
operators, measured by the Frobenius norm. In particular, we
have proved that in one-dimensional spin chains with long-
range interactions, it is possible for the Frobenius light cone
to be exponentially slower than the Lieb-Robinson light cone
(o = 2). Such a result is based on the key insight that Frobe-
nius norm becomes approximately submultiplicative, proven
by combining standard and new functional analysis tools (uni-
form smoothness) with the quantum walk formalism.

Moreover, we demonstrated that our Frobenius light cone
in one dimension is essentially optimal (up to subalgebraic
corrections). Our protocol features the first comprehensive
analysis of an explicit random Hamiltonian; in contrast, ex-
isting results relied on Brownian Hamiltonian dynamics [42].
Our usage of superdensity operator and superchannel may find
further applications in studying operator growth and Frobe-
nius light cones in other systems.

In the near future, we hope to prove our conjecture that
the Frobenius light cone in higher-dimensional models with
long-range interactions looks (schematically like) ¢ > r*—¢
(ford < o < d + 1). Beyond that obvious generalization, we
anticipate that our methods will find use in a broad variety
of other challenging problems, such as bounding fast scram-
bling and chaos in quantum simulators, including trapped ion
crystals and cavity quantum electrodynamics [26,43,44]; this
work may help to constrain when it is possible (or not) to
mimic quantum gravity in an experiment [45-50]. A more
practical possible application of the Frobenius light cone may
be to constrain the generation of (volume-law) entanglement.
Lastly, we hope to develop a more general toolkit (perhaps
based on the quantum walk methods) to control Frobenius
light cones in arbitrary many-body models.

YHowever, our V, is incoherent between different interaction terms
due to the random coefficients. This does not slow down the protocol
because different Paulis always add up incoherently (i.e., as sum of
squares) in the Frobenius norm, regardless of their phases.

"These doubled interactions then obey a standard Lieb-Robinson—
type light cone, which is linear when 2o > 2d + 1, ora > d + %
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APPENDIX A: EXTENSION OF LEMMA 1 TO p-NORMS
AND k-LOCAL HAMILTONIANS

In this Appendix, we show that the approximate form of
submultiplicativity derived in Sec. III extends to Schatten
p-norms with p > 2, using the following version of uniform
smoothness. We include a minimal review, and, e.g., [39,51]
for further discussions.'?

Proposition 6 (Uniform smoothness for subsystem).
Consider matrices X, Y of the same dimensions that satisfy
Tr(Y)=0;X =X; ® [;. For p > 2,

IX + Y5 < IX[5+ (p— DIYS. (A1)

The proof of this proposition, which adapts from proof in
[[51], Proposition 4.3], is delayed slightly. We first recall the
following identity:

Proposition 7 (Uniform smoothness for Schatten classes
[[51], Fact 4.1]).

1 2/p
[E(IIX FYIL X — Y||,';)} SIXIE+G IV (A2)

With these facts in hand, we are now ready to generalize
Proposition 3 to the p-norm. We begin with the following
simple observation:

Proposition 8. ForTry(Y)=0; X =X_; 1, p =2,

X1, < IX + Y. (A3)

Proof. We employ a variational formulation for Schatten
p-norms [52]:

IX;ll, = sup Tr(X]B;) (A4)

1Bjllg<1

for 1/p+ 1/qg = 1. Then we restrict to B which are propor-
tional to the identity on site i: B &« B_; ® I;:

IX +Y[,= sup Tr[(X +Y)'B]

I1Bllg<1
T T Li
>Tr|(X"+YNHB,; ® )= I1X—i @1,
illg
(AS5)
In the last inequality we used that Tr;Y = 0 and that X_; ® [
has maximizer B_; ® I;/||1; ,- [ |
We can now prove Proposition 6.
Proof. Observe that
X+YPR+IXI2  IX+Y2+1X -Y|?
X VI + WX X YR IX Y

2 = 2

12This particular form of uniform smoothness was perceived when
this work and another work [39] was developing. We include the
same proof at both papers.

P P\ 2/p

< <||X+Y||p—;”X Y||p) SIXIE+GIYIE (A7)
The last line uses Lyapunov’s inequality, and then Proposition
7. Rearranging terms yields a slightly worse constant 2C,. The
advertised constant can be obtained via a more involved trick
[[51], Lemma A.1]. |

Now we can show submultiplicativity for arbitrary p-
norms. We will also, for good measure, describe how to
generalize our result to k-local Hamiltonians as well. As in
the main text, we need to properly normalize the Schatten
p-norms with the “bar norm” (4.14).

Proposition 9. For k-local Hamiltonian

H= Z H; ..,

m2ip>-->i) >1

(A8)

such that P;H;,  ; =1(j € {i1, ..., ix}DH,,, .., for any oper-
ator O obeying [|O|| < 1 and any p > 2,

k/2
IHOI; < ep”* - 1H |y - 101:(In 10151 + )%, (A9)

where

Hl = [ > Hy.ilk  (AlO)
m=ip>-->i =1
Proof. Using Proposition 1,
IHOl, = IHOll, < 1H]lp/a-6) - 1O1lp/6- (A1)

We now bound each of these norms in turn. We start with
lH |, [setg := p/(1 — ) in what follows]:

2 2
E Hl] ..... 173 g E Hl| 44444 17
m2i>-->i1 =1 q m—12i>-->i; >1 q
2
+Cq E H11 ..... 179
m=iy>ig_-->ij =1 q
2
< z : C‘I 2 I-Ill ~~~~~ 173
Wl}ikék ik>ik_]...>i|21

< Z CMIH.....i ||§ (A12)

m=2ig>->i; =1

SCHIE > MHyal

m2ig>-->i1 =1

= CHMIZIHE,.- (A13)

In the first line we applied Proposition 6 for Y =

Zm:ik>ik,l--->il>1 Hil ..... i and X = Zm—lzik>--->i,>1Hil.,...,ik.s
ie., we are “peeling off” any term traceless on the qudit
ir = m. In the second inequality we peel off quditiy =m — 1,
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qudit iy = m — 2 all the way to iy = k.'3 In the second line, we
recursively repeat the first and second lines for i;_y, ..., i,
each of which gives a factor of C,. Lastly, we use Holder’s
inequality to bound the g-norm by the oo norm with a ||,
overhead.'*

J

For the norm of O, a standard manipulation using Proposi-

tion 2, and ||O||s < 1, allows us to handle
1011, < lOIS1IO1L7 < l1O]5, (A14)

Now combining (1.2), (1.4), and (1.5), we pluging = p/(1 —
0) to get

[
0t < e[ (25 =) e Jiot; < (725) i (72) (A15)
where we explicitly display the ||/||,, and used that ||I||, = (Tr[/ DYP to normalize || O p- As in the main text, we choose
n= ﬁ :=max (1, | In(|O||5)) < | In(|Ol|5| + 1. (A16)
Then,
IHOll; < PIHIo 1015 x n 21015 < P2 IH o) |0ll5 x nk/Ze M1l (A17)
Combining (1.7) and (1.8), we obtain the advertised result. |

