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Abstract

A central challenge in quantum simulation is to prepare low-energy states of strongly interacting
many-body systems. In this work, we study the problem of preparing a quantum state that optimizes
a random all-to-all, sparse or dense, spin or fermionic k-local Hamiltonian. We prove that a simplified
quantum Gibbs sampling algorithm achieves a Q(%)—fraction approximation of the optimum, giving
an exponential improvement on the k-dependence over the prior best (both classical and quantum)
algorithmic guarantees. Combined with the circuit lower bound for such states, our results suggest
that finding low-energy states for sparsified (quasi)local spin and fermionic models is quantumly easy

but classically nontrivial.
metaheuristic for optimization problems.
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1 Introduction

The low-energy properties of many-body quantum systems are central targets of quantum and classical
simulation algorithms. While classical simulation algorithms have found extensive practical usage, there
has not been a go-to quantum algorithmic principle for preparing ground states or thermal states at large
scales. Due to the limited size of experimental or numerical data, it is difficult to obtain an empirical eval-
uation of the performance of any new quantum algorithmic proposal. Ideally, then, a new proposal should
be accompanied by a rigorous mathematical proof of success. However, the QMA-hardness [KSVV02| of
worst-case instances precludes a general theoretical guarantee; to make progress, one must first restrict to
a certain class of instances.

Low-energy state preparation can be precisely stated as a quantum optimization problem: given the
description of a many-body Hamiltonian, efficiently prepare a quantum state such that the energy is as
high as possible.! For simplicity, we will focus on models with as little spatial structure as necessary:
random, few-body Hamiltonian problems with all-to-all connectivity, where the ensemble is fully specified
by the system size n, the locality parameter k (i.e., the number of sites on which each Hamiltonian term
acts nontrivially), the sparsity m (i.e., the total number of terms), and whether the degree of freedom at
each site is spin or fermion (Section 2). These models are natural quantum analogues of classical spin glass
models [SK75, Der80], the crucial difference being that the random terms in the quantum models do not
all commute. While these models lack structure—e.g., spatial locality and symmetry—seen in real-world
chemistry or condensed matter systems, we hope that the average-case nature of this problem still covers
some generic aspects of strongly interacting quantum systems and, at the very least, serves as a concrete
theoretical testbed of new algorithmic ideas that may extend beyond quantum simulation.

So far, very little is known about the low-energy or low-temperature states of these random Hamiltoni-
ans, unlike their classical cousins. In physics terms, random spin models exhibit signs of glassy behaviors
at low temperatures just like classical glasses, while random fermionic models may not [BS20, ACKK24]|.
In terms of optimization, for random ((1)-local spin models, a constant-ratio approximation to the opti-
mal energy is achieved by product states, which can be computed and represented efficiently on a classical
computer [HM17]. Meanwhile, for random O(1)-local fermionic models, the only quantum algorithm with
rigorous performance bounds is due to [HO22| (whose guarantee is improved in [HSHT23|), which also
efficiently prepares a quantum state achieving a constant-ratio approximation. Interestingly, unlike the
spin case, there is no known efficient classical ansatz with matching performance for the random fermionic
model.

Nevertheless, in both cases where an algorithmic guarantee on the approximation has been shown, the
guarantee decays exponentially with the locality k, if we regard k as a growing parameter, suggesting that
these optimization strategies become rapidly less effective the more the model becomes nonlocal. It is
perhaps a surprising fact, then, that in the fully nonlocal, random-matrix regime where k ~ O(n), the
sparsified random Pauli (spin) models [CDB*24] can be optimized to arbitrarily good energies? merely
by performing phase estimation on the maximally mixed state, a remarkably simple quantum algorithm.
This algorithm works because the spectral density of sparse nonlocal models approximately follows a
semicircle distribution, implying that a constant fraction of the energy levels lie within a constant-ratio
approximation of the optimum. Yet, the states that achieve the constant-ratio approximation are highly
entangled, owing to a circuit lower bound in [CDB'24]. Unfortunately, the phase estimation strategy
is no longer efficient when the locality k is reduced; the spectral density departs from the semicircle
distribution and develops long tails (the critical locality where this transition happens is argued to be
k = O(y/n) [ES14]). A motivation of this work is to understand how the random matrix features and

Note the sign flip; maximizing the energy is equivalent to minimizing the energy of the negated Hamiltonian.
*More precisely, the guaranteed energy improves as the sparsity m (number of Pauli terms) is made larger.



algorithmic efficiency interpolate between the local and nonlocal models and how that contrasts with
classical intuition.

In classical optimization, a very successful metaheuristic is simulated annealing, an adaptation of the
Markov chain Monte Carlo (MCMC) algorithm with an annealing schedule that gradually “lowers the
temperature,” as in metallurgy. Incidentally, there has been a new line of “quantum MCMC” algorithms
inspired by the dissipative cooling process in nature [TD00, TOV*11, YAG12, Moul9, CKBG23, SM21,
CB21, WT23, CKG23, JI24, DCL24, GCDK24|. While their performance (the mizing time problem)
on interesting real-world instances remains open, they are known to prepare nontrivial Gibbs states and
ground states in finely tuned Hamiltonians [CHPZ24, BCL24, RW24]. It is tempting to ask,

Can quantum Gibbs samplers efficiently optimize quantum Hamiltonians?

The interest in this question is not only about finding better quantum algorithms for solving quantum
Hamiltonians, but also about whether quantum MCMC algorithms are a valid general-purpose meta-
heuristic for solving strongly interacting quantum systems. Physically, the close connection to Nature’s
thermalization also hints at how such a strongly interacting system may behave in a low-temperature
environment.

In this work, we show that a simplified version of quantum MCMC readily achieves a performance that
exceeds prior classical and quantum provable guarantees for both spin and fermionic k-local models (and
their sparsifications) by substantially improving the k-dependence of the achieved energy (Theorem 3.1).
This refined k-dependence points to a particularly favorable parameter regime where finding an approx-
imate solution is quantumly easy yet classically nontrivial: sparsified quasilocal spin and local fermionic
models, where the approximate solutions must be very entangled in the sense of quantum circuit lower
bounds, yet the quantum dissipative algorithm remains efficient and effective.

2 The k-local models

The main models we wish to optimize are random, all-to-all connected, k-local spin and fermionic systems
on n sites. We will be interested in both the n and the k dependence. While the models may differ in
their physical properties, we highlight in Section 5 the relevant features shared among the above models
that are the only requirements for our algorithmic guarantee.

Random Paulis — Consider a sum over all k-body Paulis on n-qubits [ES14],
H = Z 950, (2.1)
o:|S(o)|=k

where go are i.i.d. Gaussians with mean 0 and variance 37% (z)_l. Here, o is an n-qubit Pauli operator,
and S(o) denotes the qubit indices on which o acts nontrivially, so that |S(o)| is the weight of the
Pauli operator. These models are natural quantum analogues of spin glass models [SK75, Der80|, where
instead of noncommuting Paulis, we have commuting o?s. In the physics literature, these models exhibit
signatures of spin-glass phase transition at low enough temperatures [SY93, BS20|; thus, preparing states
(or compact classical descriptions of states) that achieve a (1 — o(1))-ratio approximation of the ground
state energy might be challenging for both classical and quantum computers. Nevertheless, making a more
refined complexity theoretical characterization at low-temperature remains open. As of today, there is an
efficient classical product state that achieves a eQ%—ra‘cio approximation of the optimal energy, and it
was not known whether quantum algorithms could be qualitatively better, in terms of the k-dependence.
Other models of quantum optimization problems that we do not discuss include, e.g., transverse field Ising
models [LMRW21] and quantum Max-Cut [Lee22, Kin23, LP24].



Random fermions — The Sachdev-YeKitaev (SYK) model is a random k-body fermionic Hamilto-
nian [SY93, Kit15|: for even k,

H=(i)*? 3" goxs, where xs:=]]xi and xix;+xix: = 203 (2.2)
S:|S|=k ies

and gg are i.i.d. Gaussians with mean 0 and variance (2)71. Here, x; denotes a Majorana operator on
site i € [n], and S denotes a subset of [n]. Originally, the SYK model (and its cousins) was proposed as a
toy model for chaotic many-body systems or quantum black holes that thermalize even at low tempera-
tures. More quantitative evidence suggests that the model most likely does not exhibit a spin-glass phase
transition at very low temperatures [ACKK24, BS20|. For our purposes, we also regard it as a minimal
model of interacting fermions [HO22, HSHT23]. Despite the wealth of physics arguments (e.g., [MS16]),
the best provable efficient algorithm [HO22, HSHT23| achieves a Q(eﬂ—l(k))—fraction‘3 approximation of the
optimum.

Sparisified models — Based on the above fully connected models, one may sparsify (or “re-sample”)
them to introduce yet another family of random Hamiltonians; this introduces another parameter, being
the number of sampled terms m (which can be much smaller than the total number of k-body subsets
(Z) ~ n¥). We sample m uniformly random k-body terms with random signs (and with replacement)

1 & idd. 1o .
H=—o ;aj where o "% Unif ({+0 : S(o) = k}) (2.3)
H = (i)"?— ! ij where fj & Unif ({£xs : |S| =k}). (2.4)

\/>

The benefit of sparsification is that the model can be efficiently simulated on a quantum computer due
to a small number of terms m, while at the same time retaining relevant properties of the dense model
(known as universality) [XSSS20, CDB124, AGK24|. For our usage, sparsification allows for a parameter
regime where k grows with the system size

k>1 while m < nF, (2.5)

which seems be to an interesting regime where quantum algorithms can produce entangled states that are
qualitatively better than what can be achieved with product states. In the above models, the normaliza-
tions are chosen so that the “variance” behaves as

EH? =1, (2.6)

which will make the energy nonextensive, differing from the physics convention.

3 Main results

Our main result is a rigorous state preparation guarantee for achieving a good approximation ratio for the
random Hamiltonians in Section 2. The particular dissipative algorithm, which is to simulate evolution by

3The k dependence is implicit in the result of [HSHT23, Lemma 27], but there is at least an exponential loss in k in
[HSHT23, Eq. 152].



model locality k energy ‘ number of terms m algorithm

[HO22, HSHT23| SYK >4 f(il? (3), Guassian coeffs. short-time dynamics
[HSHT23| sparse fermion 4 Q(v/n) O(n), Gaussian coeffs. Gaussian states
HM17 applied to random Pauli (2.3 any +/ m > cnlog(n)/k product states
f(k)
[CDB*24] random Pauli strings mostly ©(n) | (1—o0(1))-E|H]|| Q(Poly(n)) phase estimation
This paper Pauli (2.3) and fermion (2.4) any Q(%) m > cnlog(n)/k (simplified) Gibbs sampling

Table 1: Summary of prior work considering slight variants of the random fermion/Pauli models, normal-
ized such that the variance is EH? = I. The algorithm [HM17] actually works for non-random models
(but may produce positive or negative energies), so we applied their bounds to the random sampled Pauli
model (2.3). The two implicit functions f(k) are functions that grow at least exponentially with k.

a simple Lindbladian chosen to depend on the random Hamiltonian, is defined in Section 4. Our current
guarantee for this crude Lindbladian is only proved to work for a short, prescribed evolution time and for
the maximally mixed initial state. For the more refined algorithmic Lindbladians (for example, equipped
with quantum detailed balance [CKG23|), we may keep running the algorithm for longer times hoping for
better solutions.

Theorem 3.1 (Optimization by dissipation). Suppose that H is drawn randomly from the Gaussian
ensembles (Eq. (2.1) or Eq. (2.2) with 1 < k < n), or the sparsified ensemble (Eq. (2.3) or Eq. (2.4) with
m > cnlog(n)/k for some constant c). Then, simulating dynamics by a certain Lindbladian L (defined
in Egs. (4.4) and (4.5)) starting with the mazimally mized state p for time t = © (+) achieves average
enerqy

ETr[e“' [p]H]| > Q (f) >Q <E”kH”) : (3.1)

where expectation is over the random choice of Hamiltonian.

The dissipative algorithm achieves a (4)-fraction of the optimal energy, giving an exponential im-
provement on the k-dependence over the previous best classical and quantum algorithm guarantees [HM17,
HO22, HSHT23|; see Table 1. The optimum is provably bounded by E||H| < O(y/n), but actually, we
conjecture that its true scaling is 9(%), which would imply that our dissipative algorithm achieves an
Q(1) approximation to the optimum on average. The reason to believe this conjecture is that it matches
the heuristic prediction of a transition to semicircular ensembles at k = ©(y/n), where the optimum should
be independent of n; the displayed bound on the expected optimum E|H| < O(y/n) is a loose matrix
Hoeffings’ that does not take into account the non-commutativity of the summands (see Proposition D.1
of Appendix D).

Our improved k-dependence is particularly interesting when combined with existing circuit lower
bounds from [CDB'24, Appendix D], [ACKK24, Appendix E|, which have a qualitatively different scaling
with k.

Lemma 3.2 (Circuit size lower bounds on low-energy states [CDB"24, ACKK24|). Fiz a description
of quantum states (e.g., a sequence of discrete gates or tensor network), and let G be the length of the
description. Then, with probability 0.999, the following hold: any high-energy state p that may depend on
the Hamiltonian such that

TripH]| > e\éﬁ (3:2)



must have a description length G lower bounded by

2 Q(k)

ne“e for the random Pauli ensemble (2.1), (3.3)
Q. <62nk/2+1) for the random fermion ensemble (2.2), (3.4)
min (Q(e\/nm/k), neQeQ(k)> for the sparsified Pauli ensemble (2.3), (3.5)
min (Q(e\/nm/k), Qk(Ean/QH)) for the sparsified fermion ensemble (2.4), (3.6)

where the notation . assumes k to be fized and n growing.

For concreteness, let us describe states produced in a fixed circuit architecture of discrete one- and
two-qubit gates.* Then, a product state produced by n single-qubit discrete gates can only achieve a
e“%-ratio approximation of the energy for the spin models; this is rooted in the noncommutativity of
the summand and does not have a classical analogue. Furthermore, any state that achieves the same
approximation ratio as Theorem 3.1 requires a circuit size growing (super)exponentially with k, suggesting
that the dissipative algorithm has prepared a classically nontrivial state. While the dense model has a
substantial algorithmic cost (the number of terms growing as ~ n*/k!), the sparsified model appears to
be in a sweet spot where the quantum algorithm cost remains tractable while retaining sufficient circuit
complexity. Indeed, we see that setting, e.g., k = log(n)27 m = Poly(n) for the sparse Pauli model allows
an arbitrarily large circuit complexity to grow with the number of term /m. That is, the states are very
entangled, and nevertheless, our algorithm can find them using Poly(m,n) runtime.

This circuit depth lower bound is even stronger for fermions, growing polynomially even at strictly
constant values of k (e.g., k = 4) [ACKK24]; this difference from spins diminishes at logarithmically large
values of k. Interestingly, this distinction between low-energy states of fermions and spins does not appear
in our proof of algorithmic correctness and only appears as obstructions for classical ansatz.

4 The dissipative algorithm

In this section, we describe our dissipative algorithm, which has a physical origin in the Markovian model
of system-bath interactions. We optimize the random Hamiltonian by applying an evolution for a short-
time ¢ > 0 by the Lindbladian £ on the maximally mixed initial state (denoted by p), which produces the
state

e“'(u) where p:= TriI) (4.1)

Recall that a Lindbladian is a quantum continuous-time Markov chain that generates a completely positive
and trace-preserving map. We aim to choose a Lindbladian £ such that the state obtained has a large
energy, given by the Hilbert—Schmidt inner product with the operator H:

Te(He () = Tr(eUt(H)p,> = Tr (e (H)) (4.2)
where we define the normalized trace T4(0)
Tr(0) = () (4.3)

The Lindbladian we will choose is inspired by recent proposals for some quantum MCMC algorithms
[CKBG23, CKG23, DCL24, GCDK24, DLL24]|, but only keeping minimal features to guarantee a constant-
ratio approximation. To define the main Lindbladian, we first choose a set of jump operators {A%},c 4,

4For continuous gates, an additional e-net argument would be needed to cover all possible states [CDB*24, Appendix D].



where A denotes the set of labels for these operators. For the spin models in Egs. (2.1) and (2.3), we
choose {A%},ca to be the set of all single-site Pauli operators, so |A| = 3n. For the fermionic models in
Egs. (2.2) and (2.4), we choose {A%},ca to be the set of all single-site Majorana operators, so |A| = n.
Then, we consider the Lindbladian®
1
LH:=> "L where L71(0):= (K“TOK“ - §{K“TK“, 0}> , (4.4)
acA

where we denote the anticomutator by {A, B} = AB + BA. In our algorithm, we choose the Lindblad
operators K% to depend on the Hamiltonian terms, as follows

K®:= A® + y[A® H] for tunable y € R. (4.5)

One could also let y be complex, but we examine only real values of y.

