Average-case quantum complexity from glassiness

Alexander Zlokapa,''* Bobak T. Kiani,' T and Eric R. Anschuetz® % *

L Center for Theoretical Physics, MIT, 77 Massachusetts Ave., Cambridge, MA 02139, USA
2Department of Computer Science, Bowdoin College,
255 Maine Street, Brunswick, Maine 04011, USA
3 Institute for Quantum Information and Matter, Caltech,
1200 E. California Blvd., Pasadena, CA 91125, USA
4 Walter Burke Institute for Theoretical Physics, Caltech,
1200 E. California Blvd., Pasadena, CA 91125, USA

We provide a framework for average-case quantum complexity by showing that glassiness obstructs
a natural family of quantum algorithms. Glassiness—a phenomenon in physics characterized by a
rough free energy landscape—is known to imply hardness for stable classical algorithms; for example,
constant-time Langevin dynamics or message-passing fail for random k-SAT and max-cut problems
in a glassy parameter regime. We present comparable results in the quantum setting.

o Quantum optimal transport implications of glassiness. We show that the standard notion
of quantum glassiness in physics implies that the Gibbs state is decomposed into clusters
extensively separated in quantum Wasserstein distance. We prove this implies lower bounds
on the quantum Wasserstein complexity of channels from non-glassy to glassy states.

e Structural argument for hardness. We define stable quantum algorithms in terms of Lipschitz
temperature dependence. We prove that constant-time local Lindbladian evolution and
shallow variational algorithms are stable and hence fail to capture all clusters of the Gibbs
state, yielding a geometrically interpretable algorithmic obstruction. Unlike mixing time
lower bounds, our results hold even when starting from the maximally mixed state.

Our results apply to non-commuting, non-stoquastic quantum Hamiltonians that satisfy a formal
definition of glassiness. To show glassiness, we rely on the replica trick, a widely used but
non-rigorous method in statistical physics. We find that the ensemble of all 3-local Pauli strings
with independent Gaussian coefficients is average-case hard. As a complementary result, we
also provide strong analytical evidence that the general p-local Pauli ensemble is not glassy for
sufficiently large constant p; this is distinct from classical (Ising p-spin, glassy phase for any p) and
fermionic (SYK, never glassy) analogues.

This is a preliminary draft of the paper posted to arXiv due to the mandatory QIP 2026
conference deadline. We intend to provide further numerical analyses in a v2 posting.

I. INTRODUCTION

We study the algorithmic implications of glassiness in the quantum setting. A phenomenon characterized by
slow dynamics and a disordered energy landscape, glassiness is observed in many natural (classical and quantum)
Hamiltonians [1, 2]: examples include random k-SAT [3-6], classical and quantum Heisenberg models [7-10], and the
classical and quantum Sherrington-Kirkpatrick model [11-14].

Glassy classical Hamiltonians are believed to obstruct efficient classical algorithms in both sampling and optimiza-
tion tasks. Arguments for this average-case complezity in the non-oracle model are formalized via, e.g., the overlap
gap property [15-17], low-degree likelihood ratio [18-21], or transport disorder chaos [22-24]. Similar average-case
results are largely absent in the quantum setting because the classical proof techniques are difficult to generalize.
Among the many challenges in generalizing arguments to the quantum setting, quantum Hamiltonians do not have
explicitly known eigenbases, leading to a sign problem that prevents the application of common probabilistic tools.

Our main results overcome this issue and formalize a connection between quantum glassiness and quantum algo-
rithms, providing a natural approach to a theory of average-case quantum complexity. This allows us to address
several open questions [25-30], such as the following.

Q1: Is it hard to efficiently prepare the Gibbs state (at constant temperature) of random p-local Hamiltonians,
the quantum Heisenberg model (of which quantum max-cut is a special case), or other non-commuting non-
stoquastic Hamiltonians?
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Q2: Can lower bounds be shown for the runtime of Lindbladian Gibbs samplers to prepare the Gibbs state starting
from the maximally mixed state? (In comparison, mixing time lower bounds from Markov theory only guarantee
lower bounds for Lindbladians applied to a worst-case initial state.)

Q3: Do the physics and algorithmic hardness of the random p-local Pauli string Hamiltonian ensemble more closely
resemble its classical (Ising p-spin) or fermionic (SYK) analogues?

We answer Q1 in the affirmative with evidence comparable to analogous average-case hardness results in the classical
literature. Specifically, we define a family of “stable” quantum algorithms that generalizes classical notions of stability
and show that these stable algorithms fail to prepare the Gibbs state of Hamiltonian ensembles in Q1. We prove that
Q2 is encompassed by our definition of stability. We resolve Q3 by computing the one-step and full replica symmetry
breaking solutions of the p-local Hamiltonian ensemble using methods from statistical physics.

To describe our results in more detail, we introduce a definition of glassiness that coincides with the notion of a
quantum spin glass in the physics literature. We define it in terms of the following bilinear form between two n-qubit
states:

(o, P )pawti =) Y Trlotp] Tr[o}p'], (1)

r=1pe{X,Y,Z}

where o/ denotes Pauli matrix p acting on qubit r. This induces a seminorm |[p—p’ |3, = (P, P)Pauti + (P, P') Pauti —
2(p, p'Ypaui’. In the physics literature, glassiness is typically characterized by replica symmetry breaking (RSB) or
shattering [31-34], which are special cases of the following definition. Informally, both are characterized by a clustering
of the Gibbs state according to the Pauli seminorm.

Definition 1 (Glassiness). Let (H,)n be a sequence of n-qubit Hamiltonian ensembles. The ensemble is glassy at
inverse temperature 3 if with probability 1 —o(1), the Gibbs state p = e=## / Tr [e*BH] for random instance H ~ H,,
satisfies

m(n) m(n)
1 )
31lP = Eﬂ cipi|| =o(1), ¢ >0Vie [m(n), Eﬂ ¢ =1—0(1), (2)

1
where m(n) > 2 for sufficiently large n, and p; are n-qubit states satisfying the following properties.

1. Separate clusters. There exists some constant ¢ > 0 such that for sufficiently large n,
. 01 2
Vi, j € [m(n)] st i # j; —lpi = pillpau; = 4 3)

2. Equal clusters. Each p; appears with asymptotically similar weight, i.e.,
Vi € [m(n)], ¢; = exp[—O(log m(n))]. (4)

If (2) holds up to error €, we refer to clusters C = {(ci,pi)}ﬁ(ln) as witnessing the (¢, g, m(n))-decomposition of the

Gibbs state. If no such C satisfying these properties exists, we say p is non-glassy.

Remark 2. In Section II, we show that this definition describes replica symmetry breaking and shattering for both
classical Hamiltonians that are local in ¢Z operators and quantum Hamiltonians local in Pauli strings. We also
elaborate on the relation of the parameters ¢ and m to quantities such as the TAP complexity [35].

Crucially, this notion of clustering is independent of the Hamiltonian eigenbasis. In comparison, the slow mixing
lower bounds of [27, 36] on Lindbladian Gibbs samplers [37] required a basis that approximately block diagonalized
the Hamiltonian; each block corresponded to a cluster under a distance metric defined by Lindbladian jump operators.
Similarly, the recent work of [30] chose a random basis and examined if the resulting classical probability distribution
was clustered. Because of this limitation of an unknown basis, prior work was unable to prove tight lower bounds
for natural models such as dense, random p-local Hamiltonians. Our Theorem 1 avoids imposing a basis; it instead
corresponds to the notion of clustering found in physics, and thus we expect it to produce tight lower bounds for
many natural models.

L It is a seminorm because there may exist inputs X # 0 for which || X |3, .. = 0.



At a technical level, we show algorithmic implications of glassiness by relating it to quantum optimal transport.
We show that glassiness implies lower bounds on the quantum Wasserstein complexity (WC) [38] of any quantum
channel that takes a non-glassy state to a glassy state, where a channel € from n-qubit to n-qubit states has WC:

WC(€) = max|lp — £(p) I, ()

where the maximization is over n-qubit states p and ||-||;, denotes the quantum Wasserstein distance [39].

Theorem 3 (Extensive Wasserstein complexity across the glass transition, informal). Let H, be a Hamiltonian
ensemble that is glassy at inverse temperature 3 and non-glassy at 8. For H ~ H,,, denote the corresponding Gibbs
states by pg and pgr. Then with probability 1 — o(1), there exists constant €, > 0 such that for all 0 < € < €., any
quantum channel @ that satisfies

1
sllps = 2(ps)ll; < e (6)
must also satisfy

WC(®) > an (7)

for constant o independent of e.

Note that this approach is distinct from classical proofs relating glassiness to optimal transport (e.g., transport
temperature/disorder chaos [22-24]). For non-commuting Hamiltonians, one cannot directly diagonalize pg, pj; and
apply probabilistic methods since the eigenbasis is not a priori known, and changes with the disorder. This also
makes bounding the quantum Wasserstein distance between glassy and non-glassy states difficult, prompting our use
of WC instead. Similarly, we define stable quantum algorithms in terms of WC. Our definition is similar to the
disorder-Lipschitz criterion previously used to define stable algorithms [22, 23, 30].

Definition 4 (Stable quantum algorithm, informal). Let (A,,), be a sequence of quantum algorithms and H,, ~ H,,
be sampled from a sequence of Hamiltonian ensembles (#,),, where the algorithm A, (H,,) maps an n-qubit
Hamiltonian and inverse temperature to an n-qubit quantum state. The sequence (A,,), is temperature stable with
respect to the Hamiltonian ensemble if with probability 1—o(1), for any temperatures 3, 8’ > 0, there exists a constant
L > 0 such that

inf WC(®) < Ln|s — 5], 8
D | D(An(Hn,B))—An (Hn,p") |y =0(1) @) | | (®)

where the infimum is evaluated over all channels @ that take n-qubit states to n-qubit states.

We emphasize that stable algorithms include classically intractable algorithms: we do not require that the algorithm
itself has low Wasserstein complexity. For instance, quantum algorithms such as Decoded Quantum Interferometry
(DQI) and phase estimation are known to satisfy similar definitions of stability [30, 40].

Classically, algorithms such as local Langevin dynamics are stable up to constant time [24, 41]. We show here that
the quantum Lindbladian analogue is also stable, as well as parameterized shallow circuits such as “hardware efficient”
variational algorithms [42].

Theorem 5 (Examples of stable quantum algorithms, informal). For any initial state p, evolution under the Lind-
bladian e“#t[p] for any time t = O(1) is stable, where

N 1
Lolpl =i [A.p] + 7 (9) (AipAI - {AIAi,p}) 9)
such that H is Hermitian, vi > 0 are Lipschitz functions of 5, and {A;} are a set of O(n) temperature-independent
constant-local jump operators with | A;|| = O(1). Moreover, constant-depth algorithms of the form:
A(B) = O Ur o exp (Ly,)) [po] , (10)

are stable, where Uy are constant-depth parameterized unitaries composed of 2-local gates on a sparse, constant-degree
hypergraph, and Ly g have the form of (9). Note that in both of the above algorithms, Uy and A; may depend on the
Hamiltonian disorder and are only required to be independent of the temperature.
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FIG. 1. Cartoon of the glass decomposition pg = >, cip; of a Gibbs state that is non-glassy, shattered, and 1RSB. At a high
temperature o, the Gibbs state is replica symmetric and non-glassy, and is dominated by one “cluster” as measured by ||||p, .
(1). At a cooler temperatures f1, the Gibbs state may shatter into a glassy phase defined by exponentially many clusters p;,
which we show are separated by Q(n) in quantum Wasserstein distance. Although the state remains replica symmetric in the
shattered phase (due to each cluster being exponentially small), we show that any quantum channel satisfying ®(pg,) =~ pg,
must have Wasserstein complexity €(n). At an even cooler temperature (2, the Gibbs state is decomposed into a constant
number of clusters due to (static) replica symmetry breaking. Since the transition from a non-glassy to a glassy phase occurs
abruptly at some constant (., any algorithm that is Lipschitz in 8 will fail at the glass transition.