APPENDIX B: EXTENSION OF SUBMULTIPLICATIVITY TO TENSOR PRODUCT ENSEMBLES

Submultiplicativity also extends to special other choices of background density matrices p. We begin by recalling the

following results of [53]:

Proposition 10. Let p be a density matrix. Define the norm

101y, == 107 0p' "), = [Tr|p'r0p' 2|"]". (B1)
Then, the following properties hold:

g, =Tr(p) =1 (proper normalization), (B2a)
Tr(\/pA’/pB) < Al 0 1Bllg,p (Holder inequality with 1/p + 1/ = 1), (B2b)
I1Allg.0 < IAIIG, LlIAllL S [Riesz-Thorin interpolation with 8/q; 4+ (1 — 0)/q, = 1/gs]. (B2c¢)

Using this proposition, it is straightforward to begin to extend Proposition 3 to use this generalized norm.

Proposition 11. Suppose that [H, p] = 0. Then,
_ 14y 1-1

IHOWI3, < IHIE, ,I0132] 070" Jpop™ 4| 11", (B3)

Proof. Using the identities in Proposition 10, and temporarily just writing O(t) = O,
IHOI3,, = Te(O"H' pHO/p) = Te[ (o~ "*H' /pH p~/*) /P (0™ 0/pO" p74) ]
<lp ™ H YHP i lpp - 1o~ 10" /pOP Iy
<lp™H pHP - 107101 /pOp ™4 /1 - 1073 0" /pOp 410/
<o~ H' JPHP *lpp - Tr(/pO" /BO)* - 07O /pOp ™+ 55 (B4

In the third line we used interpolation for é = I/Tq + % and, in the fourth, we used that at oo it does not depend on the
background anymore: ||A|lo,, = [|Alloc. Lastly, when [H, p] = 0, we note that for any a, b, c,

pGO(I)Ipbo(t)pC — paetho’i'efthpbeiHlOefiHlpC — ethpHOTIObOpCefth’ (BS)

and moreover we note that

1A p.p = 1Allp.p (B6)

BThe i, = k term does not have the C, coefficient, but we threw it
in to simplify the expression.

“This conversion to operator norm is tight when the spectrum is
suitably flat, as is the case when dealing with a Pauli string operator.
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for any A. Hence, we obtain (1.3). |
We expect that this extension is most useful in the simple scenario where p is a simple tensor product. This naturally arises
in models with a conserved charge, where one can consider the “infinite-temperature grand canonical ensemble”

p X ® e Ho (B7)

where Q; represents the local charge on site i. Examples correspond to spin systems with conserved total z spin, or models like
the Bose-Hubbard model in which total boson number is conserved. In these models, the infinity norm || ,0_% of \/ﬁO,o‘% |lco may

not be too dangerous. Unfortunately, in a thermal ensemble with p e PH  due to the nonlocality in H one must be extremely
careful about factors of ¢/ when computing operator norms.

APPENDIX C: PROOF OF LEMMA 2

Observe that (for simplicity we will drop the explicit time dependence in £ and H)

d
E[Ao(t)lfle(t)] = [Ao®)ILF, LlAo)] =2 > [AIQ;LF, L1Q;|Ao(t)]

R>j>i>0
=2 Z (J — DIA®)|Q;LQ; Ao (1)], (CDH
R>j>i>0

where the factor of 2 comes from the fact that j > i is restricted in the sum, yet the terms with j and i can have either number
on either side of the inner product. The antisymmetry of £ and symmetry of F then allow us to say (A|[F, L]|A) = 2(A|FL|A).
Our technical observation is that we can do a discrete integration by parts mimicking E[X] = f dt Q(X > t) for a real-valued
random variable:

Y G-DQLQ= Y QLY Q. (C2)
R>j>i20 R>j>i>0 k=0

In addition to combining these two results, we will want to split up the Liouvillian £ using the same method of [20]. Let us
define the following sets:

Sqr =127, 2% +1,...,2%k +2) — 1}. (C3)
We define

_R+1
q — 24

to be the largest possible value of k for S, . As shown in Fig. 2, at each scale g, these sets form “double partitions” of the domain
[0, R] at every scale 0 < ¢ < g,. We define

-1 (C4)

Hyp = Z I (i, j are not contained in Sy ,, for any q' < q, for any m)H; ;, (CS5)

i,JE€Syk

and L, in the obvious way, by denoting £L;; = i[H;;, -] to be the Liouvillian associated with sites i and j, and L, x = i[H,, -].
Now, with (1.8),

d R-1 R i g Ky R i
T A1 FIA¢0)] = 22 Z D_MAOIQLQuAMI = | DD ) Z D TADIQ; Ly n Qi lAo(1)]
i=0 j=i+1 k=0 q=0 n=0i€S,, ) j=i+1 k=0
. Kq 29(n+2) i
= > ( > ) D [A()IQ; L4 QiAo ()]
q=0 n=0 ieS,, \ j=i+l/ k=2n
9. K, 29(n42) i
< D QA [[Lon Y, QulAo@))| - (C6)
q=0 n=0 ieS,, || j=i+1 F k=24n F

In the first line we absorb the factor of 2 into the double partition of 0 < i < R — 1; in the second line, we have used the fact that
L, » is nonvanishing only on operators with support in S ,,, and that if it extends a Pauli string to the right, that Pauli string has
rightmost site in S, ,. In the third line, we use the Cauchy-Schwarz inequality, keeping in mind that our inner product is already
normalized to the Frobenius norm. Now, we wish to further simplify this expression. To proceed, note the following:

Corollary 2. For any operator O obeying ||O|» < 1, there exists a constant 0 < C < oo such that

124410k < ClIO[g (I In [|O]g] 4 1) x 2771, (C7)
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Proof. Observe that for each H;; contained in H, x, we have that (if i < j)i < 29(k+ 1) and j >

1£4410) e <2 %9 x2e > k2 Ole(IIn [[O]¢| + 1).
iJ

we may apply Lemma 1:

> 29(k + 1). This means that

(C8)

The first factor of 2 comes from considering either HO or OH, the factor of 9 comes from triangle inequality over two sums of

Paulis 3>, X“X*. Now observe that

o
1 const
/Zhu = Z Z li — ]|a = Z Z ]|2a < const Z jRa=1 = pata=1)’ (©9)
i=—00 j=24"1 i=—00 j=24-1 j=24-1
where Cj and C are finite constants that depend on «. Thus, we obtain (1.4). |
With Corollary 2,
24(n+2) i i
—[AW)'JT Ao < € ZZ S Qo] |3 Qs (1 —in| 37 QulAo()) )2—““-”
q=0 n=0ieS,, |l j=i+1 F lk=21n F k=24n F
g K4
<CY D D1 QilAon]| | Y] QilAoe)| | T—n| > QjlAgr)| |27
q=0 n=0 iGqun jGqun F jGSq,n F J’ESqAn F
ZCZqun< 1npqn)2 9@=2), (C10)
q=0 n=0

In the second line, we used that the function x(1 — Inx) is in

creasing in the domain x € [0, 1], and that the Frobenius norm of

a projected operator monotonically increases if we add orthogonal projectors Q;’s to the sum. In the third line, we explicitly

carried out the sum over i € S, ,, and defined

2

Pan = Y QjlAo()) (C11)
jesq.n F
Namely, p, , is the probability that the operator has its rightmost support in S, ,. Note that
Yo o<l Y pn<l (C12)

n=0,2,4,...

n=1,3,5,...