Unlike the recent quantum MCMC algorithms, this Lindbladian will not satisfy exact or approximate
detailed balance, and thus the fixed point of the evolution is not guaranteed to be the Gibbs state.
Nevertheless, the Lindblad operators K% can be thought of as a truncation of the detailed-balanced
Lindblad operators, to first order in [A% H]. The more complex Lindbladians of those works, such as
that of [CKBG23, CKG23|, typically define a function v(w), and have Lindblad operators K“:* labeled
by values of ¢ and w, and defined by

Ko — m/ f(t)e—iwtethAae—thdt (46)

for some suitable function f(¢) (which might depend on the inverse temperature 3 or other parameters).
If we expand to leading order in [H, |, we obtain

i [7 f(t)te™™tdt
75 f(t)eiwtde

By truncating this expansion and identifying the coefficient of [A®, H| with y, we recover Eq. (4.5). While
the A% operator is independent of the Hamiltonian, the local commutator [A%, H] contains terms that
overlap with A% and already hint at how the energy may change after applying jump A®. Remarkably,
this crude approximation is already enough to produce a state that achieves a good approximation ratio to
the optimum, giving strong evidence that the more refined algorithms should enjoy a similar performance.
Indeed, another construction [DCL24] where {K} = [*_ f(t)A%(t)dt also gives a similar leading order
piece.

K o A%~

[A® H] + ... (4.7)

Lemma 4.1 (Lindbladian simulation cost). The dynamics e“* at times t > 0 can be simulated with €
distance at gate complezity

1
Poly <n, Y, (Z) ,t,log <>> , (Gaussian models)
€

1
Poly (n, y, m, t,log ()) . (Sparsified models)
€

We did not attempt to minimize the algorithmic cost as it does not change the qualitative findings of
this work. The polynomial scaling can be obtained by invoking the algorithm for black-box Lindbladian
simulation in, e.g., [CW16, CKBG23| with suitable block-encoding for the jumps K [GSLW19|.

5 . . . . . . t
°We define its adjoint, since we work in the Heisenberg picture, where operators evolve as O — er '(0).



5 The general theorem

In this section, we write the considered models and the main algorithmic guarantee in a more abstract
form, which will imply Theorem 3.1.

Condition 5.1 (Symmetric Random Hamiltonians). Consider a random Hamiltonian ensemble parame-
terized by

H = Z syH, where s, v Unif({+1, —1}). (5.1)
yel’

That is, the terms H. can be fixed, or chosen from some (potentially correlated) distribution, but the
Rademacher signs s, are symmetrically distributed and independent. Furthermore, suppose that the terms
H,, are distinct and their squares are proportional to the identity (by a factor denoted h%), that is

H?=nI. (5.2)

The set I' contains the labels for the terms of H. This condition captures the part of randomness that
we actually use in the proof—that is we only require random signs on each term. While we can very likely
relax the random Hamiltonian families, the above seems to simplify the calculations and readily captures
a large family of interesting instances (see also [CDBT24| and the references therein).

We define the following useful quantities associated with the connectivity of the Hamiltonian. For
qubit models, consider the Hilbert space with qubits labeled by i € [n] = {1,--- ,n}, and for fermionic
models, consider the Majoranas labeled by i € [n] = {1,--- ,n}.% We define the support

S(v) C [n] for each Hamiltonian term ~ €T, (5.3)

as the set of sites on which the term H., acts nontrivially. For example,

S(etayls) = {1,2} C [3]. (5.4)
S(Iix2I3) = {2} C [3]. (5.5)

For bookkeepping, we impose the following commutativity condition, which indicates whether a Hamil-
tonian term commutes with the jump operator A® or not, and whether two distinct Hamiltonian terms
commute or anticommute.

Condition 5.2 (Commuting or anticommuting). Consider a set of Hamiltonian terms {H., : v € I'} and
a set of jump operators {A® : a € A} such that for each a € A we have A® = A* and (A%)? = I, and
furthermore for each a € A and v,y € ', we have

[A®, H,] = by - 2A“H., where by € {0,1}, (5.6)

(H,,H,|=byy-2H,H,, where by, €{0,1}. (5.7)

Additionally, if the support of the Hamiltonian terms is disjoint S(v) N S(y') = 0, then by = 0, and
simialarly if the support of A® is disjoint from S(v), then by, = 0.

If bgy = 0, then A* and H, commute; otherwise, they anticommute (and similar for b,,/). For any
subset Z C [n], let Az C A contain labels a for which the support of operator A® has nonempty intersection
with Z.

SNote that they give different dimensions, 2" for qubits and 2"/2 for Majorana fermions.



Condition 5.3 (Locality of jumps and Hamiltonian terms). Suppose that each of the jump operators
{A® : a € A} is supported on one site. Furthermore, suppose that there is a fived locality parameter k for
which |S(v)| = k for all 7y, and that there are absolute constants ajpe and aae (With aae < aloc) such that

Z bay = Gack  for each . (5.8)
acA
|Az| = aoc|Z|  for each Z C [n]. (5.9)

Roughly, the first condition counts the number of jumps that anticommute with a term H,, which
scales with k£, and the second counts how many single site operators there are. The following lemma
shows that, given the models we consider and our choice of jump operators, all of these conditions are
simultaneously satisfied.

Lemma 5.4. Suppose that either (i) the set of jump operators {A® : a € A} is the set of 3n single-
site Pauli operators, and H is chosen from the random Pauli ensemble (Eq. (2.1)) or the sampled Pauli
ensemble (Eq. (2.3)), or (ii) the set of jump operators {A® : a € A} is the set of n single-site Majorana
operators, and H is chosen from the random fermion ensemble (Eq. (2.2)) or the sampled fermion ensemble
(Eq. (2.4)) with even k. Then Conditions 5.1, 5.2, and 5.3 are satisfied, and

e = {3 if H chosen from Eq. (2.1) or (2.3) (5.10)
if H chosen from Eq. (2.2) or (2.4)
)2 if H chosen from Eq. (2.1) or (2.3) (5.11)
R B if H chosen from Eq. (2.2) or (2.4) '

Proof. The symmetry of H required by Condition 5.1 is true in all cases by construction. For the Pauli
models, each H, is proportional to a multiqubit Pauli operator; thus, each single-site Pauli operator A*
acting on site ¢ will anticommute with H, if and only if the Pauli operator in position i of H is not
the same as that of A% and not the identity. For each i € S(7) there are two single-site Pauli operators
A“ that meet this criteria, so a,c = 2. For the fermionic models, each H., is proportional to a product
of an even number of Majorana operators; thus, the single-site Majorana operator A® acting on site ¢
will anticommute with H., if and only if ¢ € S(v), so aac = 1. Meanwhile, the total number of Pauli
operators that act on a site within a subset Z is precisely 3|Z|, and the number of Majoranas acting on
Z is |Z|, confirming the quoted values of aj.. Thus, in all cases Condition 5.2 and Condition 5.3 are
also met. Note that in the fermionic case, if the supports of two even-weight terms are disjoint, then the
commutator vanishes (which is false if both have odd weights), just like the Pauli case. Similarly, any
single-site Majorana that acts on a site not in S(y) commutes with H, when H, is of even weight.  [J

It is also useful to define the local and global energies:

Definition 5.5 (local and global energies). For a random Hamiltonian (Condition 5.1), define the local

and global quantities
IH |, = max > b2 and |[Hlly, = > h2. (5.12)
~v:1i€S(Y) ~yel

The global energy || H]| glo 18 the root-mean-square of the strength of every Hamiltonian term, and the
local energy || H]|,,. is a root-mean-square over terms whose support contains the site ¢ (maximizing over

i).

Now, we can give the abstract algorithmic guarantee, given the abstract conditions.



Theorem 5.6 (Algorithmic performance). Consider a random Hamiltonian H and choice of jumps { A%}
satisfying Condition 5.1, Condition 5.2, and Condition 5.3. Then, there exist universal constants’ Cy, Ct,
and cg such that, setting

Cy Ct
y=——F7—", t=_, (5.13)
\/EHHHIOC k

starting with the mazimally mized state p, and evolving by the Lindbladian L in Eq. (4.4), produces a state
achieving average energy

E Tr [ue’cft(H)} > L 1 g, (5.14)
~ VEH ||,

Remarkably, our results treat the fermionic and Pauli models quite equally, despite the possibly very
different physics ([BS20, ACKK24]). We recover the earlier Theorem 3.1 by evaluating || H ||, and || H ||,
for the four ensembles, using the following proposition (see Appendix E for a direct computation).

Proposition 5.7. Suppose that H is drawn randomly from the ensembles in Eq. (2.1) or Eq. (2.2) with
1 <k <mn, oritis drawn randomly from the ensembles in Eq. (2.3) or Eq. (2.4) with m > cnlog(n)/k for

some constant c. Then
|H|2, n
Eg £21=0 < ) : (5.15)
<||H||loc k

where the expectation value is taken over random choice of H.

6 Proof of the main theorem

We provide the proof of our main result (Theorem 5.6). The main idea is to expand the expected energy
(averaged also over random choice of H) as the sum of a zeroth order term that vanishes under expectation,
a linear-in-t term that can be computed exactly, and a O(¢?) term for which the magnitude can be upper
bounded. At small ¢, the O(t) term dominates, and it is possible to choose a value of ¢t and y that yields
the desired result. This balancing of the first- and second- order terms is depicted schematically in Fig. 1.

The magnitude of the O(¢?) term is upper bounded in Proposition 6.2; its proof requires a subproposi-
tion (Proposition 6.3), which is proved with a diagrammatic method in Appendix A. We provide intuition
for Proposition 6.3 in Section 6.3.

6.1 Proof of Theorem 5.6

In this section, we provide the proof of Theorem 5.6, modulo the assertion of some propositions, whose
proofs are deferred. We begin by emphasizing the introduction of the Rademacher variables s, € {+1, -1}
for v € I" that make the random signs explicit in Condition 5.1:

H = Z syH, where s, v Unif({+1, —1}). (6.1)
v

In fact, in our proofs, we will only make use of the randomness on the signs. Henceforth, all expectation
values £ that appear randomize only over the s, variables, and we may consider the quantities H., as

"The constants ¢y, ¢¢, and cy have dependence on the constants ajoc and aac defined in Condition 5.2, but not on k, m,
or n.



ETr £t (H)

upper bound ©(y/n)

true optimum

feasible ©(yn/k) -

o(1/k)

Figure 1: Depiction of the balancing of first- and second- order terms in our proof. The expected maximum
energy EApax(H) is upper bounded by O(y/n) (thick black line) and conjectured to be ©(y/n/k). The
lower bound on the expected achievable energy is derived by expanding Eﬁ[eﬁt(H )] as a sum of a linear-
in-t term (solid black line) and an O(#?) remainder term. The linear-in-t term is computed exactly and
the magnitude of the O(¢?) term is upper bounded (indicated by shaded blue region). Since we seek the
best possible lower bound on Eﬁ[eﬂt(H )], we choose t such that the bottom edge of the blue region is
maximized, indicated by the red dot, occurring at ¢t = ©(1/k) and Eﬁ[eﬁt(H)] = O(y/n/k). If t is chosen
larger than this, the bound becomes worse; this contrasts with the expected behavior of detailed-balance
Gibbs sampling algorithms, which are expected to improve strictly over time.

fixed. Consequently, we can organize the Lindbladian in Eq. (4.4) as a degree-two polynomial of the
Rademachers

L= +> s+ > sys Ll (6.2)
~yel vy er
Ll
where
a 1
£31(0) = A*0A" + 3 y[A% H.)0[A", H] - 5{1 YA H A H), o}, (63)
¥ v

1 1
£31(0) = yla, H,)'0A" + yaro[A H,) - Jy{ (A", B] A, 0} — Sy{aa® H |0}, (6.4)
a a a 1 a a
£1,(0) = 8,1y ([A JH,J'0[A" H,] - 5{[A JH.JT[A ,HW/],O}>. (6.5)
Note that EST contains the L% terms since S?Y =1.

The quantity of interest is the expectation value of H in the evolved state, averaged over the random
choice of the Rademachers, that is

ETve" (H) = Es,Tr[e“"(H,)]. (6.6)
yel

10



Note that £ has hidden dependence on the Rademachers s, through its dependence on H. By invoking
the fundamental theorem of calculus twice, we may write

e (H) = H + / dt [ dd Uu(H)] _H+ / " dtyef' (21 (FT)) (6.7)
= H+tLi(H / dty / dtref' 0 (LTt (H)). (6.8)

Thus, we can expand the average energy into a zeroth-, first-, and second-order term in ¢:

ETr[e Ut Z ETr[e Ut (syH)]
yerl
=> Es,Tr[H,] + > Es,Tr[L{(H,)]t+ ) Es,Tr [ / L0 (L2 (HL)dt dty |
~er ~el ~eT t>ta>t1>0
=0 first-order term Tj second-order term 15

(6.9)

The zeroth order term vanishes under averaging over the Rademachers. The other two terms are handled
separately.
First, we compute the first-order term 77 exactly.

Proposition 6.1 (First order term). We can evaluate the quantity Ty (see Eq. (6.9)) as

Ty = —8yt|H |2 qack. (6.10)
Proof. We may write
Tyi=tY ETe[Li(s ) =Y ETr | > | L5+ salli+ > spspslly | (syH,)|  (6.11)
~yer ~yel acA per B,8'el’
BB’
=ty Y TLY(H,), (6.12)
yel'a€A

where the averaging over Rademachers killed most terms:
Esgsy =83, and Esgsgs, =0 foral g,05,7. (6.13)
Here, 3., denotes the Kronecker delta symbol. Applying Eq. (6.4), we find that
_ 1 1
TR{Ly! ()] = y[A®, ) H, A + yA L (A0 B - y{1a /) A | | - Sy{adias B 1
(6.14)

which is easily seen to vanish in the case that A% and H, commute (i.e., by = 0). Therefore, the
expression can be evaluated for the case that A® and H, anticommute (i.e., by, = 1), and expressed as

Te[L9(H,)] = —8bayh2yTr[A*T A" = —8bayh2y (6.15)

11



where we have used the assumption that H. ,3 = h%I from Condition 5.1 and A%f A® = I from Condition 5.2.
Finally, summing over a € A and v € I', we can exactly evaluate the first-order term as

Ty => ) Tr[L8T(H, )t = —8yt > b2 (Z bw> (6.16)

vel' a€A vyel acA
= —8yt| H| 3 aack, (6.17)
as advertised, where we have utilized the definition of a,. in Condition 5.3. ]

For the second-order term, we state the upper bound and defer its proof to the following section.

Proposition 6.2 (Bounds on the second order term). Suppose that y and t satisfy the relations

t >0, (6.18)
alockt < 1, (619)
y2HHH120calock < 1/8- (6.20)

Then, there is a universal constant ca, such that, with Ty defined as in Eq. (6.9), we have

2
T3] < colylt*aiock? || H ||, (6.21)
Now, we explain how y and ¢ can be chosen in such a way to entail the theorem statement. We let
y = —cy/(Vk|H||,,.), t = c1/k for universal constants ¢, and ¢; chosen as
¢t = min(1/(2a10c) ; 4Gac/(c203.)) (6.22)

cy = 1/(3\/aioc) - (6.23)
These choices ensure that the relations above are met, and also that

| T| < 4lyltaack| H I3, = IT1]/2. (6.24)

Since |T»| < |T1|/2, we can conclude that

2 2
4cyctaac ||H||glo CH HHHglo

= , (6.25)
\/E HHHIOC \/EHHHIOC

1
Ti+Tp > ;T = —4yt||H |2 aack =
where we choose cy = 4c¢yc4aac, proving Theorem 5.6.

6.2 Proof of bound on second-order term (Proposition 6.2)

The goal is to upper bound the magnitude of the second-order term defined in Eq. (6.9). This term can
be expressed as

ot t2 i
Z ETr / dts / dty eﬁ t
y 0 0

T 1 T 1 1 t
R SRR SN I0L | IS DENCIRS I pIwr: o IR
7

72€T ¥2,75€T 1,7 €T
Yo 7AY4 M#Y]

(6.26)
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where we abbreviated

ch=3cgt = =Y (e ). (6.27)

a€A acA acA

By picking a term from each parenthesis, we arrive at 9 terms to evaluate. If we choose the final term in
each parenthesis, we end up with a term with 5 Rademacher variables s, Syt Sy Syt Sy that can be brought
outside of the integral—this is the maximum number of Rademachers for any term.