At the glass transition temperature 1/8, the state undergoes a phase transition from non-glassy to glassy, which
we show results in an Q(n) change in Wasserstein distance. The WC of a stable algorithm can be made arbitrarily
small across this phase transition by choosing sufficiently small constant |3’ — (]|, violating the glassy WC bound.
This gives the following result.

Theorem 6 (Glassiness obstructs stable algorithms). Let A be a temperature stable algorithm and H be a Hamiltonian
ensemble that is non-glassy at temperatures 5 < By and glassy at temperatures 5 > Pi for some constant B, > 0.
Then there exist constants 3,6 > 0 such that with high probability

1
S 1AM, B) = psll, =2 9, (11)

where pg = e PH | Tr[e7PH].

The state produced by a stable algorithm is not only far in trace distance from pg but is also structurally distinct,
containing the wrong number of clusters as measured by ||-||p,.;; (as in Theorem 1). We state this more carefully as
follows (proven in Theorems 21 and 22).

Remark 7 (Topological barrier). We prove a stronger (and topologically interpretable) sense of separation between
A(H, ) and pg than described by trace distance. Assume that the algorithm fails such that A(H, §) is not glassy
at some 3 > (.. Then A(H, /) can be close to at most one of the clusters p; in the decomposition pg = 3. ¢;p;,
ie., [MA(H,B) — pil| 3,y = 0(n). The algorithm’s output is locally distinguishable from all other clusters: for every
p; # pi, there is a bounded one-local observable X = Y""_| X, for which Tr[X (A(H, 8) — p;)] = Q(1).

Previous lower bounds for Gibbs state preparation via Lindbladian dynamics addressed only worst-case initial
states [27, 36|, whereas we prove hardness from any initial state (including the maximally mixed state). We also note
that [43] uses WC to show no-fast-forwarding results for specific Lindbladians (rather than the task of Gibbs state
preparation).

This topological description of the algorithmic obstruction in terms of quantum optimal transport gives a new route
to analyzing algorithms. Past work relating glassiness to hardness for quantum algorithms considered only classical
Hamiltonians®. This line of work examined optimization of these classical systems and mostly studied the quantum
adiabatic algorithm [44-46] or QAOA [47, 48]. In comparison, our results establish hardness for classical spin glasses
across a more generic family of quantum algorithms that represents the quantum generalization of stable classical
algorithms such as Langevin dynamics. More importantly, our results also encompass quantum non-commuting,
non-stoquastic Hamiltonians. To emphasize this fact, we study the following ensemble of random p-local Pauli
Hamiltonians.

2 Or reduced the hardness of quantum Hamiltonians to that of classical Hamiltonians [30].



Definition 8 (Random p-local Hamiltonian ensemble). Let P, ,, be the set of all Pauli strings of weight p acting on
n qubits. The ensemble of random p-local Hamiltonians is defined as the distribution of

2 _ |
Hup= Y JpP.  Jp~iuaN (0, ‘](pl)') . (12)

np—1
PEP, .,

This ensemble has been previously studied using tools from high-dimensional probability and random matrix the-
ory [37, 49, 50]. However, these direct approaches to studying spectral properties have largely obtained loose results;
for example, [37] only studied the non-local case at p = n. We pursue here the approach began by [28] using the
replica trick to probe the glassiness of the p-local ensemble at arbitrary constant p. The replica trick [1] is a method
from statistical physics that is non-rigorous due to an analytic continuation that relies on the re-ordering of limits;
nonetheless, it is widely used for quantum models (e.g., see Kitaev’s analysis of the SYK model [51]) due to the
difficulty of formally controlling the path integral in quantum mechanics, and in practice is predictive of the physics
of such models.

Result 1 (Glassiness of random p-local Hamiltonian ensemble). For p = 3, there exists a constant temperature B,
such that the random p-local Hamiltonian ensemble is non-glassy for all 8 < By« and glassy for all 3 > B.. For
sufficiently large constant p, the random p-local Hamiltonian ensemble is non-glassy at all § > 0 sub-exponential in p.

Corollary 9 (Hardness of 3-local Hamiltonians). Let pg denote the Gibbs state of the random 3-local n-qubit Hamil-
tonian ensemble of Theorem 8. There exists a constant inverse temperature 3 > 0 and a constant 6 > 0 independent
of n such that stable quantum algorithms w.h.p. output a state A(H, ) satisfying ||ps — A(H, B)||, > 6.

To show our glassiness result at p = 3, we analytically examine the stability of the replica symmetric solution to
obtain bounds on the glass transition temperature. We confirm these bounds by solving the replica saddle point
equations numerically via a continuous-time Monte Carlo algorithm; note that these numerics take place in the
n — oo limit of system size due to the replica trick. Prior work [28] predicted that the p = 3 model has a glassy phase
by examining the ground states of random Hamiltonian instances on n < 17 qubits. Our result thus upholds this
prediction in the thermodynamic limit at constant 5. Moreover, we also derive the full RSB saddle point equations,
which can be numerically solved to completely characterize the physics of random 3-local Hamiltonians.

To show our non-glassy result at large p > p., we analyze the replica saddle point equations via a sharpened
log-Sobolev inequality and prove that no solution exists outside the replica symmetric solution. This method only
addresses temperatures satisfying 8J = exp[o(p)]. Beyond this result mentioned in Result 1, we estimate the value
of the smallest non-glassy p using our log-Sobolev bound. This suggests that non-glassy physics begins at some
4 < p. < 8. The finite-n ground state numerics of [28] suggest that even at extensive 3, p = 5 is non-glassy, closely
matching our result. In combination, we regard these two results as strong evidence that the ensemble has no glassy
phase even for fairly small p. This yields a surprising phase diagram compared to those of the fermionic and classical
analogues.

e Classical ensemble (Ising p-spin) [52-56]: glassy phase exists for any constant p.
e Fermionic ensemble (SYK) [51, 57, 58]: no glassy phase at any constant p.
e Sparsified variant of p-local Pauli ensemble [30]: glassy phase exists for any constant p.

e p-local Pauli ensemble (this work): glassy phase exists for small constant p; non-glassy at all sufficiently large
constant p.

Evaluating replica solutions for models on spin-1/2 operators is analytically difficult, although the saddle point
equations can be solved exactly via numerical integration (see, e.g., [10]). Besides finite-n numerics, [28] provided an
analytical replica symmetric (RS) solution in the p — oo limit that assumed vanishing off-diagonals in the replica
ansatz. Here, we derive the 1RSB (and full RSB) saddle point equations for any p. We analytically control the 1RSB
solution with large p by a sharpened log-Sobolev inequality [59], which allows us to rule out glassiness. To identify
the glass phase at p = 3, we find that it suffices to numerically evaluate the RS saddle point equations with generic
off-diagonal elements in the replica ansatz. We also provide an analytical estimate of the glass transition temperature
following an expansion similar to [60].

We summarize open questions that we believe can be answered given the framework established in this paper.

e Additional algorithms and Hamiltonians. Our main results show sufficient conditions for a Hamiltonian
ensemble to be hard for stable quantum algorithms. Although we provide new examples of stable algorithms
and glassy Hamiltonians, we expect many other previously studied algorithms to be stable and Hamiltonians
to be glassy. Examples may include systems on lattices [61-65], Gibbs samplers based on quantum phase
estimation [66], and quasi-local Lindbladian dynamics [37].



e Mixing time lower bounds for non-stoquastic Hamiltonians. Our main results lower-bound the time
required for Lindbladian evolution with local jumps to converge to the Gibbs state from an arbitrary starting
state. Although there are known sufficient conditions for exponential-time mixing lower bounds (i.e., from a
worst-case starting state) to hold for Gibbs samplers on generic non-commuting, non-stoquastic Hamiltoni-
ans [27, 36], the only examples where the analysis is tractable are either stoquastic or code-like. We expect that
the definition of glassiness provided in this work implies slow mixing, similarly to the classical case (e.g., see
Corollary 2.9 of [24]).

e Lower bounds for optimization. We present average-case lower bounds for the task of Gibbs sampling.
Another natural task is optimization, where the goal is to construct a state below some energy. A quantum
version of the overlap gap property (OGP) [17] can be defined in terms of the Pauli overlap we use. We anticipate
that lower bounds on optimization can be shown for Hamiltonians satisfying such a quantum OGP, and that
spin-glass methods can be used to provide examples of systems with a quantum OGP.

e New upper bounds. Although our main results concern lower bounds, we identify two paths towards improv-
ing our understanding of quantum upper bounds. First, our work can be used to identify promising Hamiltonian
ensembles for quantum algorithms. We expect that non-glassy systems are quantumly easy; this belief is sup-
ported by the Schwinger-Keldysh computation in quantum disordered systems [67-73], which yields rapid mixing
when coupled to a bath. As an example, while the results of [25] showed that random n-local Pauli Hamiltonians
are quantumly easy, our results suggest that random constant-local Pauli Hamiltonians may also be quantumly
easy, giving a possible avenue for more natural settings for quantum advantage. Second, by giving insight into
why quantum algorithms fail, our work suggests key features for successful quantum algorithms. The geomet-
ric nature of our lower bounds provides additional perspective on analyzing quantum algorithms via optimal
transport.

We also remark on two additional open questions relevant to this work that remain difficult to address but would be
valuable to resolve. The first question asks for a rigorous proof of quantum glassiness. All of the examples of glasses
shown above are established via non-rigorous methods in statistical physics based on the replica trick; producing
rigorous proofs of classical glasses required decades of effort [74-78|, and thus we expect the quantum setting to also
be difficult. The second question asks to extend average-case lower bounds for sampling beyond stable algorithms,
to capture, e.g., Lindbladian evolution for polynomial time starting from the maximally mixed state. Classically, it
also remains open if lower bounds can be shown for Langevin dynamics beyond constant time [24], and thus we also
expect this open question to be challenging.

II. GLASSES AND QUANTUM OPTIMAL TRANSPORT

In this section, we formally relate replica symmetry (RS), replica symmetry breaking (RSB), and shattering to
quantum optimal transport, showing the formal version of Theorem 3 in the introduction. We begin in Section IT A
by precisely defining RS, RSB and shattering in terms of the Pauli bilinear form of (1). We will see that RSB and
shattering are special cases of the glassy decomposition of Theorem 1. We then show in Section II B that glassiness
implies a lower bound on the Wasserstein complexity of quantum channels between non-glassy and glassy states,
which will ultimately yield our desired algorithmic obstruction.

Below, we use o/ to denote Pauli matrix u € {X,Y, Z} acting on qubit r. We use S,, to denote the set of n-qubit
states.

A. Glassiness from Pauli overlaps

We first define a replica symmetric state, which may or may not be glassy as per Theorem 1.

Definition 10 (Replica symmetry). Let (H,), be a sequence of n-qubit Hamiltonian ensembles. The ensemble
is replica symmetric at inverse temperature 8 if with probability 1 — o(1) over draws H ~ H, , and for every
1 < m(n) < exp[O(n)] admitting the below decomposition, the Gibbs state p = e #H / Tr[e ] satisfies

1 .
5 p— E_l CipPi = 0(1)7 c; > 0V e [m(n)], E_l C; = 1- 0(1)7 (13)

1

where p; are n-qubit states satisfying the following properties:



1. Separate clusters: There exists constant ¢ > 0 such that for sufficiently large n,
. 1 2
Vi j € [m(n)] s.t- i £, —llpi = pillpaus = 4 (14)

2. Equal weight clusters: Each p; appears with asymptotically similar weight,

Vi€ [m(n)], ¢; = exp[—O(log(m(n))]. (15)

3. Concentration to single overlap: Let D be the probability distribution that draws p; with probability ¢;/N for
N = Zl ¢;. Then there exists constant ¢* € R such that

*

1 2
g st | |2l ill 0] < 8] =101 (16)

for all § > 0.