At this point, we first use the fact that for fixed g, the maximal value of the entropy like quantity (1.7) is attained when p, , is

uniform: p, , = 2/(K, + 1). Hence,

2
K, +1

d
27 A MIF 1A < ZCZ ( ——ln

Evaluating this sum leads to (4.9).

APPENDIX D: PROOF OF THEOREM 2

As stated in the main text, we need to modify the technical
proof given in [20] in a few places to prove Theorem 2. Let
us briefly review the proof strategy of [20]. As in the proof of
Theorem 2, we divide up the 1D lattice into boxes of size 27
for 0 < ¢ < Inr. We then observe that if (using the main text
notation) Q,|A¢(7)) # 0, then, if we write out

o]

Z E”Ao

nO

Ao(t) = e“'Ag = (D1)

as a Taylor series, we can look for the “irreducible” L’s in
any given sequence of n £’s in £" that “move the operator
forward”: namely, move an operator from the hyperplane of

(C13)

q*
1+, —
>2q<“> <20y (2 T ‘12 1 2) pi@=d),

=0

(

Qum to Qp4x for some k > 0. The key idea of [20], using the
formalism of [4], is that (1) reducible (i.e., not irreducible) L’s
can be reexponentiated to form a new unitary transformation,
and (2) we only need to count “irreducible” £L’s in sequences
that have sufficiently many steps forward at the corresponding
scale g (as if we pull down a small number of irreducible steps
at scale ¢/, we can just reexponentiate £’s at this scale).

We will want to perform each of these two steps a little
differently. However, to motivate why, it will help to invert
the logic and first think about what we wish to accomplish
during the second step. At the longest scale g,, we only want
to count one irreducible path. Let £,, contain all terms in £
corresponding to a commutator [H,,,, . . . ] at the longest scale,
L_y =L—L,,and L, ; contains all couplings in £, that
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end on site j. Using the Duhamel identity, we write
Lol 43 / dse“UIL, et (D2)
j>r/2

Now consider using the triangle inequality, which holds for all
p-norms, to obtain

1Q,e“ |0, < Qe
+ Z / ds||Q.e™ VL, je+*|0p)|l;. (D3)

j>r/2

£-a100)ll5

The first term in this inequality would correspond to all paths
that make it from O to r without ultralong couplings, and
can be bounded separately (as we will describe below). The
second term corresponds to all of the paths that invoked a long
coupling to get to a site j more than halfway to r. We would
be tempted to perform the following simplifications:

1Q e~ 9L, je==*|O0p)l;
L g8
S NLq. €5 100115
L,
< I H,, jlIlle-5100) 1 - (D4)

The first step is very mild, contributing at worst an O(1)
factor. The second step, however, can only be used once as
we have emphasized for the Frobenius light cone (3.7): To
peel off ||[HO||; ~ ||H|l2)l|Oll 5, submultiplicativity (Proposi-
tion 9) requires a constraint ||O||o < 1. For (1.4) this criterion
is satisfied, but it will not be whenever there are two or
more irreducible couplings in a sequence. Our remedy is the
following. For illustration, consider growing an operator O by
L, and for simplicity assume the operator is supported entirely
< 0 and L is bipartite j > 0 > i. Then, uniform smoothness
implies

In words, the sum over the right site j leads to a sum of squares
in operator weight (as in Frobenius light cones) while the sum
over left site i is bounded additively as in the Lieb-Robinson
light cone. What we gain from this sacrifice is that this triggers
a recursion for the (normalized) p-norm. We will see that
this leads to a light cone of ¢t ~ r™n(1.=3/2) "in_between the
Frobenius light cone of t ~ r™n.@=D and Lieb-Robinson
light cone ¢ ~ pmin(h.a=2),

Having made this observation, we can now essentially re-
produce the proof used in [20], except that we need to modify
a few of the constants as well as the equivalence classes used
in that proof. Disect the interactions of scale g and regroup the
terms sharing the same site j for i < j (i.e., j is farther from
the origin). Labeled by sites r > j > 0, these are the building
blocks we will use:

Zqu—Z ) Hii:z > > Hy

k (i,j)€H k i<j,(i,j)eHyx
=Y Hyj. (D8)
J

For any sequence, we can define and read out its for-
ward sequence by the following recursive algorithm. Suppose
Ly, ..., Ls has forward sequence f, = (Lg,,...,Lp).
Then for Lg,,,, ..., Lg,, it has forward sequence

if jn+1 2 ]m + 1

fur = {;ff“’ Jud L (D9)

where B, = (qu, ku, ju)- In words, the j,.; > j, + 1 condi-
tion says a hop is forward if exceeds the farthest so far.
For each forward sequence, we can isolate terms of some

scale g to form a g-forward subsequence. Such a sequence is
long if it has at least

2
IZIONZ = || Y L£ij10<0) (D5)
j>0>i i 1 24— 5/2)3 r
N, = 23 pre (D10)
(@—5/2)2
<p-DY ZL,,|O<O> (D6) ZZ e
j=>0 1l 0>i
terms. Note the size of a scale-g block is 2¢*!. We then define
<(p-—1 Z 2 Z H;; || |(’)<0)||;. D7) characteristic function x, for each scale
Jj>0 0>i |
Lg,, ..., Ly, ifitcontains along q-forward subsequence
Xq[’ﬂn ...,C,gl = (Dll)
0, else
and for each forward subsequence f
Ly, ..., Lg, ifitcontains the forward subsequence B
Xﬁ'cﬁn ...[,ﬂ] = (D12)
0, else.