We may group terms in the expression for T5 from Eq. (6.26) based on which Rademacher variables

appear in the term:
To=>Y E||]]sa]T / dt et Oy | (6.28)
t>to>t1>0

ucr acU
|UI<5

Each term is labeled by a subset U C I' with at most 5 elements, denoting which Rademachers s, appear
(note that the Lindbladian £ also implicitly contains a dependence on all the Rademachers, but these are
in the exponent and cannot be brought outside the integral). The operators Oy depend on Lindbladian
terms, but they are independent of the random Rademacher variables. For example for U = {1, 72}, the
associated term looks like

Oy oy = L LH(H )+£T£T( )+ LhCh (HL,) + £hct (HL,)

Y ( s Cho (B, 4 £, 0 (L) o £, £ (L) + 8 £ (HL) 4+ £, L ()
v3€l'
Z (ﬁj‘mﬁj‘ﬂﬁ? ) + ’C:“YTCT}’IVS( ) + ET 'CTYTY?’( ) + ETY?"CTYI'YS( ) + 'CTYS'CTYTYS( ’Yl)) :
el
(6.29)

and for U = @, we have

0o = (chelh(r) + chef(r)) + > (b0, (H,) + £, 00, (/) (630)
" W

Since these Oy do not depend on the random Rademachers, we may upper bound the value of each term

by a product of norms:
I 5| T / dtrdtae=t (|| - 100 (6.31)
t>to>t1>0

15| < Z
acU

ucr
|UI<5

where the first norm denotes a norm for the linear functional

’ I TiMIO0)]] | Tx[M(p)O]

= sup
10|l o 1Ol
for superoperator M being the expected-integral over signed Lindbladian dynamics.
This expression can be bounded in two steps. First, we are able to upper bound the norm of the trace-
expected-integral superoperator, as follows. (Recall the definition of h, as the strength of Hamiltonian
term H,, in Condition 5.1.)

THMI ()] = sup = |M(u)l;., (6.32)

8

8If there were no signs, this would have norm exactly one. The random signs further decrease the norm, which we need
to capture carefully.
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Proposition 6.3. Fiz a subset U C " with |[U| < 5. Suppose that y and t satisfy the relations t > 0,
apckt < 1, and yQHHHfocalock < 1/8. Then

H Sa TI"/ dtldtzeLTtl(')
t>ta>t1>0

acU

E <O (&) U T he (6.33)

acU

Note that the Rademacher signs are all we needed to obtain a good estimate, and not the particular
operators Opy. We sketch the proof of this in the following subsection, and give the formal proof in
Appendix A.6. Using this proposition, we can return to Eq. (6.31) and write

|nm0w»§j<ﬂmgwwwm. (6.34)

Ucl’ \acU
|U1<5

The final step is to evaluate this sum, using the following proposition. Here, there are no Lindbladian
exponentials anymore, but merely some finitely many terms arising from £7(LT(H)) (with the averaging
over Radamachers already handled in Proposition 6.3). We sum over the terms in an almost brute-force
fashion, paying special attention to the commutation structures of H and {A®}.

Proposition 6.4. Let Oy be defined as in the expansion of Eq. (6.28) for each subset U C T', with |U| < 5.
Suppose that y satisfies the relation yQHHHIQOCabCk < 1/8. Then we have

U 2 7.2 2
Z (H ha) |y|‘ lHOU” < O(l) : |y‘alock ”H”glo'
Ucl’ \a€eU

|UI<5
This proposition is proved in Appendix B. Utilizing the proposition, we obtain the desired result:

o] < O(F) - |ylap, k?|| HIJZ, - (6.35)

6.3 Expansion of Rademacher expressions and proof intuition

Here we sketch the idea behind the calculation of the second-order term 75, captured formally in Propo-
sition 6.3 and Proposition 6.4. To illustrate, we first examine a representative contribution to Ty from
Eq. (6.28), taking U = {v1,72} and considering only one of the terms of Oy:

E [s% Sy TT / dtidtae Ll (E(T)(HM))] . (6.36)
t>to>t1>0

A term like this will appear for all choices of 1 and s, so we would like to be able to compute quantities
where these are summed over, for example

T = Z E {s%szr/ dtldtgeﬁtlﬁim(ﬁg(Hm))} . (6.37)
~1,72€T t>ta>11>0
Mn#72

This expression has complicated Rademacher dependence in the exponent of the oLt term, and it is unclear
how it can be bounded. The following lemma will play a part in that.

Lemma 6.5 (Lindbladian evolution is norm contractive). A Lindbladian evolution in the Heisenberg
picture contracts the operator norm:

Heﬁt(O)H < ||O|l forany t>0 and operator O. (6.38)

14



This holds since quantum channels are trace norm contractive in the Schrodinger picture, or operator
norm contractive in the Heisenberg picture (see, e.g., [PGWPRO06].)

A naive attempt. Using the triangle inequality and the fact that the normalized trace satisfies
Tr(0) < ||O||, we could try bounding Eq. (6.37) as

TI< Y E {|sm||sw| dtldtQH £it ‘U (Ch(H, M (6.39)
~1,y2€D t>to>t1>0
T#72
t? e
<5 HE (Lo(HL))||, (6.40)
~1,72€l
Y1#Y2
where on the second line we used Lemma 6.5 and the facts that [s,,| = [sy,| =1 and [,_, _,  dtdts =

t2/2. We now give a rough sense of the scaling of the quantity HE%(L’&(H%))H. The Lindbladian terms

£(T) and 522 are defined in Eq. (6.27) together with Egs. (6.3) and (6.4). Observe that each occurrence
of a Hamiltonian term H., brings a factor of h, into the scaling, and that for a given H,, only O(k)
of the values of a will have [A% H,] # 0. Furthermore, .C is linear in y, and L’g has both 3% and 12

components—the y? components can be shown to be subleading. Thus, we expect that HES(Hw) ‘ scales

roughly as O(h~, k) and then HE%2 (Eg(H,Yl)) H scales roughly as O(|y|h,hq, k?). Assuming H has m terms
and hy = 1/y/m for all v (as in Eq. (2.3) and Eq. (2.4)), we end up finding

IT| < 2|lylmk* - O(1). (Loose bound)

This is problematic due to the dependence on m, the number of Hamiltonian terms, which can be much
larger than the system size n. If the terms composing 715 were this large, then they would dominate the
first-order term, which is bounded as |T}| < |y[tk? - O(1). We would not be able to achieve the balancing
between T and 75 as in Eq. (6.25). This naive bound has not utilized the randomness of the Rademachers,
which induces significant cancellations between positive and negative contributions to 7.

The more careful approach. We pursue a more delicate computation which successfully captures
some of these cancellations by expanding the time-ordered integrals—such as that which appears in the
expression for 7—via a recursion relation. We will utilize the following lemmas.

Lemma 6.6 (Integration by parts for functions of a Rademacher). For any function of a Rademacher
variable s ~ Unif({£1}), it holds that

Es[f(s)s] = Eg [Dsf(s)s] where Dsf(s):= f(s)— f(0). (6.41)
Proof. Note that

Es[Dsf(s)s] = Es[f(s)s — f(0)s] = Es[f(s)s] — Es[f(0)s], (6.42)
and the last term averages to zero. O

Lemma 6.7 (Duhamel’s identity). For any square matrices A and B, and t > 0, we have

¢
o(A+B)t :eAt+/ e(ATB)(t—t1) BoAt gy, | (6.43)
0

Proof. Both sides satisfy the differential equation dC(t)/dt = (A+ B)C with the initial condition C'(0) =
I. O
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We decompose LI = AT + Bf, where

B =s, 521 + Z v, s,ylﬁfyw, (6.44)
Y Fn
At =t — Bt (6.45)

Note that B has linear dependence on Sy15 AT has no dependence on 5+,, and A remains a Lindbladian
(and thus norm contractive). Applying Lemma 6.6 to 7 with s = s, yields

[ — te 1t
- Z <E S 1Y /t>t S0 dtydtz 00 t%% (LE(H'YI))}
L 2 1

~v1,72€l
N#Y2

—E |55, Tr dtydty e Ll (Lg(H%))] ) (6.46)

t>ta>t1>0

Next, after applying Lemma 6.7 to the exponential that appears in the first term, we get

T= Y |E[sys,Tr / dt1dty eAT“EL?(E(T)(H%))]
L t>ta>t1>0

Y1,72€l
NFEY2

+E |5y, 84, Tr dt1dt,d6 e(ATJFBT)(“_G)BTeATQELQ(L‘,g(Hw))}

t>to>t1>60>0

—E |8,57, It / dtydty eA*t1£§2(£g(HM))] . (6.47)
L t>to >t

The first and the third terms cancel out, yielding only the second term, which is a time-ordered integral of
order 3. Furthermore, the appearance of B in the second term brings a linear factor of 5+,, which can be
brought outside the integral to cancel out the other appearance of s,,. Substituting Al and B, relabeling

(0,t1,t2) to (t1,t2,t3), and noting that sgﬂ = 332 =1, we have

T(to— Bt
T = Z (E |:Tr /t>t >to>t1>0 dtldt2dt3 eﬁ (v tl)ﬁjrh’yze(ﬁ . )tl[’jm (ﬁg(HM))]
3>t2>11

v1,72€l
T1#V2
+E |:872T\r dtldt2dt3 e£T (tQ_tl)ﬁerl e(ﬁT_BT)tl ETYz (E;r) (H’h )):|
t>t3>t2>11>0
+ Z E |:87/ S'Dﬁ dt dtodts QLT(tz_tl)ﬁjrn’we(ﬁT_BT)tlEerz (ﬁ(Jg (H’Y1)):| '
cr t>t3>ta>11>0

v {172}
(6.48)

Let us pause to explain what has happened. We began in Eq. (6.37) with an expression for 7 that
was an order-2 time-ordered integral, with 2 Rademacher factors outside the integral and 1 Lindbladian
evolution e£™*2 inside the integral. After applying the recursion relation once, we now have an expression
with multiple order-8 time-ordered integrals, each of which has 0, 1, or 2 Rademacher factors, and 2
applications of Lindbladian evolution within the integral.

The most interesting term above is the first term, which has 0 Rademachers outside the integral.
Both Rademachers were canceled out by the descent of the s, swﬁiﬂw term from the exponent in the
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application of Lemma 6.7! The pairing up of Rademacher variables in this fashion is key for fully capturing
the correlations between the random Rademachers outside the integral and those in the exponents of Lt
inside the integral, and the associated cancellations between positive and negative contributions. There
is nothing more to do with this term, except to bound it by invoking the triangle inequality and the
contractivity of the L't map. That is, we proceed in a similar fashion as we did for Eq. (6.39):

S E ['ﬁ / dtydtadty £ 2t Lt | oET=BNt Lt (8 H )
t>t3>to>t1>0

~Y1,72€l
M#Y2

t3
< = cl
ST

Y1,72€
T1F#72

Y172

Hz’f chH ))H. (6.49)

We now attempt to get a sense of the scaling of the resulting expression. From Eq. (6.5), we can see
that the operator 571% vanishes unless both [A% H, | # 0 and [A% H,,] # 0. Since A® is a single-site
operator, this can only occur if both H,, and H,, have support on that site. Hence, thinking of H,,, as
fixed, the only nonvanishing choices of 72 and a occur when both H,,, and A® have support that overlaps
with the & sites in S(v1), the support of H,,. This logic reduces the sum, as follows.

t’ | i
5 2 [etallenciomy] =5 Z PDRED DR 12 | N IC )] D
Y1,72€l TieS(y1) y2:4€5(v2)

MFEV2 Y2FEM

The quantity HE%W H scales roughly as O(|y|*h-, ho, k) for choices of v1,v2 where it is nonvanishing (the &
comes from the at most O(k) choices of a that could cause A* to anticommute with both H,, and H.,).
Combined with the previous observation that HLJLY ET( H.,)))|| scales as O(|y|hs, hy,k?), we find that the

bound on 7 scales as

T<o@y) Y 02) Y Y o) (6.51)

y1€l 1€S(711) v2:1€S(72)
Y2FEM

< Oy PR H | oI H [ (6.52)

g10|
where || H ||, and || H ||, are defined in Eq. (5.12). Crucially, both ||H |, and ||H |}, are independent of
the number of terms m; for each appearance of a sum over m choices of v € I', there is an accompanying
factor of h% ~ 1/m. The residual m dependence was the main issue with the naive attempt above,
which did not utilize the randomness of the Hamiltonian. An additional important feature is that this
calculation has incorporated the fact that H.,, must have overlapping support with H,, in order to greatly
reduce the number of terms in the sum, resultlng in a dependence | H|?,||H|3,, rather than ||H||*

Ultimately, the values of ¢ and y are chosen such that ¢?|y|?k? HH||10C < 1, allowing the above to contribute
as C’)(t!y|/€\|HHglo) that is, at the same order as the first-order term (Prop051t1on 6.1.)

Yet, while we have gained control over the first term in the expression for 7 in Eq. (6.48), there are
two additional terms that were produced by the recursion step, which have 1 or 2 Rademachers outside
the integral. To handle these new order-3 terms, we apply the same strategy and express each of them
as a sum over several new time-ordered integral terms of order 4. For any of the order-4 terms with
Rademachers outside the integral, we again apply the same strategy, yielding order-5 terms. After we
have recursed p — 2 times, what remains are order-p integrals without any Rademachers prefactors, for

glo glo®
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p=3,4,5,..., and a remainder term of high order that includes all the terms that still have Rademachers
outside the integral. We show how to sum all the terms without Rademacher prefactors, and we also show
that the remainder term approaches 0 as one performs more recursion levels (see Lemma A.16.)

To account for all the terms, we utilize a diagrammatic method, which allows us to see in what way the
Rademachers outside the integral are paired up. Specifically, we equate each of the time-ordered integrals
encountered in the expansion with a unique diagram, and then rewrite equations in terms of diagram
expansions. For example, the time-ordered integral equality in Eq. (6.48) is rewritten in our diagram

language as
2 - gl Vi
o = (05 )+ (O L) 2 (Th L) e

v e€M\{m 2}

See Appendix A.6 for details. Nodes with arrows represent Rademachers outside the integral. The
dashed line represents the pairing up of two Rademachers in one step, as occurred in the first term
of Eq. (6.48), reducing the number of Rademachers by 2. Filled nodes represent the pairing up of one of
these Rademachers with itself, reducing the number of Rademachers by 1 compared to the left-hand side,
as occurred in the second term of Eq. (6.48).

By using this diagram language, we can exhaustively count all the terms and thus compute their
contribution to the upper bound on |T3|. Fortunately, we need only count diagrams in which all the
arrows have been removed, either by pairing up with other arrows, or pairing up with themselves (via
a filled node), since we can show that the contribution from the remainder diagrams vanishes with the
number of recursion steps. This restricts the combinatorics and makes the calculation tractable. As we
can have as many as |U| = 5 Rademachers, we can end up with diagrams as complex as, for example,

Y4 O--
3

Qg |
3

6% ]

o % o (6.54)
(6% : Qg

73 O VO

a2

'S

ay

(=)

git

When applying the recursion relation, we choose to extend the leftmost path with an arrow. So the above
diagram represents a term where the first Rademacher paired up with the fourth Rademacher on the fifth
recursion step, then the second Rademacher paired up with the fifth Rademacher on the seventh recursion
step, and finally the third Rademacher paired up with itself on the eleventh recursion step, yielding a
diagram without any arrows.

Ultimately, the contribution of a diagram to the sum has a factor that decays exponentially with the
length (i.e., number of solid edges) in the diagram. Thus, the scaling of the full sum is captured by the
lower-order terms, which have favorable bounds, as was found for the example of the order-3 term in
Eq. (6.49).

7 Conclusion

In this work, we consider the low-energy state preparation problem in the setting of quantum optimization
problems and studied random, all-to-all connected models of strongly interacting many-body quantum
systems—quantum analogues of classical spin glasses. Our main finding is an average-case quantum
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algorithmic guarantee stating that a simplified version of quantum Gibbs samplers can prepare quantum
states achieving an Q(%)—fraction of the optimum energy—this is proved in a general approach that handles
both the spin and fermionic cases, and both the sparse and dense cases all at once. This guarantee is
an exponential improvement over prior classical and quantum algorithms (an 69%—fraetion) for the same
family of models. Combined with existing circuit lower bounds, our refined guarantee suggests that the
low-energy states of sparsified local fermionic and quasilocal spin models are classically nontrivial and
quantumly easy.