In the classical setting, replica symmetry has an operational meaning: with high probability, the Hamming distance
between two spin configurations drawn independently from the Gibbs distribution concentrates to a single value. In
contrast, replica symmetry breaking requires the Hamming distance of pairs to have nonzero probability over at least
two distinct values when pairs are drawn i.i.d. from the Gibbs distribution. Hence, no Gibbs distribution can be
simultaneously RSB and RS. In the quantum setting, we replace Hamming distance with ||'||12>au11- In the following
definition, we make it explicitly clear that RSB and shattering are special cases of glassiness (Theorem 1).

Definition 11 (Shattering and RSB). A Gibbs state satisfies replica symmetry breaking if it can be decomposed as
Theorem 1 with m(n) = ©(1). (Recall that per Theorem 1, we require m(n) > 2 for sufficiently large n.) A Gibbs
state is shattered if it can be decomposed as Theorem 1 with m(n) = exp[O(n)].

Remark 12 (Comparison to physics convention). The number of clusters m(n) in the decomposition p = Zz(ln ) CipPi
does not necessarily correspond precisely to the true “TAP states” referred to in the physics literature [1, 11, 33, 34, 70].
For example, to satisfy the definition of RSB above, it suffices to group different TAP states into a single p;.

Note that shattering does not necessarily imply replica symmetry breaking. Indeed, a shattered state can be RS.
Since m = exp[O(n)], distinct clusters (i # j) are drawn with probability 1 —o(1) in the distribution D of Theorem 10;
if the Pauli overlap between distinct pairs of clusters concentrates to a single value, then the state will satisfy the RS
definition.

The definitions above encompass classical spin glasses that are local in only 0% operators and non-commuting
quantum spin glasses that are local in Pauli strings. Both of these classes of Hamiltonians feature a glass transition
from non-glassy RS to either shattered or RSB at a certain critical temperature.

Definition 13 (Glass transition). Let (H,), be a sequence of n-qubit Hamiltonian ensembles. The ensemble is
said to have a glass transition if there exist constant temperatures f_ < 8, < [+ such that the ensemble is replica
symmetric but not glassy for all § € (56—, 8.) and glassy (Theorem 1) for all § € (5., 5+).

Historically, the glass transition was first identified using the replica trick, which evaluates in the n — oo limit the
quenched free energy —E [log Z] /5 for partition function Z = Tr [e‘BH ] by computing E[Z®] for integer values of
s and performing an analytic continuation of s — 0 [79]. The replica trick was confirmed numerically to correctly
predict the physics of many models, such as the Ising p-spin model (and the special case of the Sherrington-Kirkpatrick
model, which sets p = 2). This computation is non-rigorous due to its treatment of limits and assumption of an ansatz
that corresponds precisely to the above decomposition into clusters.

Remark 14 (Glass transition of the Ising p-spin Hamiltonian ensemble [52-56]). The ensemble of Ising p-spin Hamil-
tonians is given by the distribution of

Hn = Z Ji1"'ipUiZ1 "'O'izp (17)

1<ip < <ip<n

for i.i.d. coefficients J;,...;, ~ N(0, J%p!/2NP~1) and T' > 0. For all constant p > 2, this Hamiltonian ensemble has a
glass transition.



Breakthrough results in mathematics computed the free energy (and the correctness of the ansatz) rigorously for the
Ising p-spin and other classical Hamiltonians several decades after the replica trick was first proposed in the physics
literature [74-78]. A rigorous proof has not verified the replica trick for quantum Hamiltonians®, but it is widely used
in the physics literature and has been extensively tested numerically [2, 10, 57, 58, 82]. These methods recover glass
transitions in stoquastic ensembles such as the classical Ising p-spin ensemble with a weak transverse field, as well as
in more quantum ensembles such as the quantum Heisenberg model, of which quantum max-cut is a special case.

Remark 15 (Glass transition of the quantum Heisenberg Hamiltonian ensemble [10]). The ensemble of random quan-
tum Heisenberg Hamiltonians is defined as the distribution of

= Y 0 (XiX; + VY + Z:Z;) (18)

1<i<j<n

for i.i.d coefficients J;; ~ N(0,.J?). This Hamiltonian ensemble has a glass transition.

There are many other variants of quantum spin glasses. For example, many quantum spin glasses are defined on
bounded-degree graphs; these include both classical spin glasses on regular graphs or lattices placed in a transverse
field [61-63] and non-stoquastic models such as quantum gauge glasses [64] and the quantum XYZ model [65] in
finite dimensions. Some non-stoquastic quantum Hamiltonian ensembles are replica symmetric and non-glassy at any
constant temperature. One such example is the SYK model [51, 57, 58], which replaces the Ising spins in Theorem 14
with Majorana fermions.

In Section IV, we will use the replica trick to show that another ensemble has a glass transition: the random Pauli
p-local Hamiltonian ensemble. We show it is glassy at p = 3 and that it is not glassy in the p — oo limit.

Note that our definitions of RS/RSB/shattering do not properly capture Hamiltonians that are local in different
operators, e.g., the spherical p-spin model or the SYK model. However, for many applications in quantum computing,
and for the models discussed in this work, our definitions suffice. We also remark that in Section IV, we will further
distinguish 1RSB, kRSB, and full RSB; we also relate the above definitions to the evaluation of the path integral in
the replica trick and to TAP states.

Before we proceed with further proofs, we remark that the decomposition into clusters (e.g., in Theorem 1) is robust
to small errors in trace distance. This will be useful later.

Lemma 16. Let p be a (e, q, M)-decomposed state as given by Theorem 1. Then any state p satisfying

1 ~
Hlo—pl, <o (19)
for some 0 <6 <1—c¢is (e+9,q, M)-decomposed.

Proof. Let {(cq, pa)} 1 be a clustering witnessing the (¢, ¢, M)-decomposition of p. We have by the triangle inequality
that

M
l
_anpa 5 lp—pl, + anpa <d+e (20)
a=1
Therefore, {(cq, pa)} _, witnesses the (e + 6, ¢, M )-decomposition of p. O

B. Quantum optimal transport implications of glassiness

Our main results for algorithmic obstructions rely on relating notions of glassiness to the quantum Wasserstein
distance [39], defined between two n-qubit quantum states p, o as:

1
||p_ U||W1 = 5 fn {Z ||X ||1 p—0O0 = ZX” X S Ona Trz[ z] - OVZ} (21)

where O,, is the set of traceless Hermitian n-qubit operators. We will need the following properties of the quantum
W1 norm.

3 We make an exception here for the case of the transverse field Ising model which has been rigorously analyzed [80, 81].



Fact 17 (Tensorization, Proposition 4 of [39]). For any (m + n)-qubit states p, o,

Hp - UHW1 > ||P1..4m - 0'1.4.m||w1 + ||pm+1-..m+n - Um—&-l...m-ﬁ-nHle (22)
where for S C [n], ps = Trp\s(p) denotes the marginal state on qubits in S.

Fact 18 (Discarding qubits, Proposition 5 of [39]). Let S € [n] and let X be a traceless Hermitian operator on n
qubits such that Trg X = 0. Then

3
1w, < 111X (23)

This allows us to immediately relate the Pauli bilinear form to W; via the following result.

Lemma 19 (Wasserstein distance lower bound from overlap). Given states pgo, pp € Sp on n qubits, where

(overlap) (Pas Pb)Pauli = Qo

S|I—3-
—
[\
g
~—

(induced norm,) (Pe, pe)pauti = gc for ¢ € {a, b},

then ||pa — pollw, > % (qa + @ — 2q0)-

Proof. Given a state p € S,,, denote by p* = Trpp gy [p] € S1 the reduced density matrix on the i-th qubit. Then by
Theorem 17,

lpa = pllw, =) 0L — Phllw,
= (25)

1 n
= 5316k~ il
i=1

In the second line above we use the fact that the Wasserstein distance equals the trace distance for one qubit. For
one qubit states p, p’ € 81, the 1-Schatten norm explicitly equals:

2 2 2
lp— o'l = \/ (Telpon] - Tlp/n]) + (Tilpoy] = Telp o)) + (Trlpo.] = Trlp/ o.]) (26)
Thus,
"1 .
lpa = pollwy =D S llek = pilh
i=1
SLTRERTE
> Z Z”pa - pulii
i=1
1 i i 2
=1 Z (Tr [pagr} —Tr [pbar]) (27)
=1 re{z,y,z}
1 & i i1\ 2
=3 Z Z (Tr[paot] — Tr[psot])
=1 re{z,y,z}
n
=7 (@ +a —290).
O
Corollary 20 (Wasserstein distance from || - ||pawi). Given states p, p’ on n qubits, it holds that
/ 1 /112
lo=pllw, = Zllp = P'llPaui- (28)

Proof. The proof follows by noting that n(g, + g, — 2go) in Theorem 19 is equal to ||p — p’||3,.5- O
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Theorem 20 only bounds the Wasserstein distance between clusters, not necessarily between the non-glassy and
glassy Gibbs states. We show here that glassiness has a more operational implication in quantum optimal transport.
Specifically, we prove a lower bound on the minimum Wasserstein complexity of a quantum channel that goes from a
non-glassy to a glassy state. We write WC to denote the Wasserstein complexity [38], defined as

WC (@) =Sl;pHp—45(P)||W1’ (29)

where |-y, is the quantum Wasserstein distance of (21).

Not only does the Pauli bilinear form lower bound the Wasserstein distance, there is also a one local operator
which can be used to quantify separation ||p; — pj||pauti between two states p; and p;. Differences in expectations
Tr[X (p; — pj)] grow linearly with the distance ||p; — p;||3,.;; s we show below.

Lemma 21. Given states p;, p; at distance ||p; — p;||3.ui: there exists a one-local observable X = ", X; made of
observables X1, ..., X, acting on qubits 1,...,n respectively normalized as || X;|| <1 such that Tr[X p;] — Tr[X p;] >

%”pi - ij%auli‘

Proof. Let pj = Trp,) (r}[pi] denote the marginal state of p; on qubit 7 (and respectively pj for p;j). Denote the
eigendecomposition of p} — p;T = ervrv;[ — erwrwi and define X, as the operator

X, = vrv;f. — wTw:[, (30)

which has norm || X,.|| = 1. Note that

S X (o — o)) = Y o} — Pl
-y ¢Z Te[ot (p! — 1))’

(31)
1 L T T 2
> ) ZTr[a; (p; — Pj)}
T
1
= §||pz - ij%auli'
In the inequality above we use the fact that \/z > z/2 for all 0 < x < 4. O

We now show that low-Wasserstein complexity quantum channels preserves the decomposition of quantum states
into clusters.

Lemma 22 (Clustering is preserved). Assume p is (e, q, M)-decomposable with clustering {(ca, pa)}gil. Consider a
state o satisfying

o= (p) (32)
for some quantum channel ®. If
q
WC (D) < —
C(®) < . (33)

then o is (e,4q/9, M)-decomposable.

Proof. Let {(ca, pa)}, be a clustering witnessing the (e, ¢, M )-decomposition of p. Define o, := @ (p,). We have by
the triangle inequality and Theorem 20 that for any a # b,

||all - o-b”Pauli > ”pa - pb”Pauli - ||Ua - paHPauli - ||0-b - pb”Pauli
> 10w = Pullpaurs — 21/ 10 — pallw, —2\/llow — ol

(34)
> [[Pa = Pbllpau; — 4/ WC (P)

> 213/qn

V
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Define
M
A=p-Y cupe (3)
a=1

which by the definition of (e, g, M)-decomposition has trace norm at most 2e. As quantum channels are contractive
in trace norm (even for nonpositive arguments) [83, Theorem 2.1],

1@ (A)l, < 2e (36)

We therefore have that

M M M
anaa = ansﬁ(pa) =¢ (anpa> =P(p—A)=0—-P(A)
a=1 a=1 a=1

(37)
1 M 1
25 U—;Cada 1§§||515(A)||1§6.