We denote with F; the set of long g-forward (sub)sequences. The following combinatorial proposition will now prove useful

(see, e.g., [54], for its context in combinatorics):
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Proposition 12. Let F, denote the set of all long forward g
sequences of length > N,. Then,

r

Xo=

k=N, \ p=N,

k
Z(—l)“"(i) 3> x. @13

BeFq|Bl=k

Proof. Suppose that we have a sequence S := Lg,, ..., Lg,
First note that x, clearly annihilates anything which does
not have a long g-forward subsequence since xgS = 0 for
any B € F,. Hence, we can assume that S does have a long
g-forward subsequence B. Consider what happens at length
N, + k. For simplicity, let ¥, denote the right-hand side of
(1.3). In general, we will have

%S =NS, (D14)
where the integer N counts the number of x4’s, weighted by
their appropriate prefactor in (1.3), which do not annihilate S.
We can straightforwardly calculate

k r
N, +k Ny + 7
N=Z<NZ+,) x [Z(—n P(qu)}
r=0 p=0 q

Lemma 3.

X" 1Ag) = f

Al(r)
where ¢ = £(p),

Eﬁ =L -

with the sets Ypﬂ corresponding to the forbidden terms

YIB) =gk, j):j=jBp-1}

B B _ B
dty .. .dlleﬁ(titi)ﬁﬂkeﬁf (te tl’])ﬁﬁ“leﬁf*‘m’l fe=2) Ce Eﬁleﬁltl |Ag),

= Xk: (1)~ (N, + k)!
r=0 p=0 (k = r)!(r = p)l(Ng + p)!
= ik_p(—nq (k—p)' (N + k!
p=0 ¢=0 (k—p—q)q! (k= p)!(N, + p)V’

(D15)

where in the second line, we switched variables to r = p 4 g
in the sum. Clearly, the sum over g vanishes unless it only runs
over g = 0, namely, p = k. We conclude that only the k = p
term above is nonzero, which immediately leads to A = 1.
Hence, %,S = S, which implies ¥, = x, and thus (1.3). W
We will use the following simple bound in what follows:

k
Z(—l)"ﬂ(k> <2,
p=q P

Next, we let A’() denote the £-simplex:
Ay =A@, ) €10,1] 0 < <+ < ). (D)

(D16)

The following lemma helps us to use the indicator functions
above to group all sequences in ¢“’ into “irreducible” se-
quences:

(D18)
Z L (D19)

Aer(ﬁ)
(D20)

which would change the forwardness of the sequence, at any scale. j(8,) denotes the right site of coupling B,,.
The proof of this lemma is found in [20]. In words, the intermediate unitaries £# contain the terms (at any scale) which
cannot possibly render the coupling L4, a nonforward coupling. The following lemma allows us to then bound the p-norm of

the resulting sequences:
Lemma 4.

D xpe™lAo)

Fa:lBl=t
BeFq. 1B »

_ @ /CrllHy l1t)*

——————=— Aol

D21
NI (D21)

Proof. The g-forward sequence can be enumerated by the rightmost sites of the g-scale couplings: we denote these as r >

Je > -+ > j; = 1, using the previous lemma:

Do xpelA = Y]

BeFq.1B1=t BeF,.1Bl=t

. . ¢
jem =y AN

We use notation L;,) to emphasize it is independent of the previous i;_, ..

/N( ) dt . .. dtlel:(’f”) E Eheﬁuw(fﬁn—l) E ﬁj,;,,eﬁ”“”(”"_””) . E Lj, eLuph 1Ao).
't -
Je

B B B
/ dty ... dtle[:(tft,;)[’ﬂgeﬁé(tyfta-l)EﬂHeﬁg_l(tz-lfta-z) o Eﬂleﬁltl |Ao)
A1)

3 dty ...dne™ L LD L, Lt | p s gLunt|Ag)

(D22)

Je—1<je Ji<J2

., 11 (Lemma 3), which then allows us to move the

sums inside of the integrals in the third equality. This nested sum then conveniently allows us to use the invariance of p-norms
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under unitary evolution to remove all but the “irreducible” steps Lg, from our bound:

2
ﬁ(l ) ZE eﬁ(m(lz te—1) Z E E(j(_l)(tl—]_tK—Z) . Z Ejleﬁul)tl |Ag)
Je—1<je Ji<j2 P
2
S Cp Y 2H, | e ter 37 L e et N L eEuntj4y)
Je Je—1<ie J1<J2 p
24¢
¢ 2 200 2 « GCrlIHg 17 2
<SEC) Do IH- - H Al < = 14l (D23)
Je>>]i
The first inequality uses uniform smoothness for each term L;, ..., which is nontrivial on site j, and trivial beyond. Indeed, if
we start with the rightmost possible j,, we know that all other terms in the sum are trivial on site j,, so uniform smoothness
applies; we simply repeat this argument until we have summed over all j,. The second line repeats this for i;_; ... ;. In the last
line, we used the combinatorial bound
ot
Y o< o (D24)
r>ipg>-->i =1 :
Finally, we use one final triangle inequality to state that
(4C,r||Hy, j11*)* Q2/Cprtl|Hy ;1"
Yo xpeA0)| < TSI AR [ de . dn 1= S (D25)
Al AL 213/
BeFq.1B1=L »
which completes the proof. |
We now generalize this result to sequences that have g-forward subsequences at multiple scales g, which we index by set
Z C(0,...,q"). As before, we label with F, the set of all such (sub)sequences (keep in mind that the ordering of terms at
different scales is important to keep track of), and we define
xz=]]x (D26)

qeZ

Lemma 5.

£
,/C rl|H, illt) "
> xﬁe"mo) <loll, [ [=—775 . (D27)
BeFz.1B41=¢4 qezZ q-vV *q-

Proof. The proof is nearly identical, but is slightly more tedious due to the multiple scales. Let us first bound the number of
ways that different scales can weave through each other, which is bounded by the multinomial coefficient

1
Z 1<e! o (D28)
BEFz,|By1=4, =4
where
L=ty (D29)
qeZ
For each sequence in Z, we obtain a factor of
14
r 2 ¢ 2 2 2 (4Cp”)€ 2 2
| xge™140)], < (4Cp) 'Z’ || = P14l < TnAoanan,jn : (D30)
Je= > J=

Following the last steps of the prior lemma, we find that

‘ QyCorllHy ;1% [(4C,r)
Do xpelA0| < DA, D] ’—, TnAoupH ”rg,“ ,/( r)l"[n Hy - (D31)
!