In fact, we conjecture that our Q(‘éﬁ)—scaling for the achieved energy actually coincides with the
true optimum, up to an absolute (k-independent) constant. Such scaling is consistent with the physics

heuristics | H|| ~ @ for the even-k SYK model (see, e.g., [HO22]). However, a rigorous understanding
of the spectrum, physical properties, and complexity at low energies remains very limited, and further
progress here may illuminate the aspect of quantum advantage in these systems.

Meanwhile, our algorithmic guarantees set a quantitative challenge for quantum and classical algorithm
designers, and these random models are natural testbeds. Currently, this simplified version of the quantum
Gibbs sampler is the only systematic algorithm that achieves a Q(%)—approximation. We suspect that the
generic classical approach cannot exceed a e k) _fraction, and we are hopeful that Q(%)—fractions should
be accessible by other quantum algorithmic principles.

This work has mostly been restricted to the context of optimization problems, but thermodynamic
simulation often involves the quantum Gibbs state. Of course, quantum MCMC algorithms are most
natural for this task, but so far, there have been very limited tools to study mixing times and spectral gaps
of quantum Lindbladians. Interestingly, it was recently proved [ACKK24| that the annealed approximation
for the free energy in these spin and fermionic models continue to hold at very low temperatures (5 = eSHk)
for random Paulis, 8 ~ Q,(n*/4) for fermions); this hints that the model may be glassy and remain rapidly-
mixing for a wide range of temperatures.
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A A diagrammatic calculus for upper bounding the norm of the time-
ordered integrals

In this section, we work toward establishing Proposition 6.3. To do so, we require some setup and definitions
over several subsections. This framework is used to finally prove the proposition in Appendix A.6.
A.1 Compact notation for time-ordered integrals (TOlIs)

To prove the proposition, we will repeatedly expand time-ordered integrals (TOIs) into TOIs of higher
order and more complicated integrands. To organize the expansion, we must address individual terms in
the global Lindbladian £, which are labeled as follows.

Definition A.1 (Labels). We let M =T U (I' x I') U{0} denote the set of labels for Lindbladian terms,
as defined in Eqs. (6.3) to (6.5). For example, if | = (y1,72) € I' x I' € M is a label, then Ezr = El;lw.

Definition A.2. For a subset of indices S C I, we write

1
ch=ch+> sl + 3 > sysyLl (A.1)
vES ¥y €S
Rt

where Eg, CL, and L:TW, include the sum over a € A, and ETW/ 1s symmetrized over its suscripts, as

defined in Fq. (6.27). That is, ,CTS includes Lindbladian terms only involving indices from S (compare with
Eq. (6.2).)

The following lemma guarantees that this restriction preserves the Lindbladian structure.
Lemma A.3. For all S CT', Lg is also a Lindbladian.

Proof. Observe that Lg = Ep\ gL where the expectation is taken over all s, : v € '\ S. Since a convex
combination of Lindbladians is still a Lindbladian, the lemma follows. O

Now we define the general form of a time-ordered integral, where the intermediate Lindbladians include
particular choices of indices.
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Definition A.4 (Compact notation for time-ordered integrals (TOls)). Given a non-negative integer
¢ >0, sets So,...,S¢ C T, and labels ly,...,ly € M, we define the object [Sy,ly,...,S1,11,50] to be a
superoperator (mapping operators to real numbers), defined by its action on an arbitrary operator O:

[[SZa l@) Sé—la l@—l) ceey Sla lly SO]](O)

= Tr / dtges...dty P70 s £F (B, ot ()L, ot s () ) |
t>tp10>...>11>0 ¢ 2 !
(A.2)
When necessary, we identify toy3 =1 and to = 0. We say that ¢ is the length of the TOI.

The TOI objects depend on the Rademachers through the appearance of the 37£L and SWSV’E'TW’ terms
“upstairs” in the exponent. We also need to consider expressions with TOIs weighted by Rademachers
“downstairs” and then average over the Rademachers.

Definition A.5 (Rademacher-averaged TOI). Instantiante the definitions in Definition A.4. Let h > 1
be an integer and define the Rademacher random variables s+, ..., s, ~ Unif({£1}) which are indexed
by elements of I'. A Rademacher-averaged TOI is a superoperator of the form

ESM .. .S,Yh[[Sg,lg,...,Sl,ll,SOH. (AS)

These are labeled by elements from the set

W= {0} U | ([ W (A.4)

£=0 h=0

with
Whyg = {((’)/1, s 7'7h)> (Sg,l@, ce Sl,ll,S()))) v €8, C I € ./\/l} . (A5)

When w € Wi, we say that h is the number of “downstairs” Rademachers, and £ is the length of the
Rademacher-averaged TOI. We also define the value V(w,O) of a Rademacher-averaged TOI w € W
acting on operator O by V(0,0) =0 for all O and

V (((’Yla CIEa 77h>7 (va lf? CIEa ‘917 lla SO))? O) = ES’Yl s S’Yh [[va lf? ey Sla l17 SOH(O) € R. (A6)

Note that V' is a linear function in its second argument. We have included the element 0 in the set
W to represent the superoperator that maps all inputs to 0. This is important later to map the invalid
choices of ordering to 0, and have this not leave the set.

Lemma A.6 (Bound on Rademacher-averaged TOI). Let h > 0 be an integer and Es., ... s, [Se,le, - .., 51,11, So]
a Rademacher-averaged TOI as in Definition A.5 applied to an operator O. Then we can bound its absolute
value as

T

lg

|ES71 ce S’Yh[[sfv lfa Sf—lv s 7517 l17 SO]](O)| <

L jol. ()

(C+2)!

i

lg—1

<[kl
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Proof. First, when bounding a TOI, we can use the fact that the normalized trace satisfies ‘ﬁ(O)‘ < O],
as well as triangle inequality and submultiplicativity of the operator norm to get

Tr I t t i
Tr / dtppn .. dty P T0rs, o o7, pf (270l pf B ()
t>tpyo>...>t1>0 £ 2 1

(A.8)

<

_ i o T _ T T
/ dbgrn...dty o7 £ 8T s, £ (2T s, £ s (0)]) (A9)
t>tp40>...>11>0

S / dtg+2 e dtl
t>tpy0>...>t1>0

t i i t
T ] TR £ (2T ERs £] oo (0) H (A.10)

g/ dtess...dt HELH""‘ELHH‘CL o]l (A.11)
t>tpy0>...>t1>0
a1 vt o et | e o
+2) ’ '

where we used the formula for the volume of the rescaled simplex:

t€+2
dtf+2 e dtl - . (Alg)
/t>tg+2>...>t1>0 (£ +2)!
We have also used the fact that He(tjﬂftj 5;\ s.|| < 1, owing to the fact that E;\S‘ is a Lindbladian
J J

(Lemma A.3), and that Lindbladian evolution of operators is operator-norm contractive (Lemma 6.5).
The Rademacher-averaged TOI is an average over the 2" settings of the Rademachers, each weighted
by +1 or —1, but each setting gives rise to a TOI that can be upper bounded as above. Thus we have

thrQ

’ES’YI"‘S’Yh[[sfalfasf—lw"751al1750]](0)| < (£+2)|

O]l (A.14)

lg—1

<

<

-t e

O

A.2 Expansion rules for TOIs

The main technique that enables the calculation is a recursion relation that expands one TOI of length ¢
as a sum over various TOlIs of length £ 4+ 1. We establish the following lemmas to capture this relation.

Lemma A.7 (Integration by parts for any TOI). Let (y1,...,7) be any tuple of distinct elements of T.
Then

ES% < Sy [[Sg,lg, ceey Sl, ll, So]] (A.15)
= ES% e Sy [[Sg, loy ..., 51,1, So]] — ]ES»},1 ... Syh[[Sg U {’)/1}, lgy...,S1U {’)/1}, l1,S0U {’71}]]. (A.lﬁ)

Proof. Referring to the notational definitions in Egs. (A.1) and (A.2), we can see that the expression
[SeU{mt le,....,S1U{1}, 11,50 U{y1}] has no dependence on the Rademacher s.,. Thus, we have that
Esy, ...5y,[SeU{n}le,....S1U{m}, 1, U{m}] = 0, since s,, is uniformly chosen from {+1,—1}.
This proves the lemma. ]

Note that this is analogous to Lemma 6.6.
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Lemma A.8 (Duhemal’s identity applied to one exponential in a TOI). For any v € T' and k €
{0,1,2,...,¢} for which vy & Sy, it holds that

[[Sﬁalfa"'vslallas()]]:[[Sﬁalfa"'7Sk+lalk+l7skU{V}Jkaskfl,lkfla-"7‘917l1750]]
+3’y[[5falf7"'aska’77‘sk‘u{V}alkvsk—lalk—la'--7slal17S0]]
+ 5y Z Sy [Sesley - Sk vy Se U {v} by Sk—t15 le—1, - .-, S1, 14, S0] . (A17)

~'er
v ESkU{v}
Proof. To further condense notation, denote the set of coordinates 7, = (¢1, ..., ty) for which 0 =ty < t; <
... <ty <tby Ay, and let the differential d7y = dt;...dt;. We now apply Lemma 6.7 to the exponential
RS
operator et =lrs, prom Eq. (A.2). Specifically, referring to Eq. (A.1), we may decompose
Pt 1 f f
Lhe = Lhswop + L5 +5 2 (SVSW/E,W, + sﬂ,,svcw) (A.18)
v €r\(SxU{})
_ pt T
= EF\(Sku{v}) + syﬁi[y + Z Sysy Lo (A.19)
T v €r\(SxU{~})
B

where in the last line we have used the symmetry of ELW, with respect to its subscripts. Lemma 6.7 then
implies that
(1 —tr) LT b1t
1T s (b1 —t) (A+B) _ (ks —ti)A / dg el =t =0)(A+B) gofA (A.20)
0

oct
L+ Z 3737”627’ e MEobD

i tht1—tk t
— ot 50t 4 / R T W)
v eM\(SkU{n})

0
(A.21)

Plugging this into Eq. (A.2) yields

_ _ T _ T

Tr drpyg el s, ol |t s 00

V4
AV

tep1—tk o\t T _ 1
+ / gt s (et ST st | e | L] 170 (0)
0 ' €N\(SxU{r})
(A.22)

__ T T
_ T / drgp e T s £] BTS00y ] oS () (A.23)
AVES

— toso—ter1)Ll thyo—tpet) Ll a1 —ti) L] t1—to) Ll
+ Sle"/ drpys e( e+2=ter) F\Sfﬁll ce e( w2 —tir1)ors, ﬂye( k1=t )Lry (500 ...ElTle( 1100 Er s, (0)
243

D S /A dg
+3

Y €N\(SkU{n})

T T
e(t[+2—tg+1)£lt\se E}' o e(tk+2—tk+1)ﬁl—‘\(sk>E:I;ﬂy/e(tlvkl_tk)EF\(SkU{'y}) . E}' e(tlft())[:;\SO (O)
¢ 1
(A.24)
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where we performed the following change of variables: t;11 < t; for £+ 1 < 57 < £+ 2 and then reassign
tg+1 < 0 + t. Changing back to the notation in Eq. (A.2) proves the lemma. O

Lemma A.9 (Master recursion rule for Rademacher-averaged TOIs). Let (v1,...,7vn) be any tuple of
distinct elements of I', with h > 1. Then

Esy, Sy - - 84, [, e, - .. S1, 11, So]

l
= Z ]Es’yz"-S’yh[[SZU{’Yl},lg,...,Sk;+1U{’Yl},lk+1,S}c,’Yl,SkU{’Yl},lk,Sk_l,lk_l,...,Sl,ll,so]]
k=0

Y¢S},

l
+ Z Z ES’Y’S’}Q"'S’}% [[SEU{’Yl})lfv"')Sk—‘rlU{’yl}alk+1)5k7’y’yl7skU{’Yl}’lkask—lulk—lu"wslvllaSD]]'
k=0 er

NESk 5/ @Sk U{m}
(A.25)

Note that for terms where v' = ~; for some ¢ € {2,...,h}, then sysy, = 1 and one pair of Rademachers
will cancel in the final term.

Proof. For simplicity, first suppose that v; € S1USaU---U.S,. We start by applying Lemma A.7, followed
by applying Lemma A.8 (Duhamel’s identity) with v = v, and k = ¢, arriving at

Es% Sryg oo+ Sy, [[Sg, lg, N Sl, ll, S()]] (A26)

=Esy 8y - Sy | [Se U{m1}s le, Se—1,le—1 -+, 11, So]l + 54, [Ses v1, Se U {1}, Loy Se—1,le—1 .-, 11, So]

+S’yl Z s’y’ [[SZ777/7SZU{V}ﬂlﬁsfflvléfl---7117S0]:| - I]:SKU{’YI}al@"'?llaSOU{71}]] .
SV #Fm

We now apply Lemma A.8 to the second exponential of the first term i.e., choosing v =, and k = ¢ — 1:

ES%S,y2 e Sy [[Sg, lo,... 51,1, SO]] = IESMSV2 e Sy [[Sg U {’yl}, lg, Sp_1 U {71}, log_1,S¢—2,lp_1,...,14, Soﬂ

+ 5, [Se ULy}, vy Se—15le, Se—1 U{m }s li—1, Se—2, - ., 11, S0]
+S’Yl Z S’Y’ [[SKU{71}771’}/78@—1)&752—1 U{’Yl})lf—hS@—Qa'"7l1750]]
SeZY' #1
+ 55, [Se, 71, Se U}, ley Se—1,le—1 -+, 11, S0]

+ Sy Z S/ [[557’71’7/755 U {71}7&)55—1’1(—1 7l1a50]]
SeZV'#Fm

— [{SgU{’yl},lg,...,ll,SgU{’yl}]] . (A.Q?)

We proceed in this fashion, repeatedly applying Lemma A.8 to the first term with v = v, and with k
descending to 0. At the end, the first term will cancel with the last term, and the leftover terms created
by choosing k = ¢,¢ —1,...,0 are precisely the right-hand side of Eq. (A.25).

If 71 € S; for one or more values of i, we simply skip that value of k in the sequence; the first and last
terms will still cancel, and the theorem still goes through, since those values are omitted in Eq. (A.27). O
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The recursion rule in Lemma A.9 relates one Rademacher-averaged TOI as the sum of over many
Rademacher-averaged TOIls of longer length. We will call the longer Rademacher-averaged TOIs that
compose this sum the “children” of the shorter one, indexed by which value of k and ' the correspond to
on the right-hand side of the recursion rule. The value of a Rademacher-averaged TOI is equal to the sum
over its children. This is captured formally in the following definition and lemma.

Definition A.10 (Children of Rademacher-averaged TOI). Let w = ((y1,...,7), (Sesle, ..., 11,50)) € W
represent a Rademacher-averaged TOI object, and let v' € T and i € {0,1,...,£}. If h = 0, define
&y i(w) = 0. Otherwise, define

£ iw) =14 if 1 €5; orvy €5
o (% (Se Ut les s Sepn U{n b livns Sis i, S U{mi b 1y Sica, -, S1,1,80))  otherwise
(A.28)
where
(Y25 -+ 7h) ify =m
F_y: (727"‘77k7177k+17"‘77h) if’Y/:’Yk fO’I’k>1 (AQQ)
(0, 92,735+, 7h) otherwise
and

, , € M. (A.30)
Y1y otherwise

_ {’71 if v =m
M =
We say that £ ;(w) is the (7, i)th child of w.
We further define the set of children of w: £(w) = {€y(w) :i € {0,1,..., 4}, €T}.

Lemma A.11. Let O be an operator, and let w € W be a Rademacher-averaged TOI object. Suppose that
w has at least one downstairs Rademacher, i.e., it can be written as w = ((y1,...,vn), (Se,le,- .., 11,50))
with h > 1. Then, the action of w on O is given by the sum over all of its children, acting on O:

4
Vw,0)= Y V@, 0)=> Y V(w),0)), (A.31)

w' €€ (w) o€l i=0
where V' was defined in Eq. (A.6).