Finally, each ¢, = exp[—©(log M)] since {(cq, pa)}, witnessed the decomposition of p. Therefore, o is (€,4¢/9, M)-
decomposable. [

Theorem 22 taken in combination with Theorem 16 have the following immediate implication.

Theorem 23 (Low-complexity channels cannot witness transition). Let p be a state which is glassy and (e, q, M)-
decomposable, and o which is not glassy. There exists no pair of states (p,&) and quantum channel @ with the
following simultaneous properties:

lp—pll, <o(1) (38)
o —all, <o(1) (39)
g =2(p) (40)

q
WC (@) < T (41)

Proof. Assume such a pair of states (p, ) and quantum channel @ existed which satisfied these four properties. Note
that p is (e+o0(1),q, M)-decomposable by Theorem 16. In particular, by Theorem 22, & is (e + 0 (1),4q/9, M)-
decomposable. Finally, again by Theorem 16 this implies that o is glassy, yielding a contradiction. O

Theorem 23 is the formal version of the result presented as Theorem 3 in the introduction; it shows the main
contradiction required for an algorithmic obstruction.

III. ALGORITHMIC OBSTRUCTION

We now demonstrate that the presence of an RSB or shattering phase transition obstructs preparation of the Gibbs
state for a class of algorithms we call temperature stable. Our proof of obstruction relies on the relationship between
glassiness and quantum optimal transport given in Section II. We will then prove that several common algorithms are
temperature stable.

A. Glassiness obstructs stable quantum algorithms

Roughly, we consider an algorithm temperature stable if the quantum channel with minimal quantum Wasserstein
complexity that takes the algorithm’s output at one temperature to its output at another temperature is Lipschitz.
This is formally defined as follows.

Definition 24 ((e, f, L)-Temperature Stability). Let A : R x [0,00) — S™ be a quantum algorithm which takes a
problem instance X € R and an inverse temperature 3 € (0,00) and outputs a quantum state. The algorithm is
said to be (e, f, L, <)-temperature stable in a set B C (0,00) if, for any X € R and ' < 8 € B,
ot WC(®) < [+ LI, (42)
€Cn
st || B(AX.6)—A(X.8')|| <e
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Similarly, we say the algorithm is (e, f, L, >)-temperature stable in a set B C (0, 00) if Eq. (42) holds for any 8’ > 8 € B.
Finally, we say that the algorithm is (e, f, L)-temperature stable in a set B C (0,00) if it is both (e, f, L, <)- and
(¢, f, L, >)-temperature stable.

We show that the glass transition obstructs algorithms that are temperature stable for appropriate choices of ¢, f, L.
In the following subsections, we will give examples of algorithms satisfying these parameter choices.

Theorem 25 (Temperature stable algorithms are obstructed by the glass transition). Let (\A,), be a sequence of
(e, f, L)-temperature stable quantum algorithms in a set B C (0,00). Let (Hy)n be a sequence of n-qubit Hamiltonian
ensembles with a glass transition at temperature B, in neighborhood B. Let X denote the problem instance corre-
sponding to a Hamiltonian H ~ H,,. If e = o(1), f = o(n) and L = O(n), then there exists some B € B such that the
thermal state pg satisfies

IA(X, B) = pslly = (1) (43)
with probability 1 — o(1).

Proof. Consider some S, ' € B satisfying 8’ < fa < 8, pg is glassy, and:

/ q
|5*5|<m- (44)

By the stability of \A, there exists a channel @ of Wasserstein complexity 15;n(1 + o(1)) satisfying

A(X,5) = @ (A(X,B))ll, = o(1). (45)
By Theorem 23, it is therefore either the case that
(X, 8) = ppll; = (1) (46)
or
IA(X,8) = psll, = 2(1), (47)
proving the desired result. O

B. Local continuous-time Lindbladian evolution

We show that Lindbladian evolution with local Lindblad operators is temperature stable. More precisely, under
the convention of each Lindblad operator having norm 1, we show that Lindbladian evolution is stable for any
constant time. This constraint of constant time is shared by the analogous classical result for the stability of Langevin
dynamics [84, 85].

Lindbladian evolution is governed by a superoperator £ known as a Lindbladian [86], with action:

£lpl = ilH.p+ X0 (4ipai -5 {alau0}) (1)

where H is Hermitian and the 7; > 0. Often, the choice of jump operators {A;} is independent of temperature
but may depend on Hamiltonian disorder; we consider the setting where there are O(n) such operators and each is
local. The only temperature dependence is in the coefficients v;; these can be thought of as generalizing the choice of
“acceptance probability” in classical simulated annealing [37]. For this reason, we write:

Lslpl =—-i[H, p] + Z%‘ B) <Az‘PA;r - % {AIAi,p}> . (49)

We will specifically be interested in the continuous time evolution:

A (B;t) :==exp (tL3) [po] s (50)

where pg is some fixed initial state and the dependence of A on H and the choice of A; left implicit.
We show that A (8;t) is temperature stable according to Theorem 24 over the set of 8 € Q.
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Theorem 26 (Lindblad dynamics are temperature-stable). Consider the quantum algorithm A (B;t) as in Eq. (50).
Fiz any choice of 0 < Bmin < Bmax € R, and assume the ~; are \;-Lipschitz on this domain, i.e., for all i there exists
Ai > 0 such that for all 8, 8" € [Bmin, Bmax]):

i (B) = v (B)] < X B =B (51)

Then, A (B;t) is (0, L (t))-temperature stable over 5 € QN [Bmin, Bmax], where:
3t 2
L#t)=+ Z&' |supp (A;)] [|Aq][5, - (52)

Proof. We first write \A in a more convenient form. Fix f~ < 8+ where f* € Q. Note that by Trotterization:

,Bim 1

t

= i T — T— == i Z — T - <
exp (tLgx) ”%E}noo exp [ tLo+t Tzﬂ (LZE L 1) n}gnoo Tzlgmexp (tﬁm tch) exp (m[,ol {r < m}) ,
(53)

where the limit is taken in a way such that both 8tm € N and 8~m € N. We can then define the algorithm:

! t
it = tLr —tL, - — Lol < 54
Atgitom) = | TI o (125 e (Leatr<m) | ol (54)
such that:

A(Bt) = lim A(B;t,m). (55)

As the Wasserstein complexity is convex [38], (f, L)-temperature stability is robust to errors in 4. For this reason,
to demonstrate the stability of LA (53;t) over rational 3 it suffices to show that A (j3;t,m) is stable in {5*} for all
sufficiently large m. Noting that:

A (B75t,m) =@, (A(BT5t,m)), (56)
where
Btm
D, = H exp (tﬁf;l — t£%> , (57)
r=B8-m
we therefore need only bound:
im WC (@) = lim_ Sup e — @ (p)llw, (58)

to demonstrate (f, L, >)-temperature stability. Similarly, as:
A(ﬂ+7t7m) :dsft (A(ﬁ_atvm))7 (59)
we therefore need only bound:

lim WC(&_,) = lim sup|p—&_ (o), (60)
m oo P

m— 00

to demonstrate (f, L, <)-temperature stability.
By the subadditivity of the Wasserstein complexity under concatenation [38],

Btm

lim WC (@) < lim Y WC (eXp (im% ¥ tc%)) . (61)
T=B"m
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As only the linear term of the exponential is non-vanishing in this limit,

Btm
lim WC (Py;) <t hm Z sup H (EL - [,La) [p]H
m—o0 T;ﬁfm P m m Wy (62)

<t(Bt—pB7) lim m sup sup||(Ls— Ls_m-1)][p] .
= 5) i s swll(€5 - L) ol

We now bound the Wasserstein norm of this final term. We have:

(£~ Lamns) A= 30 (9) ~ 3 (- m) (Apa] - 5 {4l } ). (63)

%

Now, for each i define S; := supp (A;), i.e., the set of qubits on which A; acts nontrivially. From the cyclicity of the
trace:

Trs, <AipA;r - % {Ain,p}) — 0. (64)

In particular, by Theorem 18,

1 3
[pal - {alaip}]| <Zisiai, (65)

2 w, 2

Therefore, by the triangle inequality,
) 3t -\ g 2
Jim WC (@4) < o (87— 87) i w2 > 1 (8) =7 (8= m [ ISil A5,
3t (66)
<3 ZA [Sil 1 AdlIG, -

Taken together, this proves the desired result. O

C. Shallow quantum algorithms

We can generalize the Lindbladian result to parameterized shallow circuits composed of such Lindbladians. Namely,
we write:

A (X, 3;0) := Oy U (X,0¢) 0 exp (Le,5)) [Po] (67)

where pg is some fixed initial state, U, (X, 0) some parameterized family of unitary channels which potentially depend
on the disorder X, and

Loglpl = Z Vei (B) (AipAI - % {AjAh p}) : (68)

In what follows, we will assume that U (X, 6y) can be implemented as a depth-K unitary composed of d-local gates
acting on a sparse hypergraph of degree 0. This construction includes so-called “hardware efficient” variational al-
gorithms [42] on quantum computers with topology given by a sparse graph. We also assume for simplicity and
concreteness that the A; are 1-local and mutually commuting, e.g., the Lindbladian evolution is generated by cou-
pling with a bath using an interaction of the form . O; ® B; with the O; mutually commuting. Note that our
impossibility result is independent of how the parameters @ are set—in particular, our results in some ways gener-
alize the known impossibility of efficiently training shallow hardware efficient variational quantum algorithms using
gradient descent [87-89].

Before proving our stability result, we first cite a known result bounding the superoperator norm ||A||W1 _w, induced
by the Wasserstein norm via the light cone of A [39].
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Proposition 27 (Superoperator norm light cone bound, [39, Proposition 13]). Let A a quantum channel on n-qubit
states. Define subsets T; C [n] for i € [n] with the following property: if Trg;y (X) = 0,

Trz, (A (X)) = 0. (69)
Then,
A 3
[ ||W1~>W1 < ) ?el%?]; Z:| - (70)

We now prove our stability result. To save on notation, we will often refer to the Wasserstein complexity or
superoperator norm of a unitary operator; this should be taken to mean the associated measure with respect to the
unitary channel induced by the unitary operator.

Theorem 28 (Shallow quantum algorithms are temperature-stable). Consider the quantum algorithm Ag (X, 3) as
in Eq. (67) and fit B~ < BT. Assume for all X and « that Uy (X, 60;) is a depth-K unitary composed of d-local
gates acting on a sparse hypergraph of degree 0. Assume further that the ~y, are A-Lipschitz, i.e., for all £ € [p] and
B,B" € (0,00):

lve (B) = e (B, < AlB =B (71)

Finally, assume that the jump operators {A;}, are all 1-local, mutually commuting, and have operator norm at most

1. Then Ag (X, ) is (0, L)-stable on the domain (8 € [3~, ], where:

L=6"(d) "X+ 0 (|p"-57]). (72)
Proof. We fix the disorder X and parameters 6. We define:
!P&g = Z/{g (X,GK) o exp (‘C[,g) . (73)
Note this has inverse:
B} = exp (—teLop) oUs (X,0,)". (74)
We are interested in calculating the Wasserstein complexity of the unitary channel:
Apprp = (O @) o (Oh-1 5} ) 5 (75)
as:
A(X,B:0) = AgppA(X,3;0)], (76)

upper bounding the Wasserstein complexity of Ag g, upper-bounds the stability parameter of the .A.
We bound the Wasserstein complexity of Ag g, inductively in p. First, note that trivially:

WC (Ag,p o) = 0. (77)
Now, assume the inductive hypothesis:
WO (As,50pm1) < 67 (@) P VN8 g+ 0 (18- 5) . (78)
For any state p, defining:
o =85t (79)

we have:
lp—App p olllyy, = 1Psplo] — Appp [Ppp o]]llyy,
Py, wiow, I~ (A*B’B"p °Ppp 0 455,1@) [a]le
3ty WO (A o @iy 0 850 (s0)
(WC (Ap,prp) + WC (%,p ° 455'1,;7))

o358 | (@) s We (25,0951, ) ).