BeFz.1Bql1=¢tq BeFz.1B41=ty =

P
To finish the proof, we simply use the loose bound

0> ]_[zq!, (D32)

qeZ
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which leads to (1.7). u
At this point, we invoke the inclusion-exclusion of different scales found in [20]:

[P 140, = [P D (=D xze®1A0) | < D [Brxze™ 1A0)] - (D33)
Z#0 Z#0
P
Together with Proposition 12 (which immediately generalizes to multiscale Z), with

Ny := Z N,, (D34)

qeZ

we find that

B, xze 140)], =

Z [Z(—l)‘Z f’( )] > xpe™lAo)
=N, Lp=N; BeF,:|Bl=t »

- . (4/Cprl|Hy jl1)"
<20 Y e, ZHZ 62!3/2] . (D35)

t=N; BeF,|Bl=t Z qeZ t,=N,

In the second line we used (1.6), followed by Lemma 5.
Now, let us suppose that

4,/C I H, il
~— (D36)
q

for every scale g. Assuming this inequality (which will fix the values of # for which our bound is valid), then (1.5) becomes

. q Ly
[P0, < 2 37 [T /G Vol (2(‘” ”Hﬂ””) (037)

N, 1372 13/2
Z qeZ

It is useful to determine the first value g; at which a long g-forward path has a single coupling: N, = 1 for ¢ > q,. [Recall
N,’s definition in (D10).] This occurs when

M S 1 1 D38)
AR YCTICEIE
where we defined
4s .
M=) 2745, (D39)
q=0
Then, noting that for any j, there exists a constant 0 < ¢} < oo such that
Jj—1 !
1Hg Il < Y L(Hy € Hy ol Hil < = (D40)

42a)x-1’

i=0
we find that there exist constants 0 < ¢}, ¢, < 0o such that

Y2 (4F||Hq,||t) \Z( ¢,/ )Nq

13/2 32
N 2q(x I)Nq

q

q—1 3/2 9«
szlM 1
< Z ( ) + c3/prt Z @D (D41)

q9=q1

We now analyze this sum for different ranges of «.
Case: a > % First, we note that M does not depend on r since even as r — oo the sum in (1.8) is convergent. Second, we
observe that Ny > N, > --- > N, , which follows from (D10) and the fact that N, (before the floor function) changes by a factor

of at least 23©@~1 > 2 each time. These two inequalities imply that there exist constants 0 < c456 < 0o which do not depend
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on r such that

q1—1 3/2\ Ny 9« o 3/2
co/PtM czf tM c3./prt
( ) e vprt Z 2q(a— H Z < + 2qx(@—1)
=0

-
q q4=4q1 n=2
t C t
o VP VP (D42)
r—cs\/pt r
Observe that (1.6) holds so long as
3/2 3/2
f < N paaen < ’ st BT (D43)
4./pr 24— 1)\/_(4M)3/2 JP
for constants 0 < ki, k; < oo that do not depend on r.
Case: % <a< % Now we find that (for constants 0 < ¢; < 0o and an integer m independent of r)
qs
M=) 271@ DT = 3203 (D44)
and
qi1 = g« — m. (D45)

Then, note that N; > N; > Ny ... because the argument of (D10) now only varies by 2(¢~12/3 > 21/3 each time ¢ varies by 1.
Hence, we obtain (for constants 0 < cg9,19 < 0o independent of r)

qx

q1—1 372\ Na 9 00 3/2
c2/PtM 1 c2/PtM 1
(B ey s <03 (22 e Y s

q=0 9=q n=2 9=q

t t
s/ n €104/P (D46)

S 3 g Jpr a2

Observe that (1.6) holds so long as

3/2 3/2~q(5/2—a)~—3q/2 a—3/2
t < N e < PR ety gy L e gy (D47)
4. /pr J/pr3/2 N/ VP
for0 < k» < o0.
Case : a = % We obtain
M=gq.+1. (D48)
For r-independent constant 0 < ¢;; < oo,
g r
20 =C||1n r. (D49)
2

Again we have N| > N, > --- > N, _; > 1, for the same reason as when o > §. Hence for 0 < ¢12,13,14 < 00,

q—1 372\ Mo 9« 3/2
co/PtM 1 ca./ Pt ln(r) 1
2 ( r ) DY 21 S Z ( +esprt Z 4@ D) (D30)

q=0 q4=4q1 q9=4q1
C124/Pt cl4ft Inr
s rin=2r —ci3/pt + r ’ (DSD)
[
Lastly, observe that (1.6) is satisfied so long as 00, for times t < kyR(r),
N2 P2 207 k3 or

1 —29<bkg—r——— = — ——— (D52) Lt

aypr. S Umr ypr JpInlr 1P~ |Ao)ll,» < kst (D53)

lAoll,  ~ R(r)

for some constant 0 < k3 < oo.
Now let us summarize our results. Recall the definition of
R(r) in (4.17). We have shown that for constants 0 < k45 < This completes the proof.
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APPENDIX E: PROOF OF PROPOSITION 5

Step 1. We begin by developing the “superdensity ma-
trix” picture of operator growth, following [55]. If H is the
quantum mechanical Hilbert space, and (with a slight abuse
of notation) H ® H is a Hilbert space of all normalizable
operators on ‘H (in what follows, we will restrict to Hermitian
operators), the superdensity matrix is a normalizable element
of (HRH)® (H ® H). It is easier to visualize with bra-ket
notation: using the operator ket |A) introduced above, the pure
superdensity matrix corresponding to A becomes |A)(A|. It
is straightforward to build a good basis for superoperators.
Using the fact that the space of Hermitian operators acting
on a single qubit is spanned by the orthonormal basis

X (@a=0,1,2,3):=|D,|X),|Y),|Z) e R"* (E])

endowed with the canonical inner product in R!'*3, a basis
for superoperators on a single qubit is evidently |X“)(X?| for
a,b=0,1,2,3. The standard tensor product between lattice
sites then allows us to build up a good basis for our superop-
erator space.

Observe that the Frobenius norm is now simply (up to
square) the superoperator trace

Tr[|A)(A]] := (AJA) = ||Allz. (E2)

The latter equality follows from (2.5). As a consequence,
evaluating the Frobenius norms of projected operators in this
superoperator language will be particularly simple: we simply
pick out the basis operators which we wish to keep, and sum
the coefficients of the diagonal elements of the pure superden-
sity matrix. In particular, given the growing operator Xy(z),
we can define the probabilities pg(f) (for subsets S C A) as
[recall (2.9)]

1Xo(1))(Xo(1)| := Z Ps(E)|Xo(1)s)(Xo(?)s]
SCA

+ off-diagonal terms. (E3)

Much of the proof that follows will amount to bounding (sums
of) ps(t) throughout the protocol. To avoid confusing the su-
peroperator spaces from operators, we here define the adjoint
operation acting on operators H @ H — H ® H,

Adj (X) = |i[A, X]) (E4)
and the conjugation operation
Conjg|X) := |B'XB). (E5)

We define the superdepolarizing channel, acting on superop-
erators HOH) Q@ (HOH) > (HOH)Q (H®H) as

D := Ep[(Conjp,)(-)(Conjp)"]. (E6)

Here and below, the () in an expression is defined such that
V, O is given by the above expression with (-) replaced by the
object O on which the linear transformation V, acts.