Proof. This equation directly follows from Lemma A.9. In particular, if w = ((y1,...,74), (Se,le, -+, 11,50)),
then by the definition in Eq. (A.6), the quantity V (w, O) is equal to the left-hand side of Eq. (A.25). Mean-
while, each term on the right-hand side of Eq. (A.25) is a Rademacher-averaged TOI associated with the
object &y i(w): one identifies & = 4" and ¢ = k to get the corresponding terms. Moreover, each setting
(c,7) that does not correspond to any term on the right-hand side of Eq. (A.25) also satisfies &, i(w) = 0.
Thus, the sum over Rademacher-averaged TOls, acting on O, is equal to the sum over V(w’, O). ]

Lemma A.12 (Length and number of Rademachers). Let w = ((v1,...,7), (Se,ley ..., S1,11,50)) € W
be a Rademacher-averaged TOI with length £ and h > 1 downstairs Rademachers, and suppose w' # 0 is
a child of w. Then the length of w' is £ + 1 and the number of downstairs Rademachers of w' lies in the
set {h,h —1,h — 2}.

Proof. This follows directly from the definition of a child (see Definition A.10). In particular, each case
in Eq. (A.29) defines a new tuple 7 that has has length, respectively, h — 1,h — 2 or h. Furthermore, the
new sequence of sets in Eq. (A.28) has length ¢ + 1 since 1 was inserted. O
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The picture that emerges is as follows. We may apply Lemma A.9 to a Rademacher-averaged TOI,
yielding a sum over all its children (as clarified in Lemma A.11). The number of downstairs Rademachers
in any of the children will not exceed that of the parent, as shown in Lemma A.12. The strategy will be
to recursively apply Lemma A.11 to the children for which there is at least one downstairs Rademacher.
After performing this process many times, the original expression will be given by a sum over many TOls
of varying lengths where all Rademacher prefactors have been canceled, and a remainder term of longer
Rademacher-averaged TOIs which still contain Rademachers downstairs. We will show how to sum the
former, and bound the latter. Next, we introduce a diagrammatic language to organize this expansion.

A.3 Rademacher-averaged TOIs as diagrams: some examples

In this subsection, we introduce the diagrammatic language by way of example. A more formal definition
can be found in the next subsection.

We are interested in bounding the norm of Rademacher-averaged TOIs of length 0, with A downstairs
Rademachers. For example, if h = 3, we are interested in the following superoperator, for which we
introduce a diagrammatic representation:

- t t1 ot
E371372373Tr/ dt?/ dtre”’ = Esy, 57,57 [2] = B! 8 72 8 73 8 (A.32)
0 0

Each node of the diagram is labeled with an element of I'. The node with an arrow represents a downstairs
Rademacher.
When we apply Lemma A.9 to the expression in Eq. (A.32), we have the equality

Es’h Sy25v3 [[@]] = ES'YzS’YS [[Qa 715 {71}ﬂ + Z ES’Y’S’YQS’YS [[Qa 71’7,7 {71}]] (A-B?’)
V'#FN

= Esy,50[2, 71, {1} + sy [2, 1172, A} + B [2, 1193, An} ]+ Y. Esysysy [2,m7 {n}]
v €l\{v1,72,73}
(A.34)

n Yo O -, Y3 O - o~
- (MIO Wé 73é>+<MIOK’X2/O ”/36>+ ’Yljtok’ﬁé 13,0 + Z ("/1i0 ’ng) "/3&)7

v €\ {71,72,73}
(A.35)

where we have associated each Rademacher-averaged TOI in the resulting expression with a unique dia-
gram. Each of these diagrams represents a child of the original diagram. In each new diagram, the arrow
representing the first Rademacher v; was replaced with an edge to a new node, which has a label in ' € T".
In the first term, the node label is 4/ = 1, so the node is filled and that arrow eliminated, representing
the cancellation of s,,. In the next two terms, the new node is labeled with a label that agrees with one of
the other Rademachers (corresponding to 7' = 42 and 7/ = ~3), and these Rademachers cancel together,
denoted by the dashed line and the removal of the arrow on both paths. In the final term, there is no
cancellation. The 0 label next to the solid edge represents the fact that we are dealing with indexed by
k =0 in the sum in Eq. (A.25)—in this case k = 0 was the only option.

In general, if the new node introduced has label 7/ and the new edge introduced has label 7, then the
new diagram represents the (7/,¢)th child of the original diagram. This means we brought down s by
applying Duhemal to the exponential with set indexed by .

We may now recurse and apply Lemma A.9 to each of the terms on the right-hand side of Eq. (A.35)
that still have unpaired downstairs Rademachers (in this case, all of them). As before, in the applicaton
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of Lemma A.9, we choose v to be the leftmost Rademacher listed downstairs, corresponding the leftmost
arrow appearing in the diagram. For example, a particular summand of the final term can be expanded
as

v
ES,},/ Sryg Soy3 [[®7 71’7/7 {’71 }]] = ( " i() Yo é V3 6)

,)// Yo - Y3 - ,Y//
0 ! 0}
o ,Y/ + ,Y/ 0 | + fy’ ' _|_ 2 ,Y/ 0
- 0 é 6 0 3 0! . é 0
"M 72 73 MO L 1O MW & no o 7 73.0 M nd b

Y €P\{Y 71,7273}

¥ eT\{' 72,73}

/
5 Y2 O, 3 O - "
1 1! 1 ! 1
+1 7 + [ 7o + 77 + > i
" b wd 0! AR °
7 72 73 1oL mo wd WO 92 B0 mn nd  wb

(A.36)

A few comments are in order. First, we see that for each term on the right-hand side, the first (leftmost)
path has grown to have two solid edges by introducing a new node with a new label 7. As before, if
that label is equal to 7/, forming an edge with the same label on both adjacent nodes, then the number of
Rademachers downstairs decreases by 1 and the new node is filled in. The path can also pair up with one
of the other two downstairs Rademachers if 4"/ = v or 4" = 73, indicated by a dashed line. Finally, it can
extend without pairing up, preserving the arrow on all three paths. The second solid edge is labeled with
a 0 or a 1, indicating the value of k that the term corresponds to in the expansion of Eq. (A.25). Note
that the k = 0, 4" = v, term is missing, because in that case the condition " ¢ Sy would be violated (as
So = {71} for this particular term, see left-hand side of Eq. (A.36)).
As another example, if we take instead the third term from Eq. (A.35), we expand to obtain

V3 -
Esy, (2,9, (] = | o)

) (A.37)

72 é ’st, O

!

V3O N2 MOy VO N2 B3O A
= 0! 0 + E 0! 0 + 0! 1 + E ! 1
MO N 3.0 Mo N 3.0 Mo N 3.0 MO 72 73,0

: y'er\{m} : g ! y'el L

(A.38)
Here, we see that the first and third terms have no remaining downstairs Rademachers (i.e., no arrows).
The second term, corresponding to k = 0, omits the 4/ = 71 option because here the condition v & Sy,
would be violated.

As we will define in the next subsection, if we a draw a diagram that violates v/ & Sj, we simply
associate that diagram with the 0 superoperator, so that it may be included in the sum without any effect.

A.4 Rademacher-averaged TOIs as diagrams: formal definition

We now formally write the rules to generate a diagram and its associated Rademacher-averaged TOI.

Definition A.13 (Generating a diagram). Let (f1,...,083y) be any tuple of distinct elements of I', with
g>1. Let (aq,...,qq) be a sequence of elements of T', and let (i1, 12, .. .,i¢) be a tuple of integers satisfying
0<i;<j—1forallj=1,... ¢
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1. Let w= ((B1,...,Bq), (D)) be an initial element of W with g downstairs Rademachers and length 0
(associated with the superoperator Esg, ...sg [2], see Definition A.5)

2. Let d be an initial diagram with g open nodes, labeled 31, ..., By from left to right, with an arrow on
each node (see Eq. (A.32) for the g = 3 example).

3. Forj=1toj=1{¢:

(a) Let B be the label of the leftmost node of d with an arrow. If there are mone, then return
“sequence too long.”

(b) Update the diagram d by removing the arrow from the node that is labeled with (.

(c) Update the diagram d by introducing a new node directly above the node labeled by 3, and adding
a solid edge connecting the new node with the node labeled by 3. Label the new node with «;.
Label the new solid edge with the number i;.

(d) If aj = BB, then update the diagram d by filling in the new node. (Do not add any new arrows.)

(e) Else if there exists another node in the diagram that has an arrow and has a label equal to «j,
then update the diagram d by removing the arrow on that node, and connecting the two nodes
with label aj with a dotted line. (Do not add any new arrows.)

(f) Else: update diagram d by adding an arrow on the new node labeled by o;.
(9) Update w to be equal to the (o, ij)th child of w, as in Definition A.10.

4. Output d and w.

Note that the first recursion step has one exponential to choose from, the second recursion step has

two, etc. The index i; will be the value of k chosen in the recursion equation at step j of recursion (see
Lemma A.9).

Lemma A.14 (Properties of diagram). Let (51,...,08,) be g > 1 distinct elmements of I'. Let (a1, ..., o)
be a sequence of elements of I' and (i1, ...,is) be integers satisfying 0 < i; < j—1 forall j=1,... 0. Let
d and w be the diagram and the element of VW output by the algorithm defined in Definition A.13 on these
mputs, assuming that the output is not “sequence too long.” Then, either w = 0, or else the following are
true:

1. d has ¢ solid edges, and w has length ¢
2. The number of nodes of d with an arrow is equal to the number of downstairs Rademachers for w

3. Denoting w = ((y1,---,7n), (Se, Loy - .-, 11,50)), let 5 be the number of values of j for which the label
l; € T, implying that there are £ — B values of j for which l; € I' x I'. Then the number of filled
nodes of d is equal to 3.

Proof. Let wg, w1, ...,wy be the sequence of Rademacher-averaged TOIs generated by the ¢ steps of the
algorithm (with output w = wy), and let do, dy, .. ., dy be the sequence of diagrams generated (with output
d = dy). Each step of the algorithm adds a single solid edge to the diagram, and the original diagram
has 0 edges, so d; has j edges for all j. Furthermore, w; is a child of w;_1, and the length of wq is 0, so
applying Lemma A.12, the length of w; is j. This establishes item 1.

To verify item 2, examine the generation of d; from d;_1 in Definition A.13, together with the definition
of w; as the child of w;_; in Definition A.10. Assume for induction that the tuple of labels on nodes of
d;j—1 with an arrow (ordered from left to right), match the tuple of downstairs Rademachers of w;_1; this
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is true in the base case when j = 1 by construction. Then, we see that the three cases in Eq. (A.29)
correspond exactly to the three if-then-else cases of the algorithm: if 8 = «; in the algorithm, then the
number of arrows decreases by 1, and the tuple 7 for w; has one fewer downstairs Radmeacher than that
of w;_1; if B matches the label of another node with an arrow, then this corresponds to the a = 3
branch in Eq. (A.29), and the number of arrows in d; and downstairs Rademachers in w; both decrease
by 2 compared to d;_1 and w;_1; otherwise, the number of arrows and downstairs Rademachers stays the
same. In all cases, the set of nodes with arrows on them in d;, from left to right, matches the tuple %,
confirming the inductive assumption.

To verify item 3, note that when d; is formed from d;_; and a filled node is added, this corresponds
to the first case (o« = 1) in the addition of a label fi to wj—; to form w; in Eq. (A.30). Thus, the number
of filled nodes is equal to the number of labels with only one element, and the rest of the labels of w have
two elements. O

Before proceeding, we provide a bit of intuition about how this formalism will be used in the lemmas
that follow. Let (B1,...,58,) be any tuple of distinct elements of I" and let ¢ > 0 be an integer. We
start with the Rademacher-averaged TOI Es,, ...s,,[2], apply Lemma A.9, and then apply it again to
every Rademacher-averaged TOI in the resulting expression that has at least one Rademacher prefactor,
repeating this a total of ¢ times. We can see that each Rademacher-averaged TOI in the final expression

corresponds to applying the algorithm in Definition A.13 for some value ¢ < ¢, some sequence (a1, ..., ap),
and some sequence (i1,...,i), corresponding to a choice of 4/ and k in the expansion at each of the ¢
steps.

A.5 Bounding the norm of a diagram

Continuing the discussion on intuition above, we see that, if we apply Lemma A.9 onto an initial Rademacher-
averaged TOI Es,, ...s,,[9], generating the children of that Rademacher-averaged TOI, and then we
apply Lemma A.9 again onto each of children that have at least one downstairs Rademacher, recursing ¢
times, then every term that results can be associated with a diagram. That is, at the jth level of recursion,
each child can be associated with a choice (o, ;) in the algorithm, so for any Rademacher-averaged TOI
in the final expression, there is a choice of sequence (a1, ..., ap), (i1,...,7¢) that leads the algorithm to
output that Rademacher-averaged TOI, along with the diagram. Each of these diagrams will have ¢ solid
edges, with ¢ < ¢. If the diagram has an arrow on it, then it must have £ = ¢ since at each step of the
recursion, it will always have had at least one downstairs Rademacher, and will be expanded by length
1. The ¢ solid edges are labeled by integers i1, 19, ...,i¢ obeying 0 < i < k — 1 (with k increasing in the
order they were added to the diagram). We may now assert the following.

Lemma A.15 (Norm bound on a diagram). Consider a diagram d generated from the initial Rademacher-
averaged TOI Es., ...s.,,[2], using the sequence (a1, ...,ap) and (i,...,ig). Suppose the diagram has
¢ solid edges, B filled in nodes, and o dashed lines. Let (wiw],waw), ... ,Wg,gwé_ﬁ) denote the pairs of
labels in I' that are adjacent to solid edges that connect two open nodes. Let (&1,...,£3) denote the set of
labels in T for the B solid edges connecting an unfilled node to a filled node (each with that label). Let w be
the Rademacher-averaged TOI that is output along with this diagram by the algorithm in Definition A.13.
Then the norm of the Rademacher-averaged TOI (as a superoperator) can be bounded as

(f[l (=2 ) . (A.39)

V(.0) _
d|| := = H
= lfwll = sup s = < o H e
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Proof. Recall that we are bounding the norm of a Rademacher-averaged-TOI via the definition of V (w, O)
(Definition A.5.) The diagram corresponds to a Rademacher-averaged TOI of the form

ES% .. .Swh[[Sg,lg,ngl,. ..,Sl,ll,So]]. (A.40)

During the creation of the diagram, a solid edge between open nodes w; and w;» corresponds to the inclusion
of a label [, = ij;- for one of the values of r. A solid edge between an open node and filled node with
the same label &; corresponds to the label [, = £; for some value of . Applying Lemma A.6 completes the
proof. Note that the choice of (i1,...,47) impacts the order in which the set of labels appear, as well as
the sets S, but these do not impact the bound in Lemma A.G. ]

What this lemma shows is that we can upper bound the norm of a diagram by a product of values
assigned to each of its components. For example, we have

Y4 -
2,
B2 . ! B4 . . ;
BLo 2 B3 t H£7 B1 )[’5162 ‘Eﬁzm ‘ﬁ“ﬂ %/33 ‘55564
0! Il 3 i (A.41)
o1 L2 Y3 74.0 Y5 é :

Note that the values of i1, ...,7, that appear on the edges of the diagram do not affect the bound.

A.6 Proof of Proposition 6.3

We define symbols that will serve to compute bounds:

Fi(v.7) Hﬁ“W’ , and, for p >2, Fp(%'/) = HE’Yﬁl ‘Eﬁlﬁz Hﬁﬁp 28p-1 Hq%pfw' ’
1y--5Pp—1
(A.42)
Gi( and, for p > 2, Gp(y) == szl H[,[M Hﬁﬁp . (a*w } (A.43)
1s--sPp—1
(I)O(’Y) = 17 (pl Z H£ B ’, and for
T
p=2 Z Z HE’Yﬁl ’£B162 Hﬁﬁp 2Bp—1 Hﬁﬂpfl'y’ (A'44)

lvapl

In what follows, F},, G, ®,, will each correspond to a bound on the norm of a sum over diagrams with a
single connected path. The quantity Fy,(v,7’) corresponds to all paths with p solid edges, without any
filled nodes or arrows, beginning at v and ending at 4’. The quantity G,(7y) corresponds to all paths of
length p beginning at v and ending with a filled node. The quantity ®,(y) corresponds to all paths of
length p beginning at v and ending with an arrow.