IN

IN

IN

o)
B P Wi =Wy

IN
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Now, since the disorder and parameters are fixed note that:
-1
P, Ppp = exp (=Lpp)exp (Lppr)

exp (Z (ve:i (B") = 7e.i (B)) (Az‘PA;r - % {AIA“”})> (81)

i

= Qi exp ((w,i (8) = e (B)) (AipAI - % {AIAi»P})> ;

with the final two lines following as the A; are assumed to be mutually commuting. By the operator norm bound on
A;, each channel in this composition can only change the trace distance of a state it acts on by at most:

<20 (B") = ve,i (B)] (82)

1—1

[0 1) =090 (4ipal - § {alar0})

up to higher-order terms in |y, ; (8) — e (8)]. As the trace distance equals the Wasserstein distance on a single
qubit, we bound the Wasserstein complexity as:

WC (2;325,) <2 21 (8) =% ()] +0 (Z [ (8) = W) )

<2Al8-#1+0 (18- 6T
Similarly, as Lg: is 1-local and U, (X, 0,) has a maximal light cone cardinality of (dD)K, by Theorem 27 we have:

<

- (do)™ . (84)

-1
|25

'\p

3
2

We therefore have that:
1P~ As.p0 Py, < 3 (@) (67 (@)D |5~ 5| + 2015~ 7]+ 0 (18- 1))
2 (@) (3 6 (@)<Y 0 A5~ 51+ 0 (18— 51°)) (85)

< 6" ()" N5 - 5 +0 (|5 - 5°)

IN

As p was arbitrary,

WC (Ap,) < 6" ()P A8 =5 +0 (18- 5). (86)

IV. GLASSINESS OF RANDOM p-LOCAL HAMILTONIANS

In this section, we show that the random p-local Hamiltonian ensemble has a glass transition. We recall that the
ensemble is defined over all p-local Pauli strings with Gaussian coefficients, i.e.,

J2(p—1)!
Hup= Y JpP.  Jp~iuaN (0, 5571)) : (87)
PeEPn,p

To show a glass transition, we will use the replica trick to compute the quenched free energy: for partition function
Zg = Tr[e PH], we compute

uenche 1
Fgeneed(pg) = ~gEllog Zs]. (88)
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Since the Gibbs state ps = e #H /Z; is the state that minimizes the free energy

Falp) = il p] = 35(0). (89)

one can determine the structural properties of the Gibbs state (i.e., RS or shattering or 1RSB or full RSB) that hold
in expectation by minimizing the quenched free energy. As is standard in the physics literature, we use the quenched
computation to claim that the glassiness property also holds with high probability over individual Hamiltonians drawn
from the ensemble.

We attempt below to give a somewhat self-contained description of the replica method, and we provide additional
details in the appendices. In Section IV A, we review the path integral over spin coherent states used throughout our
calculations; the derivation is known in the literature and is similarly presented in [28] and described in more detail
in Section A, but it is necessary to describe our work. In Section IV B, we review the replica trick at a high level,
focusing on its application in quantum spin glasses. In Section IV C, we report the RS, 1RSB, and full RSB saddle
point equations of the p-local Pauli ensemble. This is our first technical contribution of the section, and we provide
derivations in Section C and Section D for these results. In Section IV D, we show that the 3-local Pauli ensemble has
a glass phase by numerically solving the replica saddle point equations, and we provide an analytical estimate of its
temperature based on an expansion similar to [60]. In Section IV E, we show that the p-local ensemble for sufficiently
large p has no glass phase via an analysis of the 1RSB saddle point equations, proving that no nontrivial solution
exists via a sharpened log-Sobolev inequality.

A. Path integral

Before describing the replica trick, we comment on how one computes the simpler quantity of EZ3. This quantity
suffices to evaluate the annealed free energy,

anneale 1
Fgrmealed(pg) = —5logE [Zs]. (90)

In general, the annealed free energy may be different from the quenched free energy. Classically, this indicates the
presence of a glass phase [1]; in the quantum case, however, a model may be non-glassy and yet have different quenched
and annealed free energies [90]. The method we use to compute EZ3 also resembles the method used to compute EZj
for any integer s > 1, which is required in the replica trick (as we shall see below).

In the classical case, one evaluates EZ3 by summing over eigenstates. For stoquastic quantum Hamiltonians, it can
be evaluated by quantum Monte Carlo (or the Feynman-Kac path integral), which evaluates a probabilistic process
of bitflips over classical bitstrings. We are interested here in non-stoquastic quantum Hamiltonians, which prevent a
probabilistic analysis due to the sign problem. Hence, we use the saddle point method over a Feynman path integral.
This is detailed in a self-contained manner in Section A, but we offer a brief treatment here. The annealed free energy
of this model has already been studied by these techniques in [28], so we refrain from evaluating the saddle point
equations and discussing the annealed free energy here.

Since the Hamiltonians we study are expressed over Pauli strings, we choose the overcomplete basis of spin coherent
states to compute Z = Tr [e_BH} (and its replicated version) as a path integral. For § € [0,7) and ¢ € [0, 27), a spin
coherent state is defined as

cos g
9 = (58s)- o)

2

These have the convenient property that for any p, the Pauli matrix can be written as

1
o= 5 / dQ QY 5, (92)
for spin coherent paths
sx(0,9) =3sinfcosd, sy(0,¢)=3sinbsing, sz(0,¢)=3cosb. (93)

)

We will write write all path integrals in terms of spin coherent states with ‘Qg >, where r € [N] labels a qubit and

i € [8/AT] labels an imaginary time slice. In the continuum limit of A7 — 0, we denote the path of Pauli u acting
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at time 7 by s,(Q(7)). We refer to Section A for a somewhat pedagogical introduction to computing path integrals
over spin coherent states. Briefly, we rewrite Zg as

Zg="Tr e P Tion on, — /DQ exp

B
—/0 dTZJ1511(7)~~~51p(7')], (94)
T

integrating over paths via Df), where I; contains both the qubit index and Pauli type. Since each J; is drawn
independently from a Gaussian distribution, we apply the Gaussian MGF E [etR = et/ 2} for R ~ N(0,1). This

yields a path integral over two times, 71 and 75:
P

J2 B rB n
]EZg:/DnQexp W/o /o dri dmp Z Z 8$H(T1)S£H(T2) . (95)

r=1 pe{z,y,z}

To evaluate this integral, we introduce variables G, % by inserting a Dirac delta function

5 (G(Tl,Tz) - izsm(ﬁ)sm(m)> (96)

(0

and enforcing it via a Lagrange multiplier X (71, 72). Integrating over all functions G(71,72), X(71,T2) can be done
rigorously by identifying a kernel and showing that its spectrum has a finite number of eigenvalues [51, 58]. Here, we
will follow the physics convention of leaving the measure over G, ¥ unspecified, obtaining the path integral

B8 J*n
EZg = /D"QDGDZ exp / / dri dr 2—G”(7'1,7'2)
o Jo p

G(11,72) — izsw(ﬁ)sm(ﬁ)] ) } (97)

o

— %E(Tl,Tg)

The final step is to apply the Hubbard-Stratonovich transformation
1 1
exp {QxTM:L’] - (1 /@) det(M)) / d"hexp {QhTMlh + hTz] (98)

for Hermitian PSD matrix M. Letting D™h denote the Gaussian measure relating h,,(71), hs, (72) by covariance
070 X(T1, T2), we find that

B8 J?n n
E[Z] = /D"Q DG DX D"h exp / / dri dmy %GP(Tth) - 52(7'1,72)61(7'1,72)
o Jo

B
+) /0 dr hw(f)sm(f)}. (99)

This integral can now be evaluated in the n — oo limit by the saddle point approximation, where we set derivatives
with respect to G and X to zero. This yields saddle point equations

J2G(11, )P = N(1, ), G(11,12) = <TZU“(7'1)U“(7'2)> ; (100)
K =

where 7 denotes the time-ordering operator and (-)x is the thermal expectation of a single-qubit Hamiltonian with
time-dependent fields sampled according to covariance X (71, 72). See Section A for a derivation of these saddle point
equations.

B. Replica trick

To compute and minimize the quenched free energy Elog Z3, we follow the prescription of the replica trick: we
evaluate the partition function over s > 1 copies of the system and then analytically continue s — 0 to obtain

1
Elog Z5 = lim ~ (EZ3 —1). (101)
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Performing an analytic continuation can often be made rigorous; however, because we will evaluate EZ§ via the saddle
point method by taking n — oo first, the quantity EZ3 cannot be formally controlled. We must commute limits of n
and s, which is difficult to control formally.

When s copies are introduced, the replicated partition function becomes EZ§ = esX for

B8 B
X :/ / dT1 dT2 Z G '7'1,7'2 Z Eab leTZ)Gab(TlaTZ)
0 0

a,b=1
+logEh/DQ exp ZZ/ dr hy (1)s,(2(7)) |- (102)
a=1 p
The saddle point equations ((100) in the annealed case) become
J2Gap(11,72)P 7 = Sap(11, 70), Gap(T1,72) <’TZ ot (m)o > (103)
b
for indices a,b € [s], and X4p(71, T2) also carries replica indices. Here, we use notation
CE(T e[, X, fy drhi(non(r)])

_ (104)

BT (T exp [, 5, f) dr g (rog(r)])

where the expectation is evaluated over hz distributed as a Gaussian process with covariance §,,Xq4(71,72). To
solve these saddle point equations at arbitrary s, we must simplify the form of G. Several properties can directly be
seen to hold: when a # b, Gup(11,72) = Ggp is time-independent; and when replica indices coincide, Gaq(11,72) =
G (11 — 72) due to translation invariance. The form of the overlaps when a # b is then specified by assuming an ansatz
corresponding to either replica symmetry or replica symmetry breaking.

The simplest choice is the RS ansatz, which takes G4, = qo for all a # b:

G(Tlsz) qo qo
% G(ri—m) - qo
. . , . (105)
90 9 o G(r— )
SX S

In [28], the p-local ensemble was analyzed in the p — co assuming go = 0. In Section IV D, we will analyze the model
in the RS ansatz with generic gg and find a phase transition from ¢y = 0 to gg # 0, indicating glassiness.

To show non-glassiness for sufficiently large p, we will analyze the 1RSB solution. The 1RSB ansatz s x s matrix
Gab(71,72) to have elements indexed by multi-indices a = (ag,a1) for ag € [m], a1 € [s/m] and has the form

Gap(11,72) = G(11 — 72)0ab + qo(1 = 0ayb,) + q1(1 = Gagby )Oayb, - (106)

Pictorially, the 1RSB ansatz corresponds to setting the matrix G(m,72) to be

G(11—T2) a1 q1
@ G(r1—72) -+ a
q0
q.l q.1 G(Tl.*7'2)
mXm
(107)
G(T1—72) q1 q1
a1 G(T1—T2) - Q1
do
@ @ o G(ri—T2)
mXm

SXS
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where o indicates that all matrix elements outside the block diagonal are filled with gy. For a classical spin glass, the
diagonal would be time-independent and equal to 1. The matrix G would be directly interpretable as an overlap matrix
with the following operational meaning. Each row and column index labels a “typical” spin configuration; drawing
two spin configurations independently from the Gibbs distribution corresponds to drawing a uniformly random row
and column index; the matrix element Gup € {1,q1,qo} corresponds to the resulting overlap. Note that this overlap
matrix only holds with probability 1 — o(1), that qg, ¢1 are the values that the overlaps concentrate to, and that the
size m of the interior blocks is also a random value that the system concentrates to.