Recall the depolarizer D is a random tensor product unitary
defined in the main text. To give a concrete example,

DIX)Y |l =Ep|D'XD)D'YD]. (E7)

We define the g-scale growth channel as

Vq = EJ[(Conjvq)(')(conjvq)f]' (ES)

Expectation values are taken over the random D, in (5.15),
and random J,, in (5.19), respectively. We thus see that our
(averaged) protocol as a “quantum superchannel,” defined via
the analog of (5.10):

Mq = Mq_lDVqu_l. (E9)

Step 2. We now turn to the analysis of the superdepolarizing
channel D. Let us define the “maximally mixed nontrivial
operator” (on a single site)

XX+ Y|+ 1Z2)(Z]
uwi= 3 .

In a nutshell, the essence of this proof is that all we need to
keep track of is whether or not each site has a p or the trivial
operator

(E10)

T =1|Dd| (E11)

on it: namely, we will show that after each step of the random

protocol,
DV,1X0)Xol = ) ps Q) i Q) ;-

SCA  ieS  jeSe

(E12)

The depolarizing channel is what makes this simplification
possible, as formalized via the following:

Proposition 13. For any a,b=1,2,3 (and on every site
independently),

DIDU| = DU, (E13a)
DINHXY| = DIXY)I| = 0, (E13b)
DIWHW?| = §%p. (E13c)

Proof. The key idea behind this proof is to use the group-
theoretic structure of the random unitaries D, [for simplicity
in what follows, we drop the x subscript, since D is simply a
tensor product of the channel defined via (E.13) on every site
anyway]. By definition in our protocol,

] : .
=5 [(Conjp)(-)(Conjp)']. (E14)
DeG
as 48 is the number of group elements in G, defined in (5.16).
By construction, D takes any 4 x 4 matrix M acting on the
space of operators on a qubit, defined in (1.4), and projects it
onto G-invariant maps.

To find these irreducible representations, we first observe
that G is isomorphic to the “double cover” of the group of ro-
tations which leave invariant a three-dimensional cube, which
is in turn isomorphic to S4 X Z, [a subgroup of SU(2)]. By
standard representation-theoretic computation, we find that
R!'*+* decomposes into two irreducible representations of G:

span(l, X, Y, Z) = span({) @ span(X, Y, Z). (E15)
By Schur’s Lemma, the only G-invariant matrices obeying
DM = M are therefore of the form
M =al)I| +bX)X|+ Y)Y+ DI Z)Z| = aZ + 3bp.
(E16)

We then obtain (E.13) by using the fact that D is a
probability-weighted linear sum of unitary operators, and
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therefore is completely positive and trace preserving. This

condition fixesa = 1 and b = % |
Combining this proposition with (1.2), we immediately
find the following:

Corollary 3. For any superoperator p,

Dp = Zps®l«h®1j-

SCA ieS jese

(E17)

In our random protocol, (1.5) holds, even in intermediate
protocol steps, after any application of D.

Step 3. Corollary 3 shows that the only information we
need to keep track of, after depolarizing, is the probability pg
that our growing operator is supported on the subset S. We
define the number superoperators

N = ZNX, (E18a)
xXeA
N, = (X)X ]+ Y)Y |+ IZ)(ZI)X = 3y (E18Db)

However, due to Corollary 3, we can actually think of
each of these as classical random variables. In particular,
after applying (averaged) superchannel DU (for any Uf), the
probability distribution P on the variables N, € {0, 1} can be
defined (with a slight abuse of notation) via

A A

P[Nx] ZNXQ — ... = Axm = 1’]\7)’1 :...:Nyn :0]
= Te[N,, - Ny, (1 =Ny, -+ (1= N,,)
x DUIXo)(Xol]. (E19)

In words, we consider the basis which all N are simultane-
ously diagonalized. The classical probability distribution P
counts the weight of DU|Xy)(Xp| that satisfies the Boolean
quantifiers represented by the product of N’s and (1 —
N )’s above, namely, the sum of all diagonal elements of
DU|Xy)(Xo| compatible with le = 1, etc. The well posedness
of P is guaranteed by the fact that DI/ is completely positive
and trace preserving, and the observables N are commuting.
Knowing the classical probabilities pg (corresponding to the
probability that N, = 1 if and only if x € S) is enough to know
DU|Xo)(Xo.

Armed with this knowledge, we are ready to lay out the
foundations for the remainder of our inductive proof. The in-
duction hypothesis we begin with is that for any set S C Cy €
By—1, with Cy the (¢ — 1)-scale cube containing the origin

I@’(NMql Qi > M,quj_l) > nig-- (E20)

ieS

Here 0 < Ay 4—1,11,4—1 < 1 are constants that we will obtain
a little later; in particular though, n; ,_; will be interpreted as
a lower bound on the success probability of M,_;, namely,

J

T,
Vo=Eyjqexp|

9 {i,j}cC,

_

—E, 1_[

q

Y JyAdigg,

T ¥
] }(.){exp |:R_z‘ll'jAdjiZ;Z/:| } .
q

7, .
eXp ﬁj ij AdJiZ;Z,-
{i,j)cc,

the probability that it grows an operator to have support on
S C Cp with S containing fraction A 4, of all sites in Cy.

Next, we condition on the assumption that at least s :=
Al,q,lR;’_, sites are occupied. This throws away a fraction of
at most 1 — 7y 4—1 of the operator (an amount that we will
see is small). We will then show that if we run the unitary
V, for sufficiently long time, we will seed more than 3.3%
of the (¢ — 1) cubes in the g-cube containing the origin, with
probability 7, ,_; (see Lemma 6). We note that 1 —n; ,_;
decays exponentially with m? and s.

Lastly, we apply M,_;, which will attempt to grow the
operators in (g — 1) cubes C,_; (k) that we seeded above into
large Pauli strings. Conditioned on there are at least n, seeded
blocks C,_1, we will show in Proposition 15 that with prob-
ability n3 ,_1, a rather large number of sites (to be quantified
later) will be occupied [when considering all (g — 1) cubes to-
gether]. This proves the inductive hypothesis. We summarize
the way that operators grow throughout this process in Fig. 4.

Step 4. We now analyze the V,, operator growth step of our
protocol in detail. The key observation is that, upon averaging
over all possible V,, the superchannel V, takes an arbitrary
operator of sufficient size in any (¢ — 1) cube C,—; C C,, and
“seeds” new u’s in a finite fraction of the remaining (g — 1)
cubes C,_; C C; which are contained within the g cube C,
(see Fig. 4). More precisely, we have the following:

Lemma 6. Let C, € B,. For any subset S C C, of size
|S| > s, set the time

R[X
T, = -7 (E21)
/ 2SRZ_ I
Define the superoperator
p/ — vq (M®SI®(Cq7S)). (E22)

Let C € B,—; denote one of the (¢ —1) cubes contained
within C,, and define the classical random variables

S = H(Z Ny > 0). (E23)

xeC

1 —ng-1 =Py Yc < 30

<ep(-10) e ()
xp [ —— xp(——),
S P\ 70 Pi™ %

where P, denotes the probability distribution obtained from
(2.8). For notational simplicity, we have labeled the m? (g —
I)cubesinC,asC =1,...,m’.