The following lemma shows how to bound a term of the form Es., s, ... s, [2].
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Lemma A.16 (Sum over contributions of all paths). Let g, q be positive integers. Letvi,...,74 be distinct
elements of I'. Then the following bound holds:

[Esy, 845 - - 59, [2]]
q thrQ

S e L%

m€S(g) ,BEL>o b1+... o +T1+. ATg=L
2a4-B=g fj,Tk€Z>0

Fo, (Y1) Yr(2) = Foo (Yr(2a—1)> Vr(20))Gri (Vr(2a41)) - Girg (%(20&5))]

D VD YD S

T€S(g) ,BEL> b1+... Ho+T1+.. . T +V=0
2a+6<g ﬁj,rkEZ>0,UEZ>0

Fr, (V1) Yr2) - Fro (Vr2a—1) Yr(20)) Gri (Ve (2a41)) -+ - Grs (Yr2a4-8)) Po (Ve (2048+1)) Po(Yr(2a4-8+2)) - - - Po(Vr(g)) | -
(A.45)

Note that the index v ranges from 0 to £ whereas r1,...,7r8,01,..., s range from 1 to £.

Proof. By the definition of the Rademacher-averaged TOI (Definition A.5), the superoperator Eyiva ... v,[2],
acting on O, is equal to V(wg, O), where wg := ((71,...,7), (&)), which has length 0 and g > 1 down-
stairs Rademachers. The object wyq is associated with the diagram dy with g isolated nodes with an arrow,

as in Eq. (A.32). Let C; C W denote the children of wq that are not equal to 0, that is, C; = E(wy) \ {0},
as defined in Definition A.10, and let C? be the subset of C; that have 0 downstairs Rademachers. Then
we can recursively extend this definition by letting

= U Ew\{o}, (A.46)
wEijl\C;Ll

and then define C]Q to be the subset of C; that has 0 downstairs Rademachers.
Then, with repeated applications of Lemma A.11, we can write

V(wo, O Z V(w,O) Z V(w,O) + Z V(w,O) (A.4T7)
wely wec? weC1\CY
= > Vw,0)+ ) V(w0)+ > V(wO) (A.48)
wec? wecy wEC2\CY
q
= Y>> Vw0 |+ > V(wO0). (A.49)
=1 wec? wECH\CY

We now use the triangle inequality and assert (noting from the definition of ||w|| in Eq. (A.39) that
[V (w, 0)] < [lw[[[O])

q
V(w,0) <YY" [V(w,0)|+ > |V(w,0) (A.50)
=1 yecy weCy\CY
<[ol> > lwl+lol > wl. (A.51)

=1 weCy weCq\CY
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[V (w

As |Jwol| :== supg W‘O)', we can drop the [|O| and write

lwoll <0 > lwll+ > lw]- (A.52)

=1 weCy weCq\CY

For each element w € C?, there are sequences (av,...,ar) and (ii,...,4) such that, on these inputs,
running the algorithm in Definition A.13 outputs w and also the diagram d. By item 2 of Lemma A.14,
if w e C?, then d has no arrows. Let Dg denote the set of all diagrams that can be generated by some
sequence pair, with length ¢ and no arrows, and let D, be the set of all diagrams with ¢ solid edges
(and any number of arrows). Some of these diagrams may be generated together with the output w = 0.

Nevertheless, since ||d|| = ||w|| = 0 when w = 0, we may still write
q
lwoll <7 > lldl+ >~ ] (A.53)
£=1 deD? deDg\D§

including those diagrams in the sum. Examining the algorithm in Definition A.13, we observe that each of
the g initial paths within the diagram will have an arrow unless (i) at some step the path terminates with
a filled node, removing 1 arrow, or (ii) at some step the path matches with a dotted line to another path,
removing 2 arrows. Let 5 denote the number of filled nodes in the diagram, and « the number of dotted
lines. If d has no arrows, it must therefore hold that 2a+ 8 = g. There exists a permutation m € &(g), for
which the path of index (counting from left to right) m(25 — 1) matches with the path of index 7(2j5) and
has a length ¢;, for j =1,...,a, and paths of index m(2c + j) terminate in a filled node and have length
rj for j=1,..., 8. (In fact, there will be multiple such 7.) It must hold that {1 +... 4+l +r1+...75 = L.
Since ¢; > 0 and r; > 0 must hold, we see that £ > « + 3 for this diagram to be possible.

We now impose the upper bound in Lemma A.15. Note that it is independent of the choice of iy, ..., iy,
which ultimately contributes a factor of £! to the bound. Also, it has a factor t*+2/(£ 4+ 2)! regardless of
the details of the diagram. Finally, the diagram-specific multiplicative factors can each be associated with
an edge of the diagram, and are determined by the labels of the nodes adjacent to that edge. Thus, we
can compute independently the contributions of each of the a4 3 paths (of lengths ¢1,...,4ln,71,...,73)
that compose the diagram, and multiply them together. All diagrams will be included at least once in the
sum if we sum over all choices of 7, o, 38, ¢1,...,4y, 71,...,78, 11,...,14g, and the values of the label of all
the open nodes that are adjacent to two edges (the filled nodes must agree with the node that preceded
them and thus are not summed over). Consider the path of index m(2j — 1), with ¢; such edges, for
j €{1,2,...,a}. Summing over the ¢; choices of labels for open nodes of the path gives a contribution
to the bound of Lemma A.15 equal to Fy, (Vr(2j—1)Yx(2j)); defined in Eq. (A.43). Similarly, the path of
index 7(2c + j), with 7; such edges, for j € {1,2,...,5} contributes to the bound of Lemma A.15 as
Gr; (Vr(1)Vr(2)), defined in Eq. (A.42). Overall, we can say that

tf+2
dl| < -
DU D — > |
deD? a,BE€Z>q m€S(g) ,BEL> b1+ HLlo+T1++Trg=L
2a+pB=g 2a+pB=g L5,r€Z>0
Ff1 (7%(1)7 ’771’(2)) T Ffa (7ﬁ(2a—1)7 77r(20z)))G7"1 (77r(2a+1)) T GTB (777(204—}—6))] . (A54)

Similarly, we may examine elements d € D, \Dg, which have at least one path that ends in an arrow.
Let the number of paths with an arrow be 6, and « and § defined as before, so that 2a + 54+ 60 = g¢.
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The rules of the algorithm in Definition A.13 ensure that the leftmost path will continue growing until its
arrow is removed. Thus, there can be at most one path with an arrow of length greater than 0. Denote
the length of this path by v > 0, and note that there exists a 7 for which its index is 7(2a + f+ 1) (while
maintaining the index relationships above as well). We thus have {1 +...+ 0y +7r1+...+7g+v = ¢, and
the contributions of the paths without arrows as above. The contribution of the path of length v with an
arrow is given by ®(vVr(2q+p+1)). The other £ — 2a — 8 — 1 paths contribute only a factor of ®q(-) = 1.
This allows us to say that

> lall<er > 2

dGDq\Dg w€G(g) ,BEL>0 b1+... o +T1+.  FTg+v=¢
2a+B<g Zj,Tk€Z>o,’U€Z20

Fﬁl (’7#(1)7 7#(2)) T Fga (’7#(20171)7 '77r(2a))G7"1 (771’(20[4’1)) T G?"g (Vﬂ(2a+5))q)v (77r(2a+,3+1)) : (A55)

Combining these contributions yields the lemma.

We can now use the bounds on Fj, G, ®; from Appendix C to arrive at the following lemma:

Proposition 6.3 (restated). Fiz a subset U C T' with |[U| < 5. Suppose that y and t satisfy the relations
t >0, apckt <1, and y2||HH1206alock < 1/8. Then

H Sa TI'/ dtldtgecftl(')
t>to>t1>0

acU

<o @) -y I pa- (A.56)

acU

Proof. Let U = {71,...,7g} with |[U| = g. Then, the left-hand side is equivalent to the quantity
IEv1v2 ... v4[2]]||. Applying the bounds offered by Lemma C.3 to Lemma A.16, we get

g 042
t
IEnye-glell < ([Th | D2 D0 Z
. L+ 1)L+ 2)
j=1 T€S(g) o,B,0€L>q L= Oz-l-ﬂ
20+4PB=g
2 o B 2 2\~ h

x > (81y12Kas0e)” (8llKasoe)” (81y [ atoc] H o)

b+ AHlatrit..+rg=L

Li,r€L>0
tq+2 g0
S Py P Z > (17 2.
(9) ,B€Z>0 \J=1 b+ AHho+r1+. Argtv=q
2a+3<g L, r€L>0,vEL>0

—a—p-1
! (A.57)

+1
(Z h7> (8|y’2kaloc)a (8’y‘kaloc)ﬁ <8|y’2kalocHHH10c2)
S
We see now that each term in the sum over 7 is identical, so this can be replaced with a g! = O(1), since
g < 5. Furthermore, each term in the sum over ¢1,...,0,71,...,7rg is identicall. The number of ways
to choose integers ¢1,...,0q,71,...,78, each at least 1, such that they sum to ¢, is upper bounded by

(aﬁj@l—l) < (*+P_ This allows the first term above to be rewritten as

l—a—p
o (Sl Phat| I, )

g

2048 .a+8 o+8 a4+
[Im ] X Il PR Paglees? 32 C+1)({+2)
j=1

,B,0€Z>0 l=a+p
2a+B=g

(A.58)
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Under the assumptions on y, ¢, we have |8|y|2kaloct\|HH120C| < 1, and thus, for any fixed a and 3, the
sum over ¢ converges and can be upper bounded by a O(1) value (note that o, 5 < 5 = O(1)). Since
200+ 8 = g, we can pull out a y9 factor. Furthermore, the sum over a, 3 of the quantity (kaj,ct)*™? has
a finite number of terms, and each term is upper bounded by 1, owing to the fact that we have assumed
alockt < 1. Thus the overall contribution can be absorbed into the O(tQ). Finally, we recover

g
[Th | - lul (A.59)
j=1

Now, we consider the second term in Eq. (A.57). We employ similar reasoning as above. Here we
have 1 + ...+ 4y +711+ ...+ 73 +v = ¢, with v > 0. The number of ways to choose these integers is
(ai B) < ¢®*8. Thus, we can rewrite the second term as

’ 0+ (8lyPhact | HIR,)
) (S0 ) g & e s
= ’ 5 HHHIOC o,BEL>¢ o (q+ 1)(q+2)
2a+8<g
(A.60)

q—a—p
07 (8JyPhanet | HIE,)

g
1 (Zh> [ VeV R R Ao

We observe that as we increase ¢ to oo, the magnitude of the second term approaches 0. As the statement
is true for all ¢, this implies that the norm of the Rademacher-averaged TOI is at most the first term,
proving the theorem. O

B Proof of Proposition 6.4

In this section, we prove Proposition 6.4. In the previous sections, the subscripts v in symbols like H,
have been drawn from I'. Here, we allow the subscript to also be 0: let Hy := I, hy = 1, S(0) = @, and
s0 := 1 (not random, unlike the other s,), and let T' = I'U {0}. For v € T, let

1 ify=0
bay =< 2y if v #0 and [A% H 4 #0. (B.1)
0 ify#0and[A% H,|=0
Since if [A®, H,| # 0 then [A® H,| = 2A°H,,, we can write the definition of K* in Eq. (4.5) as
K" =" sbs,A"H,, (B.2)
~el
implying that (see Eq. (4.4))
1 1
LY(0) = K"OK® — §K“TK‘IO — §0KCLTK@ (B.3)
- = a a 1 1
- Z 871572071 Dary, <H71A foA'H,, - §H71H720 - 20H71H72> (B.4)
Y1,72€l
= ) syu5,RYL(0) (B.5)
717’Y2€f1
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where we used the fact that A%T A% = I, from Condition 5.2, and defined

jow(O) =
1. - 1 1 1 1
5 ba bar <H71 A"OA°H.,, + H,,ATOA°H.,, — 5 HyH,0 = SH., Hy, O — SOH, H,, — JOH,, H%) :

(B.6)

noting the explicit symmetrization of RZIW with respect to its subscripts. The object Rf,IW is similar, but

not identical, to the previously defined object Eﬂw (see Eq. (6.5)), but it always has two subscripts, and

allows those subscripts to be drawn from T rather than I', making for simpler bookkeeping in this section.
For any integer g > 0, define

h’(fY()u 1,72y - - - 779—1) = H (|y’h’04)‘{]’y]:a}| mod 2 ) (B?)
ael’

where h,, is the strength of the associated term of H, as defined in Condition 5.1. That is, for each a € T,
a factor of (|y|hy) is included if the tuple (7o, ...,74—1) has an odd number of appearances of a.

Proposition 6.4 (restated). Let Oy be defined as in the expansion of Eq. (6.28) for each subset U C T,
with |U| < 5. Suppose that y satisfies the relation y?||H |2 .aick < 1/8. Then we have

3 (H ha) Y0y < 0Q1) - lylad, J |2,

Ucl’ \acU
|U1<5

Proof. Observe that Oy, as defined in Eq. (6.28), is the operator obtained by expanding LT (LT(H)) as

a polynomial in the Rademachers s, and then (after cancelling any double appearances s,2y = 1) setting

sy =1 when v € U and sy = 0 when v € U. To do this explicitly, we may write (see Eq. (B.5))

LIO0)=>" > s,5,R%(0). (B.8)

a€A 1 y2€T

Recalling that H = 3 sy, Hy,, we have

LYLT(H)) = Z Z Z 8708718728738747222;373%71(H,YO) = Z (H sa> Oy (B.9)

a,a’€AY0ET vy y2,73,74€T UCE \acU
IUI<5

where Op can be expressed as a sum over some set of terms of the form R%TWR%% (H.,), as follows,

Oy = > RELRA (H,,). (B.10)

(v0,71,a,72,73,0" v4) ECU

Here, the subset Cy is defined implicitly to contain all choices of (yo, 71, @, 72,73, @ ,74) that lead there to
be an odd number of appearances of s, for each o € U and an even number of appearances of s, for each
a € U. The sets Cyy partition without overlap the set of all choices in I' x I' x A x I' x I' x A x I. By the
triangle inequality, we may state that

/
lovll < > | R RA (H)
(’70 yY1,3,725,73 70‘/ 774)€CU

. (B.11)
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We now observe that for a fixed U and a choice (y0,71,a,72,73,a’,74) € Cy, it holds that [[ .y |y|ha =
h(y0,71,72,73,7v4), by construction. Hence, we may express the left-hand side of the quantity in the
proposition as follows.

> (H \yrha> lovl < > (H \yrha> > |retre ) (B.12)
|Z|C§F5 acU |g|CSF5 aclU (Y0,71,@,72,73,0",74) ECU
= Z Z h(70)71772)73a’y4 HR7473R2271( ’YO) (B13)
|g|C<F (v0,71,a,72,73,0"74) ECU
Z Z Z . h(VOa’Yb72)73774)“7?"6;4237?’:171( ’YO) ‘ (B14)

a,a’€AY0EL 41 y2,y3,74€D

The sum above is the starting point for our analysis. Let ¥ = (70,71, a,72,73,d’,v4) denote a choice
for the tuple of parameters in the sum, drawn from the set T x I' x A x I' x T' x A x T'. We will identify a
subset C such that if 4 ¢ C, the associated term in the sum in Eq. (B.12) is guaranteed to vanish, modulo a
permutation of the coordinates. Then, we will evaluate the sum that results. We will utilize the following
lemmas. The first lemma establishes some facts about the action of R%lyl onto an operator O; namely, a
few conditions under which it vanishes, and a restriction on the growth of the support.

Lemma B.1 (Locality estimate). Suppose an operator O can be decomposed as a linear combination
of products of H, for various v, and let Z C [n] be the union of S(v) for all H. appearing in this
decomposition. (This implies that O is supported on Z and that one can write O = Oz ® I[n]\Z') Assume
that Condition 5.1, Condition 5.2, and Condition 5.3 hold. Then, the following statements hold:

(1) R%M(O) is supported on Z U S(y1) U S(v2).
(ii) || R3%4 ()| < 2 [BursBars| Py 1O

(11i) Suppose that y1 = 0 or that v = 0. If A® is not supported on Z, then ng%(O) =0.

(iv) Suppose that y1,v2 € T and a € A, and that either v, # 0 or yo # 0 (or both). If ZN(S(71)US(72)) =
@, then R4, (0) = 0.

Proof. We begin with a general observation that will be relevant in multiple cases. We have assumed
O is given by a linear combination of products of H,, factors whose support is contained in Z. If A¢
is not supported on Z, then Condition 5.2 implies that [A% H,] = 0 for all v appearing in the linear
combination, and hence that [A%, O] = 0.