In a quantum spin glass, the values ¢g, g1 no longer correspond to overlaps between spin configurations. Instead,
the path integral is formally decomposed over spin coherent states, and the overlaps are between paths. Although the
paths are nonphysical, the form of the ansatz (and the choice of spin coherent states) relates qg, ¢1 to the decomposition
in our definition of glassiness (Theorem 1). A state decomposed as

p= Z CiPi (108)

has

(Pis pj)Pauti = qo(1 — i) + q104- (109)

Thus, the value ¢ in Theorem 1 is given by 2(q; — qo). The values qo, ¢1 can also be interpreted as overlaps between
paths in the path integral representation of the partition function due to the delta function

) (Gab(ﬁ,@) - izsg#(Tl)sﬁﬂ(@)) . (110)

(0

However, the interpretation as a decomposition of the Gibbs state is more useful for our purposes since the paths are
nonphysical quantities. In contrast, results evaluating the dynamics of quantum spin glasses when weakly coupled to
a bath show that the two-point function (3_, o#(71)0#(72)) converges to values g then go at late times, providing
the necessary physical grounds for our decomposition [67-73, 91].

When evaluating Elog Z3 with the 1RSB ansatz, one must choose the value of m to take. When performing the
analytic continuation s — 0, the value will lie in m € (0,1], with larger m corresponding to smaller coefficients ¢;
in the cluster decomposition (108). In static 1RSB, one solves a saddle point equation 9,,X = 0. As discussed
extensively for the case of quantum spin glasses in [92], one maximizes the free energy with respect to m (due to the
limit s — 0) in order to obtain the correct quenched free energy. A solution of m € (0, 1] corresponds to the Gibbs
state being dominated by a constant number of clusters (i.e., in the notation of Theorem 11, constant m > 2).

In shattering (also known as dynamical 1RSB), the saddle point equation 9,,X = 0 is unsatisfied even at the
extremal value of m = 1. To check for shattering, one uses the formalism of the Thouless-Anderson-Palmer (TAP)
free energy [1, 11, 33, 34, 70]. Rather than solving the saddle point equation, m = 1 is fixed and the saddle point
equation is reinterpreted as a quantity known as the TAP complexity, which counts the number of “TAP states” p; in
the decomposition (108). To determine if the system is glassy, the stability of the 1RSB ansatz is examined via the
marginality condition, which checks the value of the so-called replicon eigenvalue.

In this work, we will rule out glassiness for sufficiently large p in Section IV E by analyzing the 1RSB saddle point
equations. Since dynamical 1RSB is always followed by static 1IRSB (as m eventually decreases from 1), we avoid
checking the marginality condition and will simply rule out static 1RSB.

Before going through these results, we comment that the glassiness of the p = 3 model can be further analyzed by
computing its 1RSB and full RSB solutions. The full RSB solution is obtained by a recursive ansatz that repeatedly
places block matrices within the block matrices of the 1RSB ansatz; it can be written as the k£ — oo limit of the general
kRSB ansatz. We derive the full RSB saddle point equations in Section D and note that they can be numerically
solved in a manner similar to [10]. For the purpose of identifying a glass transition, however, we only require the
analysis of Section IV D.

C. Saddle point equations

We report here the saddle point equations obtained from the RS, 1RSB and full RSB solutions. Due to the spin-1/2
operators, the saddle point equations cannot be analytically solved in closed form but can be numerically solved (see,
e.g., [10, 28]). We emphasize that these numerical results analytically take the n — oo limit and are solving the
quenched disorder at any given p, 5 and thus reflect glassiness; they do not capture finite-n or annealed physics. In
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Section IV D and Section IV E we both numerically solve these saddle point equations and analytically analyze them
to show either the presence or absence of glassiness (depending on p, 3).
The simplest saddle point equations are in the RS ansatz. Taking

Gap(T1,72) = G(T1 — T2)0ab + qo(1 — 6ap) (111)
Eap (11, 72) = (11 — 72)0ap + Go(1 — das), (112)

the action of (102) becomes

B rB 2 _ P 2 1 2 D
X = f/ / dry dr (‘]G(ﬁ”) — Y1 — )G — Tg)> 4 Bsls =) (‘] D _ doqo>
2 Jo Jo D 2 P

S B
3 / 47 2 ()5, (29 (7))

a=1 p

+logEh/DQ exp . (113)

The saddle point equations of (103) then become

JG(r — )Pt =30(n — 1), J'=d, Gn-m)= <ZU,1L(7'1)0;1L(T2)> s Qo= <ZU,1L(7'1)03(T2)> .
' ' (114)

In Section C, we derive the 1RSB saddle point equations. For our analysis, it is more useful to write them in terms
of random variables

20 v N (0,80 0% ), 6ul(r) ~ N(0,6,(S(n — 2) — I ) (115)

and quantities

8
((2) = Eg, (r) Tr (TGXP [Z/O dr (2, +&(T))%(T)D (116)

B Ee,(r) TI‘(TO’V(Tl) -0, (Tk) €xp [Z# fOB dr (z, + fH(T))O'H(T)})
a ¢(2) '

We evaluate only the case where ¢y = 0, which suffices to rule out glassiness when p — co. The saddle point equations
are

CLV(Z;Tl, B

(117)

B(r — 1) = J2G(m — )P (118)
et = B B o
o= (=)™ %E;: [czu(gg]l)au(m 72)] (120)
~(BI)? 1 1 m 1 E.((2)™log((2)
0=-"—— <1_p> Q§)+W10g]Ez<(Z) T B (121)
The final saddle point equation at m = 1 corresponds to the TAP complexity, i.e.,
_ (BJ)? 1 E.((2)log((z)
S = 5 (1 - p) q7 +1ogE.((z) — TR (122)

Although we do not provide a numerical solution in this manuscript, we also derive in Section D the full RSB saddle
point equations. To define full RSB, we recall that the 1IRSB ansatz of (107) assumes G has a block diagonal form. In
2RSB, each block is similarly assumed to be block-diagonal; this introduces a new parameter g- satisfying go > ¢1 > qo.
(If g2 = q1, then the model is simply 1RSB.) This hierarchical ansatz of block matrices inside block matrices can
be generalized to kRSB for arbitrary integer k. Formally, the matrix is GRSB# can be recursively constructed from
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G : [-1,1] — R and two sequences (¢)o,... r and (my)o,... k. We set mo = n and define the kth stage of RSB according
to

G = (qr — qr—1) Uy » (123)
G = diag,,, i, ., (fo{gk) + (@t — ge—1)Up, for all t € {0,... . k — 1} (124)
GRSBr = GRSBr (125)

Here, U,, is the m x m matrix of ones, diag, (A) is the block-diagonal matrix with r copies of A, mg = n, and ¢_; = 0.
The ansatz of full RSB takes the kK — oo limit and thus replaces qq, . . ., qx with the so-called Parisi order parameter
q(z) for z € [0,1], which monotonically increases. If ¢(x) is constant, the model is replica symmetric; if it is a step
function, the model has 1RSB; in general, ¢(x) can be continuous. We derive the full RSB saddle point equations in
Section D and report the result here. For single-qubit action

Soo(h) = Sols(1)] — /01 dry drs (52‘])2 (G(r1 — )Pt = q(1)P7 1) s(m1) - s(72) — 5/01 drh - s(T) (126)
we have
G(r) = /dh P(LR)(T s(7) - s(0)) sy, qlx) = /dh P(x, h)u(z, h)? (127)
for P, u obtained by solving
g—f = J;d%; (V2P — 282V (u- P)), P(0,h) = §(h) (128)
% - f‘];dq;l (V2u+28x(u-Vu),  u(l,h) = 01 dr (s(7))s._ (. (129)

The free energy is then
e (1 _ 1) /1017 (G(T)P _ 1dxq(ac)p> ~ 1400 (130)
2 P/ Jo 0 B
for
d¢ J? dgP!
ox 2 dw

(V20 +2(Ve)?), #(1,h) :log/DQexp[fSDQ(h)]. (131)

D. Glassiness of the 3-local Hamiltonian ensemble

In Figure 2, we numerically solve the RS saddle point equations (114) with a generic off-diagonal gy in the RS ansatz,
using CTSEG [93] and code adapted from the recent solution of the quantum Heisenberg model [10]. This gives G(7)
and ¢o via a continuous-time quantum Monte Carlo algorithm (Section B. By inspecting gg, we find a clear phase
transition at 8 =~ 6, indicating the presence of replica symmetry breaking. This is consistent with the breakdown of
RS and the need for a 1IRSB ansatz (which has two different off-diagonal values). We conclude that a glass transition
occurs at some 8J < 6. By numerically solving the 1RSB saddle point equations, one could in principle identify the
precise value of SJ where the glass transition occurs; one could also solve the full RSB saddle point equations at even
lower temperature to fully solve the physics of the ensemble. We leave such numerical solutions for future work.

We also give an analytical estimate of the glass transition temperature. We compute the stability of the RS solution
under the constant trial function G(7) = G. This suggests the glass transition occurs at inverse temperature 5.J 2 4.
Moreover, it closely corroborates our numerical results: if we set go = 0.6, our analytical approximation suggests a
transition at 8J = 5.9, which closely matches the transition at 8J = 6 observed in Figure 2. Our method resembles
that of [60] used to predict the glass transition temperature of the quantum Heisenberg model, which was recently
numerically confirmed via an exact full RSB solution [10].

We( s)tart from the action X of (102) specialized to the RS ansatz with zero on the off-diagonals, which we denote
by X ie.,

B B 2 — )P
x(© — g/ / dry drs (JG(TlpTQ) —¥(r —12)G(n — 7‘2)> + lOgEh/DQ exp[
0 0

S B
3 / dr B ()5, (20 (7))

a=1 p
(132)
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FIG. 2. Numerical solutions to the replica saddle point equations indicate the presence of replica symmetry breaking in
the p = 3 model. Here, values of the overlap ¢o in the RS solution of the p = 3 model are plotted over various values of
inverse temperature 5 with J = 1 throughout. A phase transition in the off-diagonal value indicates that the RS ansatz is
incorrect at some temperature S &~ 6, demonstrating a glass transition at constant temperature. We note that because the
glass transition likely occurs before the off-diagonals of the RS ansatz become nonzero, the RS solver is fairly unstable and
the precise temperature of the glass transition cannot be deduced from this plot alone; 8 ~ 6 only provides an approximate
estimate of the transition.

Recall that the corresponding saddle point equations are

Y(1) = JAG(T)P71, G(r) = <Z O'H(T)O'M(O)> . (133)

P

We evaluate F with the trial function G(7,7’) = G independent of 7,7’ to obtain free energy

F< %"2 (1 _ ;) ar - %logC(G) (134)

where we can exactly evaluate

¢(G) = lim 05Ky, /DQ exp
s—0

s 5
3 /0 dThZ(T)sM(Qa(T))] (135)

a=1 p
_ 1 2
=Tr7T exp [52(]22611)1 (/0 dT&(T)) ] (136)
_y (1 N ﬁ2<72f”1> eXp[WJQSG“] (137)

using the identity [60]

Tr T exp [a (/01 dr 5(7))21 =2 (1 + %) exp[%] (138)

This gives variational bound

F< L‘]Q (1 - 1) GP — %log [2 (1 + 52J2fp1) exp[52j28Gp1” . (139)

We minimize the RHS at p = 3 by choosing

_ BRIE 4 BJAYE 4+ A2/3 — 192

¢ 128J AL/3

for A = B3T3 + 24,/984J4 4 9024272 + 12288 + 2304 (.J. (140)
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Note that as 8 — oo, this gives

2
F<fﬁj

— 141
- 384 (141)

to leading order; since it is nonphysical for the free energy to diverge, this computation is consistent with the presence
of a glass phase. However, it is known that this computation does not necessarily imply glassiness: a more careful
treatment must first maximize the free energy with respect to replica parameters and then minimize with respect to
conventional parameters [92].