Proof. First, we rewrite V, in a more elegant way, using the
fact that all ZZ terms in H;* commute with each other:

(E24)

Y JyAdigy,

{i,j}cC,

Tq
(-)§ exp R—Z

(E25)
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C

q

T I - M.g-1
’72,(1—1 o o
Do %q . S \
1 - 7/]3,(/—1
M3,9-1 .
/%q_l m]

FIG. 4. The rigorous operator growth protocol, in which we no longer guarantee full occupancy of all sites. Instead, we only get to keep
a fraction of occupancy at each recursion, albeit with high probability. Using the central limit theorem, the failure probabilities 1 — 5 are
suppressed by rate of expansion e~ The choice of m ~ exp(+/Inr) is large enough to render these probabilities mild, and leave us with

(5.24).

Since Z terms commute with Z’s, but not with X’s or Y’s, let
us define

X)X Y)Y
=—| X |-21-| X |, Z=12)(Z| (E26)
such that
2 + 1Z (E27)
=—-v+=-Z.
H=3V73

From (2.1), we can first calculate what a single Z;Z; cou-
pling does to u; or w;u;; the application of V, will then
correspond to repeating this procedure on all pairs of sites in
the cube C,. It is straightforward to show that (temporarily
denoting 6;; := J[jquq’“)

expl0Adjizz 1 /7, exp[@AdjiZizj]T =77, (E28a)

expl0Adj;zz 1 viv; expl0Adji ;1" = viv;. (E28b)

Moreover, since
exp[@AdjiZiZ/ 1UXAIDNYZ;))

_( cos(26)
— \ —sin(20)

sin(26)

cos(29)>(|Xi1j)IIKZj)), (E29)

we conclude that
E[expl0 Adjiz,, 10XI) X |1Y,.Z))(Y;Z;1) expl6 Adjiz, . 17]

_(1-m P
—( ” 1_pl>(|XJJ)(XJ,|IIYZZ,)(YzZ]I), (E30)

where

= E[cos? (26;)] =

()]

E [ M/ RS ]

(E31)
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where

sinx
F(x) = —. (E32)
X
The following Taylor expansion estimate for F (x) will prove
useful:

x2 X2 )C4
- <cFrmg1-S 4 X
g STW 6 T 120

Combining (2.7) and (E33), we obtain

(E33)

. L S
E |:CXP[9AdJiZ,»Zj] <:))Agj> expl0Adjizz ] | i|
iZj

— 1—p P1 Vin
4 1—p1)\viZ; )’

where, upon plugging in for 6;;, we obtain

(E34)

2
4%

2
3R

2
4%

2
3 R

16 7,

> p1 > lnga

(E35)

An important consequence of all of these identities is that
if we write out an initial operator density in the form

p=[Tvllz [I =

i€S, jeSz keCy—S

(E36)

where S, and Sz form a partition of S, then this tensor product
structure is preserved under the average of the time evolution.
This is because v;’s are invariant, while Z’s and Z’s convert
between each other in a Markovian fashion independently on
each site. Using the independence of the J;;’s, we see that if
£ =18,], then

Vb =[]w ][I0 =poZ; + peZ;]

ieS,  jeS;

< [ 1A =p)Ze+pe2id.  (E37)
keCy—S
where we define p; via
¢
1 —p P _(1—pe Pe ) (E38)
P 1 —p Pe 1 —pe
More concretely, we may bound p; as follows:
¢ e
e 5 (s
‘ J
j=1,3,5,...
1 1 —e2nt
= 5[(1 —pi+p) —U=pi—p)]=>
(E39)

Now, of the m? cubes C,-1(k) C C;, we must count how
many of them contain either a v or a Z on at least one site,
after applying IE[V,]0. Consider Bernoulli random variables
%; € {0, 1} on sites j € C,, with

) 1 j €s,
Plxj=1]1:=31—-p;, JjES; (E40)
De» otherwise.

The interpretation of %; is the probability that we find a non-
identity operator on site j in E[V,]p. Since p; < %, we can

easily see that for any (¢ — 1) cube C C C,,

P[chk = 0} =P =01< (1 —p)?:=1—p,
keC
(E41)

where Q is any subset of C,, which will be taken as C,_ (k) C
C,. This inequality follows from the independence of %, re-
gardless of the set Q. We can now bound the probability that
at least Az,q_lm;’ of the cubes C,_; have at least one operator
in them using the standard Chernoff bounds:

Proposition 14 (Chernoff bounds). Let A be a discrete set.
For i € A, let x; € {0, 1} be independent Bernoulli random
variables. If

S = in, (E42)
i€A
then
P[S < (1 —$E[S]] < exp <—%82E[S]>. (E43)

In our calculation, the Bernoulli random variables of inter-

est are $¢, which obey E[$c] > p.. Choosing
p

)\2,‘1_1 = Z=

5 (E44)

we arrive at
d d
5 o _ Dsm psin
P E <— | <exp| — .
|: . Yc ) i| P( 3 )

To conclude the proof, note that the above calculation was
based on the number of v’s. By our initial assumption, the
initial operator will have >s u’s, which can be anywhere in
cube C,. Breaking up p into v and Z (2.3), we see that our
initial operator is binomial distributed: on each of (at least)
s sites, the probability of v is % Using Chernoff bounds on
an initial operator of s u, the probability of having £ > s/2 is
extremely high when s is large:

(E45)

. s s
B(e23) > 1-ew(-53)
This inequality holds regardless of the number of sites in the
set S on which our operator is initially supported, so long as
IS| = .

Now, we proceed as follows. Using the simple fact that
in classical probability theory, for any two events A and
B, P(A) > P(A and B), we will lower bound the probability
12,4—1 by calculating

(E46)

o m? o m? N
Py E)’Céﬁ = Py E}’Céﬁandﬁ>§
c=1 | =1
N [ o m? s
> Ve < — > =
= ILp CzlyC X 30 = )

(E47)
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To bound the conditional probability above, we start with
(2.6) and (2.8):

pe=1—(1-— pg)ijl > 1—exp (—leZ_l)

l—e ™,
> 1 —exp _TR‘?_I .