First we consider the case that v = v = 0. In this case, referring to the definition in Eq. (B.6),
we have H, = H,, = I and bgy, = bay, = 1, implying that R%;r%(O) AYOAY — O. If A% is not
supported on Z, then [A%, O] = 0 and hence Rfyﬂl (O) vanishes, verifying item (iii). If A* is supported on
Z, then A*TOA*" — O is supported on Z. Either way, ng;ﬂﬂ(O) is supported on Z = Z U S(v1) U S(72),
verifying item (i). Furthermore, since |A%|| = 1 (Condition 5.2), we have [|A?TOA*T — O| < 2/|O| =
2 ‘BQOBQO‘ hoho||O]| by the triangle inequality, and the fact that the norm of a product is less than the
product of norms, verifying item (ii). Item (iv) is not applicable in this case.

In all other cases at least one of 71,72 is not 0. Without loss of generality, assume 7; # 0. Inspecting
the definition of R’Yl’}’2 in Eq. (B.6), we see that RE?IA,Q(O) = 0 (and all four items hold), unless by, # 0
and bgy, # 0. Thus, we assume by, # 0, which implies that A% anticommutes with H., and thus by
Condition 5.2, A* must be supported on S(7y;). Now, in general, the product of operators is supported
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on the union of the supports of the factors in the product. Since each term of Eq. (B.6) is a product of
A% H, ,6 H,, and O in some order, it follows that Rﬁw (O) is supported on Z U S(v1) U S(7y2), proving
item (i). To show item (ii), one can again apply the triangle inequality to each of the 6 terms of Eq. (B.6)
while noting that the norm of a product of operators is upper bounded by the product of the norms. We
recall that || H,| < h, (Condition 5.1), and ||A®|| = 1 (Condition 5.2). Summing these term-wise bounds
yields the quoted 2 |bay, bay, | Ay, sy [|O].-

Next, suppose that 72 = 0, and that A“ is not supported on Z. This implies that H.,, = I, and that
A“"OA = 0, so that

1- - 1 1 1 1
R (0) = 5 b bar <le0 +OH,, — SH,,0 - H,,0 - ;OH,, — 2015171) (B.15)

which vanishes, verifying item (iii).

Finally, suppose that Z N (S(y1) U S(y2)) = @. If A% is not supported on S(v1), then bey, = 0, and
hence Rﬂ% (O) =0. If A® (a single-site operator, by Condition 5.3) is supported on S(71), then it is not
supported on Z (since Z N S(y1) = @), and thus again ATOA® = O. In this case, we have

1- - 1 1 1 1
RaT (O) = §ba’nba“/2 <H710H72 + H’Y2OH'Yl - §H’71H720 - §H72H71O - EOH%H’W - 2OH’72H’YI>

Y172

(B.16)

If 2 = 0, then H,, = I, and the expression vanishes and item (iv) is true. If 4o # 0, then the statement
ZN(S(71) U S(y2)) = @ means that the support of O is nonoverlapping with both S(v1) and S(v2). By
the fact that O is a linear combination of products of H, terms and the assumption of commutativity in
Condition 5.2, it follows that O commutes with each of H,, and H,,. Employing this fact, we move the
O to the left of every term, rewriting

a 1- - 1 1 1 1
R’YI’Yz(O) = iba’Ylba"/Q <OH’Y1H’Y2 + OH’YQH’h - §OH’Y1H’72 - §OH’YQH’H - §OH’YlH’Yz - ZOH’YQH%)
(B.17)
which vanishes, verifying item (iv). O

Next, we use these facts to establish formal conditions under which the quantity R%5, R, (F.,)
vanishes. Here we recall the definition from Condition 5.3 that Az is the subset of A containing values of
a for which the jump A® is supported on the subset Z C [n].

Lemma B.2. Assume that Condition 5.1, Condition 5.2, and Condition 5.3 hold. Define the subset
CCTxTxAxTxT x AxT as follows. A coordinate ¥ = (Y0,71,a,72,73,a’,74) € C if all the following
criteria are satisfied:

71 €{n €T :S5(m)NS() #a}uU{0} (B.18)
@ € Ag(r0)uS(n) and bay, # 0 (B.19)
Yo € {72 €T : bay, # 0} U{0} (B.20)
3 €{v3 €T :S(y3)NZ# a}uU{0} (B.21)
a e AZUS('yg) (B.22)
71 € {7 €T : bary, # 0} U {0}, (B.23)

where Z C [n] denotes the support of the operator R%L% (H,,) which is guaranteed to satisfy |Z| < 3k.
Let C', C", C" be the sets formed by taking points in C and swapping coordinates (v3,7V4), swapping
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coordinates (y1,72), and swapping both pairs of coordinates, respectively. If 4 ¢ CUC ' UC" UC", then
R R (Hoyy) = 0 must hold.

Proof. First, note that by inpection of Eq. (B.6), and using the fact that A® commutes or anticommutes
with H., for all v (Condition 5.2), it follows that R%l (H,,) is a linear combination of products of
Hamiltonian terms (in each term of Eq. (B.6), we can commute A®' through to cancel as A*TA? = I).
Thus, the criteria of Lemma B.1 are satisfied both for O = H,, and for O = Rﬁg%(H%). The fact that
|Z| < 3k follows from the item (i) of Lemma B.1, since H.,,, H,,, and H,, are each supported on at most
k sites.

We iterate through the conditions, aiming to show that if the condition fails, the quantity vanishes.
For O = H., the support of O is S(7p) and by Lemma B.1, item (iv), we can assert the following. For at
least one choice of ¢ € {1, 2} it must hold either that v; = 0, or that ~; # 0 and S(y0)NS(vi) # &, in order
for the quantity to be nonvanishing. Without loss of generality (since we symmetrize by also including C’,
C", and C"), assume it holds for ¢ = 1, which implies the first condition, Eq. (B.18).

Next, if Etm = 0, then clearly the term vanishes, by Eq. (B.6). Moreover, if A% is not supported on
S(y1) and 1 # 0, then this implies that bs,, = 0 and thus by Eq. (B.6), the quantity vanishes. If A® is
not supported on S(71) and 7, = 0, then by item (iii) of Lemma B.1, A% must be supported on S(vy), else
the quantity vanishes. We conclude that for the quantity to be nonvanishing, A® must either be supported
on S(7y0) or on S(y1). This verifies the second condition, Eq. (B.19).

The third condition, Eq. (B.20), is true since the quantity vanishes whenever 5a72 = 0. Thus, for it to
be nonvanishing, either v2 = 0 or 72 # 0 and b, # 0.

The fourth, fifth, and sixth conditions are true for the same reason the first, second, and third conditions
are true, respectively, instead using O = ngl'u (H,,), and with o’ in place of a, and 73,74 in place of 71,
V2 O

Lemma B.3. Assume Condition 5.1, Condition 5.2, and Condition 5.3 hold. Then,

HR%TW?,R%% (H“Yo) } <4 }Ba'ﬂgawga’%l—)a’%‘ hVo h’Yl hwh’ysh'm : (B'24)
Proof. This follows from Lemma B.1, item (ii), and the fact that ||H,|| = h. (Condition 5.1). O

In what follows, the quantity Z C [n] denotes the support of R%;,l(H%). By Lemma B.1, item (i)
and the fact that |S(y)| = k for all v (Condition 5.3), we have |Z| < 3k.

We build toward the full sum in Eq. (B.14) by working right to left within the tuple (v, v1, @, 72,73, @', 74)-
That is, we consider fixed 9,71, a,72,73,a and upper bound the sum over 74. Then, we unfix o’ and
upper bound the sum over a’ and 74. Then we unfix 73 and upper bound the sum over 73, a/, and 74, etc.

Summing over v4. First, for fixed 79,71, a,¥2,73, d’, from Lemma B.3 we have that

Z h(707717'72773774)“7?’3;237?’?)/171 (H’VO) ‘ (B25)
ya:y€C
<4 ‘Ea“ﬂga’mga”yg‘ Pryo gy Py Py Z !5aw4\h~/4h(’70771772,73774)- (B.26)

Ya:y€EC

Recall that the value of h(vyo,7v1,72,73,74), defined in Eq. (B.7), depends on whether the settings of ;
collide or not. Specifically, we can update h(~o,v1,72,73,74) based on the setting of 74, and whether it
collides with one of the other ~;; for example, if 74 = 0, then h(yo,v1,72,73,71) = h(71,72,73), and if
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there is no collision, then h(vo,v1,72,73,74) = |yY|hv (Y0, 71,72, 73). Following these assertions, we may
observe that

h(70771572773) 1f’74=0
h(y1, 725 73) [Darvg [ Py if v4=7 #0
. h(Y0s ¥25 3) [Baroys | iy if v =71 #0
by |Pys (0, 715 V2,73, 74) = e _ (B.27)
e h(%ﬁlﬁs)ﬂja’wmw if 4 =72 #0
h(’YO7 1, 72)’ba”y3|h’)/3 if Y4 =73 7& 0
h<f)/07 Y1572, 73) |ba'fy4 ’ ‘y|h,2y4 otherwise

Note that in the cases where v4 # 0, we can assert that |by~,| < 2|y| (since the first case in Eq. (B.1) is
ruled out). In the final case, in order for I_)a/,m # 0, it must hold that S(v4) intersects with the support of
A“ (Condition 5.2), which is a single site (Condition 5.3), denoted by {5'}. We recall from the definition
of |H||,,. in Eq. (5.12), that

> ML HI (B.28)
ya:5'€S(v4)
Thus, putting it all together, we have the following, where we have labeled which terms arise from each
of the cases above.

Z h(70771,’72,73,74)“R?,4T73R%~,1(H70)
yayEC

‘ (B.29)

<O(1)- ‘Ba’hgawga’%’ h’Yoh’hh’yzh% (h(’70771"72773)(~ 1+ ‘y|2”H”120c)

74=0 otherwise

+ (71,72, 78) Y1y B0y + B30 72, ¥3) |1 003y + P20, 71, 98) [yl 5005, + (30, 71, 72)|y|h73507§>

Y4=70 Y4=71 Y4=72 Y4=73

(B.30)

where 570 :=1—1040is 1if v # 0 and 0 otherwise. We have absorbed the factor of 2 on some of the terms
into the O(1) in front, to keep the expressions as simple as possible (recall that all terms on the right-hand
side are non-negative).

Summing over a’. Next, for fixed 70,71, a,72,73, we consider summing the expression in Eq. (B.30)
over the choice of a’, consistent with 4 € C. From Lemma B.2, Eq. (B.22), it must hold that a’ € Azg(y,),
which is true for at most 4aj,ck values of a’ (Condition 5.3). Thus, we pick up a factor of ajock in the
expression, and we can write

Z h(v0, 71,72, 93, 74) HR?JBR%’H (Hy,)
a’yayEC

‘ (B.31)

< O(l) . (alock) |l_7a71l_)a'yz‘ (2|y’)60w3 h’yoh’nh’yzh% (h(70a71772a73)(1 + ‘y|2||H||1200)

+ h(71, 725 ¥3) Y|P 0070 + A(Y05 ¥25 ¥3) Y|Py B0y + B(Y05 715 ¥3) Y|P B0rs + R (0, 717'72)|y|h735073>
(B.32)

where we have also used the upper bound |by.,| < (2\y|)‘§073.
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Summing over 3. Next, for fixed 79,71, a, y2, we consider summing the expression in Eq. (B.32) over
~s3, consistent with 4 € C. Following a similar logic as previously, we observe that

h(v0,71,72) if 3 =0
_ h(v1,72)2[y| Ry if 3 =10 #0
(2ly)) %" B0, 71,72, ¥3) Bas = § A0, 72) 20y ey ify3=7#0 (B.33)
h(70,71)2[y| R ify3=71#0
h(y0,71, 72)2|y]2h33 otherwise

and that for ¢ # j € {0,1,2}

h(¥i, )1yl if 73 =0
h(v;)2ly*hy, if y5 = #0
h(7i)2lyl*hy,  ifys =15 #0
h(i, ’Yj)2|y\3h%3 otherwise

(2ly)*3 [yl hash(3i, 75, 13) = (B.34)

Note that hA(a) =1 if @ = 0, and h(a) = |ylhq if a # 0. In the “otherwise” cases above, we also note from
Lemma B.2, Eq. (B.21), that S(v3) must have overlap with Z, a set of size at most 3k, in order for 4 € C
to hold. Thus,

SR, <Y Y B2 <sKHI (B.35)
73:8(y3)NZ#D J€Z v3:5€S(73)

where we have again invoked the definition of |[H||,,. in Eq. (5.12). This inequality is also useful for
summing over the (2|y|)%s |y[h33h('yo, Y1,72)00y; term (denoted by the label “vy4 = ~3” in the underbrace
below). Putting these together, we arrive at the following, where we label each term to help understand
which values of «3 and ~4 it corresponds to:

> h(vo,71,72,73,74)“733;2373%;1(}1@‘
73,0’ yary€C

< 0(1) : (alock’) ‘Ba’Yll_)a"/Q‘ h"YOh"Ylh'YQ <h(70>71a’>’2) ((

b

L+ WPIHR ) (L +klyPIHIE,) +k|y|2||H||?oc>
e (B.33)

7470 (B.27), otherwis
( ), otherwise Y3=0

(B.33), otherwise Y4="3

n ( 4RI ><h(71772)|y|h7050vo+h(70a72)|y|hmgom +h<vom>|y|hwm)

TV
74=0" (B.27), otherwise (B.33),73=79 (B.33),73=71 (B-33),v3=72

+ <\ 1 ,+k|y|2”H||120c> (h(’71a72)y|h7050’yo +h(70a72)’y|h’7150”/1 +h(70a71)’y|h’7250’¥2>

B.34

—

ya=0  (B:34), otherwise Y4="0 V4= Ya="2
2 Ky < 2 < Ky 2 Ky <
+ h(v2)|y|"hq 507050@"‘ R(V1)|Y1* Py Pz 004 0042 + 7e(70) [Y]7 Py s 804, G0 ) : (B.36)
(B.34)74=70 and v3=71 (B.34)74=70 and y3=73 (B.34)74=71 and v3=72
7 va=71 and v3=79 7 va4=72 and v13=70 T va=72 and v3=71
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Grouping like terms, the right-hand side can be rewritten as
O(1) - (arock) [Bary bars | Ty Py (h(%, "1572) (1 + kly* | H[f,. + k|y|4||HHfLoc>
+ (h(71772)|yh“/05070 + h(70:72)|y’h715071 + h(’YO:’)’l)‘y’hvzgo’m) <1 + k’yPHHH%oc)

+ h(72)|y]2h70h71 SO’YOSO’YI + h('Yl)’thvthzSOvogOvz + h(70)|y’2h71 h7250715072> . (B.37)

Summing over ;. Next, for fixed 7,71, a, we consider summing the expression in Eq. (B.37) over o,
consistent with 4 € C. The logic here is similar to that of summing over v4, above. First, we observe that

h(y0,71) if v =0
z h(71) baro | 2 if y2=2#0
[bars [has h (0,71, 72) = (71)1Baso , (B.38)
h(’YO)‘bom |h'y1 ifyo=v#0
h(70,71)Ibay,ylh2,  otherwise
that, for i € {1, 2},
) h(vi)lyl if 2=0
|ba’)/2y‘h“/2h(7ia 72) = ‘ba%y’h% if Y2 =Y 7é 0 (B'39)
h(7v:) |l_)a72 y? |ng2 otherwise
and that
- 2 if 9 =0
B[y hs i(y2) = 4 1! n2 B.40
'72|y| Y2 (72) {|ba72y3|h,272 otherwise. ( )

Note that in the cases where 42 = 7; # 0, we can assert that |bary;| < 2|y|. In the “otherwise” cases, in
order for by, # 0, then S(y2) must intersect with the support of A* (Condition 5.2), which is a single site
(Condition 5.3), denoted by {j}. We recall that

Y B, <IHI. (B.41)
Y2:5€5(72)
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This inequality is also useful for summing the [bay,y?|h(7i)hn, h%Q 00+, 00, terms (labeled by * below) and

the |bar, [2(70,71)|ylh2, 00, term (labeled by sx below) from Eq. (B.37). Thus, we have
> h(vo,71,72,73,74)“R3;23R3§71(H70)

v2,73,a Y4 YEC

go<1>~<alock>Emhmm(hwm)(l+k|y|2HHu%oc+k|y|4||H||foc)( | +|y|2|HH%OC)
~  ~—

(B.38)
v2=0

(B.38), otherwise

T by o [y 2B000 80 <1 ; k|y|2||Hui,c) Ty <h<w>hw$o% T (30} s oy ) (1 Ry PIHIE, + k|y|4||H||itC)