To estimate the temperature of the glass transition, we estimate the appropriate value of G and solve for 8J to
obtain the temperature of the glass transition. We take the action

B B J2 s 1 s
X :/0 /0 dry dry % ZZngb(ﬁ,Tz) 3 Z_lzab(TlaTZ)Gab(Tl,TQ)

, =

ZZ/ dr h(7)s,(2%(7)) .

a=1 p

+logE,, /DQ exp (142)

with an RS ansatz that takes nonzero off-diagonals (i.e., Gap(71,72) = qo, Zap (71, T2) = Go when a # b) to obtain

B B 2 _ D 2(e 2 P
X = f/ / dry dry (J G(T; ™) —X(n —12)G(n —7'2)> + £ (82 Ds (Jpqo —fiqu)

ZZ/ dr h%(7)s,(Q%(1)) |

a=1 p

+logEy, /DQ exp (143)

We expand the final term around the RS ansatz with vanishing off-diagonals. Writing it as

A(Z) =log Tr T exp | = Z > / dry dry Sap(71,72)00 (11)0, (72) (144)

abl,u

we expand around the §o = 0 in £(©) to obtain

A(R) = AEO) + ZZ/ dri drs Go (o, (11)op(T2)) w0 + 2 ZZ/ dry -+ drad (o7, (11) 0, (12); 07 (T3) 0 (T4) 556

a#b [ a#b p,v
c#d
(145)
for connected correlator (A; B)**™ = (AB) — (A)(B). Replica independence in X(°) gives for a # b, ¢ # d that
(072 (11)0,(72)) n0) = (146)
conn
<Z ol (1)ob(72); 05(73)03(74)> = 0acOba Z<Uu(71)0u(7'3)>2<0) (ou(m2)ou(Ta))n0
uv >(0) H
+ Gaadbe Y (0,(11)0,(74)) 0 (0, (72)0,(73)) s 00 (147)
I
where we also used (0,(7)0, (7)) 50 = 0, (0, (T)ou(T")) 50 We now apply saddle point equations
Go=Tq0. Gt —7) = (0u(r)ou(r))sw. (148)

“w

This gives

AT) ~ AZO) + Jq2p;(s—1) (/ﬂ dry drs G(7y — m) (149)
0
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and thus
2

5 — 2P 2g(s — B
X~ X0 _ (BJ)2(1)<1—]1))+J%12<1)</0 dT1dT2G(T1—T2)> . (150)

Under our ansatz that G(7) = G is constant, this gives

X~ XO 4 wJ)?qg;(s— ) [ (1 B ) [CR

; 5 (151)

At the glass transition, one would expect the RS solution to become marginally stable; i.e., the perturbation to X (©)
should vanish. This gives

1 (B2, 1 6(—1>
1—5 5 ~ - = G SG_@] _

We plug this into (140) at p = 3 and set gp < 1 to obtain approximate bound SJ 2 4. Note that if we take go ~ 0.6
from Figure 2 (which solves G(7) via the RS saddle point equations rather than assuming G(7) = G), we obtain
BJ ~ 5.9, which closely agrees with the value of 8 =~ 6 shown in Figure 2. We also note that this yields G = 0.4 (and
which decreases further with larger ), similar to the quenched saddle and dissimilar to the G — 1 annealed saddle
observed in [28].

(152)

E. Non-glassiness of the g-local Hamiltonian ensemble for large ¢

Here, we show that the 1RSB saddle point equations cannot be satisfied for any 3J satisfying (8J)%q}~ 5 0as
p — oo. For ¢; bounded away from 0, this precludes any 8J = exp[o(p)], which is the form of the result stated in
the introduction. Since a glass transition would occur at m = 1, it suffices to rule out a g; # 0 solution to the 1RSB
saddle point equations at m = 1. We recall that the final saddle point equation can be written as (using (122))

_ (BJ)? 1 E-¢(2)log((2) _
For Q = N (0, ¢10,,) and measure
dP(z) = f;;gd@(z), (154)
we can rewrite this quantity as (see Theorem 37 in Section C)
2,P
5= T8 (12 2) - Darl@), (155)

Observe that if ¢ = 0, then S cannot be positive; we will show that if g; # 0, then S > 0 for all (BJ)2qf71 = o(1)
in asymptotically large p, preventing the saddle point equations from being satisfied. To complete this argument, it
suffices to upper-bound Dxr,(P||Q).

The Gaussian log-Sobolev inequality gives an upper bound on the KL divergence

D (PI|Q) < TER|[V1og¢(2). (156)
Using the saddle point equation at m =1

E.C(2) Y, av(z;m1)ay(2;m2)
E.((2) ’

@ = (157)

one can compute that

2
_ ]EZC(Z) Zu aV(Z;Tl)au(Z§7'2) .
Ep[|Viog((2)[|” = EPZ (/ ay(z;7) T) =p3? ) — B2 (158)
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The saddle point equation
G =T (159)
then gives upper bound

J 2 D
Dy (PlQ) < PI7E (160)
Unfortunately, this yields a bound S > § > —% that is too loose. In Section C, we instead use the sharpened

log-Sobolev inequality [59]
(BJ)%q] 1 =X+ AlogA
2 (1—X)2

for a Poincaré constant A computable in terms of a two-point correlator. For sufficiently small 8, we find that the

factor % yields a nontrivial improvement over Gaussian log-Sobolev due to strong convexity of the potential

Dxi(Pl|Q) < (161)

associated with P. This gives the following result, which is rigorous assuming the 1RSB saddle point equations (118)-
(120). The proof is in Section C.

Theorem 29 (No nontrivial solution to 1RSB saddle point equations). Let A\ = 1 — (BJ)qu_l > 1 — x4 for some
. < 1. Then the quantity S in (122) satisfies

(BJ)*q} 1 1—=X4+XlogX
> W (2 2T ATA0EA 162
527 » 1- 22 (162)
In particular, if (BJ)qu_l — 0 as p — oo, then
J 2 D
S > % (1+0,(1)). (163)

Since the 1RSB saddle point (121) is S = 0 at m = 1, we conclude that the saddle point equations cannot cannot
be satisfied at m = 1 for sufficiently large p unless ¢; = 0. Since glassiness (e.g., the transition from dynamical to
static 1RSB) is expected to occur at m = 1, this provides strong evidence that there is no glassy phase for any p > p..
By naively combining the numerical results of Figure 1 with Theorem 29, we can obtain an extremely rough estimate
the value of p,.

Remark 30 (Non-glassy p). Fixing 8J ~ 4 and ¢; =~ 0.6 from Figure 2, Theorem 29 implies non-glassiness for all
p 2 8.

The prior finite-n numerical results of [28] at the ground state (8 extensively growing with n) suggested non-
glassiness for all p 2 5. Consistent with this prediction — and indeed roughly with the value of non-glassy p — our
analytical result instead addresses constant temperature. We also note that in the classical case, the large-p Ising
p-spin model has a static 1RSB phase at inverse temperature 5J = y/2log2 up to exponentially small corrections
in p [54]; this is much smaller than the 8J = exp[o(p)] regime in which our result holds. Hence, our result provides
strong evidence that the p-local Pauli ensemble is non-glassy at any constant temperature for all p > p, even at a
fairly small constant p,.
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Appendix A: Path integrals for the g-local Hamiltonian ensemble

This appendix shows how to obtain the saddle point equations of the random g¢-local Hamiltonian (Theorem 8).
This computation already exists in the literature in [28], but we attempt to provide a self-contained derivation of it
in somewhat more pedagogical detail here. The later appendices provide new computations for RSB. Throughout the
appendices, we will use the SYK-like notation of N qubits, g locality, and n replicas.

1. Partition function

Let DVQ be the (normalized) path integral measure over spin configurations Q,.(7) for r € [N] and df2,.(7) =
d0,. (1) d¢,(7) sinf,.(7) which is formally defined later. In this section, we rewrite the random g¢-local Hamiltonian
partition function in the form

B
Z:/DNQ exp [—/0 dTZst,l(T)---slq(T)]. (A1)
I

9$‘T/AT)’ (bv("T/AT))

More carefully, one could write this is in discretized form where s,,(7) is s,( , the exponential is

trotterized, and

N B/AT (i) (%) (i+1) (7) (i+1)
dQ)y 0, 0, (e gty . O Oy
DNQ = lell 11;[1 5 (cos 5 08— + e~ O =6 ) gip 5 sin— ) (A2)
for
dQs«i) = dﬂﬁ) dd)gi) sin 95”, 55(0,¢) =3sinfcosp, sy(0,¢) =3sinfsing, s.(6,¢)=3cosb. (A3)

For 6 € [0,7) and ¢ € [0,27), a spin coherent state is defined as

0= (552,). (A1)

i gin &
e'?sin 5

These have the convenient property that for any pu,
1
oy = %/dQ | 5. (A5)

Given n parameters 01,...,0, and ¢1,...,¢,, each pair 6;, ¢; denotes a single qubit state |{2;). We use shorthand
notation [1,...,€,) to then denote the product state |Q1) ® --- ® |Q2,,).
To write the path integral in terms of the s variables, we observe that for any time At

N
s,
].—ATZJ[JII-“JLI:/H o |Ql,...,Qn><Ql,...,Qn| (1—ATZJ]S[1~-'8]q>. (AG)
I r=1 I

We take the product for an integer 8/A7 times, giving

B/AT

B/AT
Tr (1 NI ...%> - /@NQ I1 (1 _ATZJ,Sg?.,.Sg?) (A7)
I i=1 I

for
N B/AT (4)
oo =[] [T G |o ) o (A8)
r=1 =1

In the limit A7 — 0, this becomes

T J = [ DVQ Bd J A9
r| exp —52; 101, -0, 7-/ exp —/0 TZ 151, (7) -+ 51,(T) (A9)

I
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for

DNQ = AlimO H H cos n — sin (A10)
T—

AT i i 7
AR dﬂ( A SR L
+e S1 ,
r=1 i=1 2 2 2 2

where DV is the path integral measure over all spin configurations 2,.(7) (and absorbs our previous normalization
factors of 2r).