Note that we have used that £ >
x<1, e X\I—E.SIHCG

(E48)

s/2. Now, observe that for

o 2 <1 (E49)
P1Sx X 4 x b
3 R; 3R,
we may further simplify (2.5) to
sRY_ sRY_
p >1—exp<—p1 4‘“)>p' < Es0)

noting that (2.6) implies the argument of exp above is <é, in
whichcase 1 —e™ > %x. Now using (2.7) and (2.2), we find

SRS (2 4
6 \3sRI-!  |502R)¢"D

>SRZ‘l 2 (4 2 )1
~ 6 3sRd-1 5sRd-1 ~ 15

Combining (2.2) and (2.8), we find that
iA <™l s >1 m (E52)
X Hn = 5 — €X]
Y3077 2 P

120

Combining (2.3), (2.4), and (2.9), we obtam (E24). |

Step 5. Now that we know at least 3oth of the (¢ — 1) cubes
in a g-cube are seeded after the ﬁrst application of V,, we
must now ask what happens after applying M,,_; again (recall
Fig. 4). The answer is provided by the following proposition:

Proposition 15. Consider a tensor product superoperator
of the form

Ds 2

(E5S1)

o = puIs, (ES3)

where S C A is finite. Then,

| . wm 1)»1 1R
L—mgo =P, | N g ——1—1 Y Se=w
CEBq 1
w _
< exp (—%) (E54)

Proof. By our inductive hypothesis (2.6), for any C € B,_1,

[ZNM,, ip >

xeC

2 hig— qu Tr@cp) =11 2 n1g-1.

(ESS)
So, letting ¢ denote a Bernoulli random variable denoting
whether or not the criterion above is satisfied, we observe that
E[%c] = n1,4—1. Moreover, f¢c form independent Bernoulli
random variables for each cube C. So again, we may use the

Chernoff bounds to show that

w
Z te < 771q 1 <eXp(_

CeB,-

(E56)

wn;qfl).

Since we are guaranteed that the event in (2.1) does not occur
if the event in (2.3) does not occur (since for each X¢c > 1, we
get a contribution of at least )»l,q—lRZ,l to N), (2.3) implies
2.1). [ ]

Step 6. We now must combine the results from the previous
two steps to prove that we may choose 1, such that (2.6)
continues to hold at scale g. As in Fig. 4, we can conclude
from our discussion above that if we choose

Ng-1r1,g-1
Mg o= T (E57)
then the success probability at scale g is given by
N,qg = I’[i’ Tr NM ® M 2 )‘LLIRZ
iescc,
> Ni,q—112,4—1M3,g—1, (ESS)

where 1, 4,1 is the probability that the first M,_ is successful
[namely, the induction event in (2.6) has occurred], 75 41
is the probability that the first DV, is successful (given in
Lemma 6), and 13 4 is the probability that the second M,_,
is successful (given in Proposition 15).

To start off this recursive relation, we first discuss what
happens at scale ¢ = 1. This scale is somewhat special since
the operator starts off with probability 1 being a Pauli X at
the origin. Because it is a Pauli X, the bound in Lemma 6 can
be simplified (only for this very first application of V), before
any depolarizing channel!). It is in fact simplest to convert
| X0)(Xo|, the initial superoperator, into vy (this simplifies some
equations, but does not change the protocol’s performance).
Using (2.4), we see that

ViXoXol=vo [] [0 =p)L+pZd,  (ES9)

X€C170

where C; denotes the 1-cube containing the origin, and, using
(2.2),

2 4 6
p1 > I TG (E60)
Using the Chernoff bounds, we can easily see that
. N m? m?
1—mo= P[Tr(NMlvo) < %] < exp <_ﬁ)' (E61)

Note also that i o = 13, = 1 since there is no My, so

1 m
N1 =m0 = 24 120

This corresponds to the base case of our inductive proof.

(E62)
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Given this base case, the following lemma demonstrates
that 7, , is indeed (for all ¢ < g,) finite.
Lemma 7. For large enough r, the recursion relation

Ni,g = NM,qg—1M2,q—1M3,4—1 (E63)
admits a solution obeying, for all 1 < g < g,
1
Nig = 5 (E64)

|
A1 g—1RY
g1 = N2,q-1M3,q—1 = |:1 — exp <—Tq

We wish to analyze the nonlinear recursion relation

NM,g = N1,q—10%g—1-

Proof. The key idea of this proof is that m is (perhaps
surprisingly) sufficiently large so that 1, and 53 are so
close to 1 that the repeated multiplication of n probabilities
above converges to a nonzero result (for ¢ < g.). To see this
concretely, let us use Lemma 6 and Proposition 15 to note
that

(E65)

) e (-5 [ -on (-75)]

(E66)

Happily, to demonstrate the lemma, we can assume that (2.1) holds when evaluating o,_;. The reason for this is that o,
monotonically increases with 7y ,_1; hence, setting ny 4| = % when evaluating «,_; gives us a lower bound on ¢,_, and in turn

on 11 4. From (2.4) and (2.8), we can bound

Mg = h1112079 =

e
g1 =1 —exp ~ 780 — exp
>1 mt
—exp| —— ) —ex
Z TP\ Tggo ) TP
m? m? m¢ b
N,y = |1 —exp —% — exp —m — exp ~ 5160 .

We thus find that for g > 1,

We conclude that for all ¢ < g,

o (E67)

m¢ 1/ md 7!

120) 18(120)

md md

) Cexp (- . E68

120) exP( 2160) (E68)
(E69)

Let us now show that (2.6) is compatible with (2.1). To do this, we simply recall the definitions of m ~ exp(+/Inr) in (5.14),
and g, ~ +/Inr in (5.21). In fact, since for sufficiently (and not very) large r, vInr > In(Inr),

exp(—m?) < exp(—e?¥™") < exp(—e? ") L exp[—(Inr)] < .

Thus, we observe that for sufficiently large m (and hence r),

ml md md \ 1% ml
|:1 — exp (—@> — exp <—m> — exp <_2160>] > 1 —3¢g.exp (_2160)

For sufficiently large r, this is larger than % This ensures
(2.1). ]

The final step in the proof of Proposition 5 is very simple.
We have shown that, on average, we can take a single Pauli
Xo supported on one site, and have half of the operator weight
supported on a fraction of sites

R md \ edm Vinr 4
N>)\1,q*Rj*>< ) > >

120 120 ~ 120V
(E72)
Setting r = L'*</2 we find
) 1.d€/2
N>1L? L¢ (E73)

120/

1
(E70)
.
3(1++/Inr)
> 1= = (E71)

(

for sufficiently large » and L. Combining (2.1) with (E73), we
obtain that (5.24) holds on average in our ensemble of random
unitaries:

1

E[IP>.1Xo@))l] = 5. (E74)

Since ||P>.]|Xo(#))|lr < 1, with at least 50% chance a uni-
tary drawn from the ensemble has grown an operator to
be large:

(E75)

N =

1
P|:||P>L|X0(t))||F > §i| >
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