(B.39),v0="; (B.38),72=70 (B.38),v2=71

n (hwo)\yrhﬂﬂa% ) 1 Aondory + B30 s oo | LI + hm)ry\?’h%ammuﬂuic) (1 n k!yPHHHiC)

(B.39),v2=0 (B.39), otherwise
< < < < 2 < 2 < 2
+ |y|2h’yoh’7160’¥050’71 + |y‘4h’70h’7150’}’06071 HH”loc + h(’71)|y|3h7050’70 ||H||loc + h(r70)|y|3h715071 HHHIOC

(B.40),v2=0 (B.40), otherwise *

+ h(h0, 7)1y P 1 H |17, (1 + k\y!2HH|!120C>> : (B42)

kok

Grouping like terms, the right-hand side can be rewritten as
O(l) : (alock)’l;a’h |h’YOh’Yl (h(,m’ 'Yl) (1 + k|y|2HH”120c + k|y|4||H||;loc + k|y|6”HH?OC)
oy (10 K IR ) + (o, + 0By ) (1] + P+ kry|5||H||?oc)>-
(B.43)

Summing over a. Next, for fixed 79,71, we consider summing the expression in Eq. (B.43) over choice
of a, consistent with 4 € C. We note from Lemma B.2, Eq. (B.19), it must hold that a € Ag(y,)us(y)»
which is true for at most 2aj,ck choices of a (Condition 5.3). Thus, we pick up another factor of aj,ck in
the expression, and we can write

> h(’yo,71,72,73,74)”723;23722;1(H70) ’
a,v2,73,a' yaYEC

< O(1) - (aiock®) 2lyl) " By <h(70m) (1 + K[y 1 H [ + Kyl 1 1o, + k!y\GHHHﬁ)e)

oy G, (w i k\yr4HHrr?oc) " (h(wh% i ry\h%h%so%) (ry| PR, + k|y\5uﬂhtc)>,

(B.44)

where we have also made the upper bound by | < (2|y|)%1, and we have substituted h(~y) = |y|h~, and
dos, = 1, since 7o € I and thus vy # 0 will always hold.
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Summing over 7. Next, for fixed 79, we consider summing the expression in Eq. (B.44) over ~,
consistent with 4 € C. We observe that (noting that o # 0)

B |y|h'yo if Y1 = 0
(2ly) % By h(Y0,7) = $ 2lylhoy if 1= #0 (B.45)
2|y[PhohZ,  otherwise

and

1 if’)/l:O

B.46
2|y thl otherwise ( )

(2lyl)? hoy B(y1) = {

In the “otherwise” cases, we also observe from Lemma B.2, Eq. (B.18), that S(1) must intersect S(7), a

set of size k. We have
2
> WS D> D> B <HIH (B.47)
Y1:5(71)NS (70) #2 7€S(v0) n:j€S (M)
This inequality is also helpful for bounding the (2y|)%n h2 80, term in Eq. (B.44), labeled with  * x
> h(70,71, 72,73, 74) HR%JQQM (Hy,)

below. Thus, we have
71,4:72,73,0 Y4 YEC

s0<1>~afock2hw<< ylhyy + [Ylhe +|y|3hwk||ﬂ||%oc)(1+k|y|2||H||%oc+k|y\4||H|?oc+k\y|6||H||?OC>
~—— N—— N————

(B.45),71=0 (B.45),v1="0 (B.45), otherwise

(B.48)
2 2 4
(b rbPEIEE ) (1014 HPLET + ROV (.49
~—~ —_———
(B.46),v1=0 (B.46), otherwise
2 2 4
+ |y hoo kI H I3 <|y! +ElyPIH . + k\yl5|!H||10c> : (B.50)
N—
kkk
Grouping like terms, we can rewrite the right-hand side as
2 4 6 8

< 0(1) ’ algocthgm <|y| + k|y|3||H||loc + k2|y‘5”HHloc + k2|y|7”H||loc + k2‘y|9||H||loc> : (B51)

Summing over ~y. Finally, we perform the final sum over 7y, which simply amounts to noting that
> o€l h2, = HHsz. We conclude that

< O(1) - lylai,c k| H (1 + kP o + &y H e + F21yl° || H |l + kQ\yIBHHIIiC> , (B52)

> h(’Yo,’Yh72,73774))‘R3;23R2271(H%)

Y0,71,a,72,73,a’ Y4y EC
glo

where we have factored out a |y| for clarity. We finish by utilizing the fact that we have assumed that
aockly)?| H|L, < 1/8. This allows us to write factors kly|?|H|L, < OQ1), K y/*|H|L. < O(1),
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K2lyS|H ||} . < O(1), and kK[yl*|H|}. < O(1). We also note that, by symmetry, the same bound
can be shown when summing over sets C’, C”, and C"”, as defined in Lemma B.2. Thus, using the result
stated in Lemma B.2, the full sum is at most a factor of 4 = O(1) larger than the sum over only coordinates
of C. Thus, we may return to Eq. (B.14) and conclude

2
> <H |yrha> 100l < O(1) - [ylad, K[ H|I,, (B.53)
Ucl’ \aceU
|UI<5
proving the proposition. L]

C Some auxiliary bounds

In this section, we compute some combinatorial estimates with inputs from the locality and commutation
relation between the jumps A® and the Hamiltonian terms H.,. Recall

L= L8+ s L8+ > sys L2, (C.1)
vel vy €l
abaad

where EgT, [,f';T and L’ﬂy, are defined in Egs. (6.3) to (6.5). Using Condition 5.2, we can write [A% H,| =
2b,yA“H.,. We also note from Condition 5.2 that A" A% = I, and from Condition 5.1 that Hg = h%I .
Using these facts, we simplify

£'(0) = (4”04 - 0) + 42" b, (H A" 0AH, — 120), (C.2)
yerl’

L£(0) = 2yba, ({HV, At OA“} —{H,, 0}) , (C.3)

£ (0) = 2y2ba7bavl(211514GTC)f1a115,-— {11511;,,C)}> . (C.4)

For ease of notation, we define (consistent with Eq. (6.27))

ch=>"rcd, Lo:= Hzg, (C.5)
ch=>"est, L= |ch], (C.6)
527,:;<£$L,+£f;7), Loy = el (C.7)

First, we state and prove the following useful bounds on the Lindbladian terms in Eq. (C.6) and
Eq. (C.7):

Lemma C.1. The following bounds hold.

L'y < 8‘y| Z ba'yh'ya (08)
a€A
Loy < 8ly[* Z barbary oyl (C.9)
a€A
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Proof. Using Eq. (C.3), the triangle inequality, and the fact that [|A%|| = 1 (Condition 5.2),

S et < 2y S buy (HHWA“TOA“ + A“TOA“HWH + |H,0 + OH, ) (C.10)
acA acA
<20yl 3" boy (I1H | A%T|| 0N A% + At lOl A% |1 £, + | B O] + O] 1)
< (C.11)
< 8lyl > bary| H O] (C.12)
a€A
Now, noting that || H,| = h, (Condition 5.1), we find that
Gl
L,= H(s)lﬁpl el <8\y|;bmh : (C.13)
The other bound is analogous. O
Additionally, the following identity will be useful.
Lemma C.2. Let v € T be fized. Then
> D baybayhl < aock| H [, (C.14)

acA~el
where | H ||\, s defined as in Definition 5.5.

Proof. We can write

SN baybayh = bay > bayh? (C.15)

aceA~vel acA vyel

< (Z ba,y/) max by ,yh (C.16)
acA vyl

< b h2 C.17

(5) (e 3, o
a ’YJGS

= (Z ba"/’) ||H||120c (018)
acA

< aack|| H|fe < arock|| H[f,- (C.19)

In the third line above, we used the fact that A% is an operator supported on a single-site {j} (Condi-
tion 5.3), and that in order for by, # 0 to hold, j must be in the set S(v) (Condition 5.2). In the fourth
line we used the definition of || H ||, from Eq. (5.12). In the fifth line, we used Condition 5.3 and the fact
that axc < ajoc. O

Next, we prove bounds on F,, Gp, ®, (cf. Egs. (A.42) to (A.44).)
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Lemma C.3. Let v,v €T and p > 1. Then the following bounds hold:

p—1
Fy(1,7) < oy (SlyPhanee) (SlyPhacc HI) (C.20)
p—1
Gyp(7) < Iy (S[ylkaroc) (SlylPharncl HID. ) (C.21)
p—1
S | (8lylPkaiee) (8]y|2kaloc\|HH120C) . (C.22)
,y/

Proof. First, consider p = 1. The bound on G; follows from Eq. (C.8) and assuming Condition 5.3 (and
noting aac < aioc). Similarly, the bound on Fy follows from Eq. (C.9), making the loose bound b, < 1
and then using the same condition.

Now, let p > 2. Using Lemma C.1, we can write G,(7) (see Eq. (A.43)) as

Z h'y (h"_/lL'Y'Ylh'Yl) (h lL'Yl’Y2h ) (h’;pl 2L'7p 2'Yp71h'7p71> <h_l L'Yp 1) (023)
Y125 Yp—1
< Z <Z8|?/| barybay, h ) <Z8]y| bavy Dar, 72)' (ZSM bary—2bar, yp 1) <28’y|bafyp 1)
V157255 Yp—1
(C.24)

<28|y’2baﬂybav1 71> <28‘y| ba% a2 fyg) Z 8’y‘2ba7pfgba7p 1h»2yp 1 (8’y‘aack>-

a,Y1 a,y2 a,Yp—1
(C.25)

By applying Lemma C.2 and noting a,. < ajoc, we conclude the claimed bound.

We proceed in a similar fashion for Fj,(y,v") (see Eq. (A.42)), which we can write using Lemma C.1 as

Z h’Y (h’;lL’Y’Ylh’Yl) (h IL’Yl’Y2h ) (h;pl 2L'Yp 2“/1171]7“'71771) (h_l L’Yp 17) (026)
V157Y250005 Yp—1
(ZSW, barbary, 71) <28|y| baryy Dary, 72) Z 8|y|2ba'yp72ba’yp 1h3p 1 <28|y| bay iy )
a1 a,y2 a,Yp—1
(C.27)
p—1

< by (SlyPawckl HIR ) (8lyPaockhyy) | (C.28)

where in the second line we assert by, ; < 1 in the last factor (at the cost of a looser bound).

The bound on ®, follows from the observation that, for all p > 1,
®p(7) =D Fp(1,7)- (C.29)
,Yl

O

D Crude upper bounds on optimum

Proposition D.1 (Spectral norm). For the sparse or dense, spin or fermion ensembles ((2.1),(2.3),(2.2),(2.4)),
the expected mazimal eigenvalue satisfy

EAmas(H) = O(y/log(N)) = O(v/n). (D.1)
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Proof. For the sampled model, the spectral norm concentrates

2
Pr(|H| > E) < 2Nexp(—§) (D2)

due to Matrix Hoeffding [Tro12, Theorem 1.3] and that Pauli and Majorana operators both square to
identity. Here, the Hilbert space dimension is N = 2" for the Pauli ensembles ((2.1),(2.3)) and N = 27/2
for the fermionic ensembles ((2.2),(2.4)). The Guassian models are slightly better concentrated

2
Pr(|H| > F) < 2Nexp(—§) (D.3)

using [Tro12, Theorem 4.1]. In each case, integrating the Gaussian tail gives the same advertised result. [

E Computing the local norms and global norms

In this section, we give a standard concentration calculation to show that the local energy quantity is very
well concentrated, establishing Proposition 5.7, which we restate for convenience.

Proposition 5.7 (restated). Suppose that H is drawn randomly from the ensembles in Eq. (2.1) or
FEq. (2.2) with 1 < k < n, or it is drawn randomly from the ensembles in Eq. (2.3) or Eq. (2.4) with
m > enlog(n)/k for some constant c. Then

(i) = (V3) =

where the expectation value is taken over random choice of H.

Proof. We simplify the expression by standard inequalities
B <||H||g10> - (E[| H | 4,)? - (B H|y,)?

[Hllo. ) — ElH|k, — VEIH|2.

liberally using Cauchy-Schwartz E[|a|]E[|b]] > E[y/]ab]]? and E[ja|] < /E[a?], with a = ||H]|,,, and
b= H g0/ H 1o

First, we lower bound the numerator, (IE:E||I—IHg10)2 For the sampled models (Eq. (2.3) and (2.4)), we
have HHHglo )2 = 1. For the dense models (Eq. (2.1) and
Eq. (2.2)), the quantity || H|? alo 1s distributed as the sum of the squares of M centered Gaussian random
variables h., each of variance 1/M, where M = (}) in the case of (2.2) and M = (})3" in the case of

(E.2)

= 1 for every instance, and thus (Eg|[H ||y,

(2.1). Thus, IEH||H||g10_1, and
M +2
2 12
Eul|H|y, =Y Euh? b2, = o (E.3)
Y172
using the value of the fourth moment Eh4 Mi By the Paley—Zygmund inequality, we have
1 1 (Enl|H|,)” M
Pr||H 2|2, = tEgH g2 E4
1= 5] = b [V, = gl = SR < e e
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and hence (E||H\|g10) > M = Q(1) for M > 1. Second, we upper bound the denominator,

32(M+2)2
E||H|3 .. We write
Eu|H|}, =En max > h=En max Y; where Y;:= > on (E.5)
T yieS(y) T YHES(Y)

We can now choose a value of yg (to be specified later) and write

Ex max Y; ; dy Egl [y max Y;:| (E.6)
/0 dy Pr [y lrgax YZ} <o+ /yo dy Pr {y lrggag; Yz} (E.7)
<wtn [ dyBrly <], (E3)

Yo

where 1 is the indicator function, and in the last step we have used the union bound and the symmetry
over choice of i.

We now consider the sampled and Gaussian models separately, beginning with the models in Egs. (2.1)
and (2.2), where h, is distributed as a Gaussian. In this case, the subset {v : i € S(v)} contains D = £(7})
elements in the case of Eq. (2.2) and D = 7( )3% elements in the case of Eq. (2.1). Either way, the
variance of each h. is chosen to be k/(nD). The random variable Y;, being a sum of the squares of
D Gaussian random variables, follows a (scaled) chi-squared distribution with mean k/n, for which the
following concentration bound is known. For any x > 0 it holds that [LMO00, Lemma 1|

P;;{Yizfl<1+2\/;+2D)} <e ", (E.9)

Choosing yo = % in Eq. (E.8), we now make the substitution 3’ = (y — yo)n/k, invoke the concentration
bound, and simplify

k ° k
Eg max Y; < ok —l-k:/ dy’ PI’{r [YZ > n(5+y/)] (E.10)
0

1<i<n
< % —I—/ dy' ke Pe=PV'/4, (E.11)
n 0
The last bound follows from the basic calculation

54y =142vx/D+2x/D<1+4x/D whenever 3 >0 (E.12)

and plugging this value of x into the concentration bound. The integral in the final expression evaluates
to

O(ke™P/D) < O(k/n) whenever 1<k <n. (E.13)

Thus, for the dense model, Eg||H|%, < O(k/n).

Next, we consider the models in Egs. (2.3) and (2.4), where m terms are chosen (with replacement)
and, for those terms, h, = 1/y/m. We define a Bernoulli random variable C.; to be 1 if S(vy) contains site
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i (which occurs with probablity k/n) and 0 otherwise. Note that C; is independent from one v to the
next. We may then assert that

that is, that Y; is the average of m independent Bernoulli random variables. Using Bernstein’s inequality,
we have the following concentration bound. For any x > 0,

Pr [Y > %(1 + x)] < exp <—7m> . (E.15)

We follow the same procedure as above, this time choosing yg = % in Eq. (E.8) and again making the
substitution ¥’ = (y — yo)n/k.

2 & 2 !
Eg maxl/igk+k:/ dy’ Pr[Y;quka} (E.16)
1<i<n n 0 H n n
2k o0 3mk(1+y')?
< — dy' k —_—— E.17
~—n +/0 4 exp( n(8 + 2y’) ( )
< % +/ dy' ke—3mk/8ne—3mky’/8n (E.lS)
0
2k 8n _3 k‘/S
= — 4 —e UM/ E.19
n + 3me ( )

where in the second to last line, we have used (1 +¢/)%/(8 4+ 2y') > (1+y')/8 for y’ > 0. Therefore, there
exists an absolute constant ¢ such that if m > cnlog(n)/k, the right-hand side evaluates to O(k/n), and
thus Eggl| H|I2,. < O(/n).

Combining these bounds on the numerator and denominator of Eq. (E.2), we show that the quantity

of interest is Q(v/n/VE). O

o1
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