2. Expectation over disorder

Here, we show how to rewrite the replicated partition function in G, variables by taking an expectation over
disorder. Define G4p(71,72) and associated Lagrange multiplier ¥,5(71, 72), with measures DG and DX given in the
continuum limit over times 7. Let DV h be the Gaussian measure relating auxiliary fields by, (1), h®,(72) by covariance
070 Xap(T1, 72). We will obtain

2 m
E[Zm} :/DNQDGDEDNh exp{/ / dm d7'2<J2;V Z Gab T1,’7'2) g Z Eab(Tl,Tg)Gab(Tl,T2)>

,b=1 a,b=1
+ Z/ dr he,(1)s? (T)}. (A11)
LNTRY
In discretized form, this can be rewritten as
x p2n | m N B/AT . p(i,a) (i,a) (i4+1,a) (i,a) (i4+1,a)
. ) N 0, 0y ) (Gi+la)y . Oy . Oy
E[Z™] = H H doth® dd)y’a)smi cos cos 4o = ) iy sin
0 0 a1 re1 el 27T 2 2 2 2
) m  B/AT 100 m  B/AT %) m  B/AT
/ IT I] dGastird) / IT II dSati.g) (%det(z))‘”?/ IT IT ITeni”
=00 \ g,b=114,j=1 =100\ g b=14,j=1 =00 \ q,b=14,j=1 ru
B/AT 2 m m
J°N . N . .
exp | (A7) 3 % > Gulid) =5 > Sa(is )Gan(is 1)
L i,j=1 a,b=1 a,b=1
i ﬂ/AT m ,@/AT m
v |43 SO MG D+ (87) Y- 3 T A 00 ) (A
zg la=1 run i=1 a=1 ru

where X! (4, j) refers to the inverted matrix indexed by (4, a) and (j,b), so S0, 254?7 ATY e (i, K) S5 (K, §) = Gapdij-
The starting point of this computation is the replicated path integral over variables sy,

exp[ / ZZJ,S,I st (7 )H (A13)

E[Zm]:/DNQIE
I a=1

and apply identity E [e"X] =¢7/2 for X ~ N(0,1) to obtain

<Z/ dr s7, (T q(T)) (A14)

q

:/DNQeXp 20N 1/ / dTldT?Z Z > s L) | | (A15)

a,b=1 \r=1 pe{z,y,z}

l
2q 7

where in the first line we obtain factor 2¢! (the 2 comes from the identity and the ¢! from the orderings of I), and
in the second line we evaluate the expectation and rearrange the terms in the innermost parentheses. Recall that
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explicitly, this is (as A7 — 0) the quantity

m N B/AT .. p(i,a) (i,a) (i+1,a) (4,a) (i+1,a)
- ; Or Oy Oy i) gG+ta)y Oy . Oy
:/ [TTI IT 68 degl o cos cos 4 et O =) i sin
i st Bt 27 2 2 2 2

9 2[3/AT m N 1
X exp AT (AT)°NJ* Z Z( Z a(za 1“))sﬂ(9$j’b),¢(j’b))> ) (A16)

i,7=1 a,b=1

We substitute in

Gap(T1,72) = N st T S?u(TQ) (A17)
T
to obtain
JEN [P [P -
E[Z™] :/DNQ exp | — / / dry dro Z G (11,72)| - (A18)
a Jo Jo ab=1

We insert as a prefactor the identity

1—/DG H Hd( av(T1,72) NZSW T1)$ w 7'2) (A19)

a,b=1T1,T2

for
DG = H H dGab(Tl,Tg). (A20)
a,b=171,72
We replace the delta function with a Lagrange multiplier via §(z) = 5= iiooc dX exp[—Az] with A = Z%,4(m1, 1) to
obtain
m) N J2N
E[Z DNQDG DY exp dﬁ dr Z G, (11, 72)
2q
a,b=1
N & A
— 5 Z Yan(11,72) | Gap(T1, T2) st (11)s w (72) (A21)
a,b=1

Finally, we introduce an auxiliary field to eliminate the quadratic term with the Hubbard-Stratonovich transformation
exp[3zTMz| = (1/, /(2m)" det(M)) [d"hexp[—2ihTM~'h+ hTz]. Let DNk denote the Gaussian measure relating
he (1), k2, (12) by covariance 8,56, Xap(T1, 72). Then

T s sy

J2N N &
E Zm /DNQDGDEDNh exp{/ / dTldT2< Z G 7’1,7’2)—* Z Zab<T1,T2)Gab(Tl,7'2)>
2q 2
a,b=1 a,b=1
B
+ Z / dr hy, (7)sy,(7) ¢ (A22)
Ty, a 0
3. Saddle point equations
Here, we show how to obtain the saddle point equations
J?Gap(m1,7)97t = By (11, 72), Gap(T1,72) <Z ou(m)o l, (12 > . (A23)

b
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We can write the second saddle point equation more explicitly as
B m a a a b

Te (T exp [ fy dr S0, 2, b (ol | £, 08 (m)ol (72) )

Te (T exp [ fy dr S0ty 0, b (1ol (7)])

G (7_1’ 7_2) _ OpvBab(T1,72) ’ (A24)

SpvTap(T1,72)

where the expectation is over sampling Gaussian h with mean zero and covariance <hLa)(Tl)h£b) (12)) = 0 Bap (11, T2).

Here, the times 71,75 in O'L )( 1), JL )(7'2) are just labels for the time-ordering 7 for example, in the discretized form
with 7 = iA7 and 75 = jAT with j > 4, the numerator is the trace of the expectation of

1
ATZhﬂ“’a)al(f)] J,(jb) H exp [ATZh (k. a) (“ 1 Ul(,“) < H exp
(A25)

J

2 I ew

v \k=B/AT

Ar Yl

a,p

a, k=j—1 k=i—1

We now derive these equations. The derivative with respect to Gap(4,7) is trivial: setting it to zero gives the saddle
point equation

TG (6, §) = San (i, ). (A26)

The derivative with respect to ¥, (3, j) is slightly trickier. We first observe that the 0, ¢ dependence now only occurs
in the final s, function. Hence, we can swap the order of integration and evaluate

moprw | AT 51119 B/AT m
/ / H H H da(z a) d(b(z ,a) VT <Q£i,a) Q£i+1,a)> exp AT Z Zzh(z a) 9(1 a) ¢(z a)) (A27)
0 Jo a=1r=1 i=1 i=1 a=1 r,pu
B/AT
=Tr H exp | (AT) ZZh(Z Dol a)] , (A28)
a=1 r,pn

(i,a

where oy ) indicates a Pauli of type p acting on a qubit indexed by (r,a) at time slice i. Integrating over h is

equlvalent taking the expectation when sampling hfjga) with covariance 6,50, Xqs(%, j). Hence, we have

00 m  B/AT ioco m  B/AT
E[Z™] = / IT II dGan(i.5) / I II dSa, i)
=0 \ g.b=14,j=1 =10\ g b=11,j=1
B/AT 2 m m
J°N N
2 q (i o .
exp | (A7) ]z::l 5 G%:lGab(%,J)—5‘1;12@(%])0@(2,])

B/AT
<Tr H exp

(A7) ZZWM“ @ﬂ > : (A29)

a=1 T 8B San (i)

Since the N sites indexed by r are independent, we can further rewrite this in terms of single-qubit operators o, and
fields h,:

m  B/AT ico m  B/AT

E[Zm]:/oo T II dGutini) / IT II =ati)
= \a,b=14,5=1 10\ a,b=114,j=1
B/AT 2 m
eXp{(AT)2 > J al Z G2, (i, ) 7% > % (i, )

i,j=1 a,b=1 a,b=1

B/AT
+ N log <Tr H exp | (AT) ZZh(” (“‘1 > } (A30)

=1 a=1 p

5;Luzab(iaj)



34

In the limit A7 — 0, we write this as

B B J2N N m
E[Zm] = /DGDZ exp / / dTl dT2 2q qu(Tl,Tz) ? Z Zab(Tl,Tg)Gab(Tl,TQ)
0 0

a,b=1

B m
+ Nlog <Tr <exp [/ dr Z Z hl(f (a) ] ) > ] . (A31)
0 a=1 p OpvXab(T1,72)

We can undo the insertion of the auxiliary field h from Hubbard-Stratonovich, giving

Borp J2N N &
E[Z™] = /DGDZ exp /0 /0 dri do Tngb(ﬁ,Tg) - Z Yan(71,72)Gap (71, T2)

a,b=1

+ NlogTr| T exp 7/ / dry dTo Z Za(a) T1)Zap(T1, T2)0 (b)(TQ) ], (A32)
a,b=1 p

where we abuse notation and use the time-ordering operator 7 to remind ourselves that the auxiliary field must be
time-ordered. Duhamel and cyclicity of trace gives derivative

N(A7)? Tr (T exp [X] Zu Ol(ta)(Tl)U;(Lb)(ﬁ))

0
%0y (i, 4) log Tr(exp[X]) = — Tr(T exp|X]) (A33)
for
(Ar)2 T & (ha)ss (i (D)
X == Z SN ot na(i, §)o . (A34)

Hence, the second saddle point equation is

N(AT)? .. N(AT)? Tr(T exp [X]3°, 0“1) Jb)> B
——5 Ga(is)) + — Tt o )
giving
Tr(T exp[X]Y, U}(j,a)g&j,b))
Gl = ) (A36)

Tr(T exp[X])

To write the time-ordering cleanly in the discretized form, we return to the previous representation with auxiliary
fields h.

Appendix B: RS solution of the g-local Hamiltonian ensemble

We describe here the numerical procedure used to obtain Figure 2; the analytical details are presented in the main
text. Our code is implemented using CTSEG [93] and is adapted from the recent solution of the quantum Heisenberg
model [10]. We initialize X(7) = J?G(7)?"! using the Liouville solution of [28]|, which approximates the large-q
solution of the saddle point equations by expanding G(7) is around 3, i.e.,

G:3<l+g<ﬂ+...>, (B1)

q

They resum the series as 3¢9/ to obtain approximation

2 1/1 1
7T ™
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In [28], it was observed that initializing numerical solvers from this solution converge to the quenched RS G(7)
as opposed to the annealed saddle G(7) — 1. In the RS phase of Figure 2, we similarly find that X(5/2) ~ 0.6
(with J = 1), consistent with seeing the quenched as opposed to the annealed saddle. We discretized ¥(7) into
N, = 2000 timesteps and sampled the external field N;, = 2000 times; the remaining parameters are similar to those
of [10]. We note that the RS solver (with a generic off-diagonal element) is fairly unstable for the p = 3 model;
especially around the transition temperature shown in Figure 2, its output is sensitive to the initialization and choice
of hyperparameters. This is likely because the glass transition occurs at significantly smaller 3, and hence the RS
solver is faced with multiple unstable saddles. In particular, the RS ansatz’s off-diagonal term would only be expected
to become nonzero when the size of each 1RSB cluster is large, although the glass transition occurs when they are
exponentially small. The RS solution is thus likely unstable for a reasonable range of 8 below the transition shown
in Figure 2.

Appendix C: 1RSB solution of the ¢-local Hamiltonian ensemble

We give the 1RSB saddle point equations of the random ¢-local Hamiltonian ensemble at arbitrary ¢. Unlike the
finite-N numerics of that probe glassiness at small values of ¢ in [28], our computation takes the N — oo limit
analytically. The saddle point equations are given as integrals of single-qubit Hamiltonians, which can be directly
evaluated numerically. In this appendix, we show that sufficiently large ¢ is not glassy.

1. Setup

We start from the G, 3 action (102) derived by [28] (and derived in a self-contained manner in Section A)

n

B rB 1
X:/O /0 dry dry Z G?, (11,72) ~3 Z b(11, 72)Gap (11, T2)

ab 1 a,b=
+logEh/DQ exp ZZ/ dr by, (7)s,(Q(7)) ] - (C1)
a=1 p

Recall that the expectation over h is with respect to hZ(T1),hg(Tg) drawn from a Gaussian with mean zero and
covariance 0,,,35(71, 72). Taking derivatives with respect to G and X, we obtain saddle point equations

J2Gap(m1,72)77 " = Sap(11,72), Gap(T1,72) <ZU T)o > : (C2)
>

Under the 1RSB ansatz with qq = 0, i.e.,

Gap(T1,72) = G(11 — 72)dab + q1 (1 = Gagby) Oarby (C3)
Eab(Tla 7—2) = E(7'1 - 7'2)6(133 + qu (1 - 5(101)0) 5a1b1 (04)

for ag € [m], a1 € [n/m] and a = (ag, a1), the action becomes

B8 B 2G(11 — 7)4 2 _ 2.4
= E/ / dry drp <JG(12) —X(r —2)G(n 72)) + P (m2 Ln <Jqq1 (il(h)

+logEh/DQ explZZ/ dr hi (1), (Q(7 ))1 (C5)

a=1 p

and the saddle point equations with respect to G are

JQG(Tl — TQ)q71 = 2(7’1 — 7’2)7 qutlzfl — (jla q1 = <Z 0—11,,(7_1)0—/2,,(7_2)> , (06)
Z/
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and with respect to X are

G(m — 72) <ZO’ T1)o > , q1 = <Z Ui(71)03(72)> (C7)

where ¥/ is the covariance matrix in one 1RSB block, i.e., for a,b € [m],
E;b(’rl,’fg) :2(7'1772)6ab+¢jl(175ab). (08)
Below, we will also evaluate the saddle point equation in 9,,X. For all these three saddle point equations, we need to

take an analytic continuation to real m after sending n — 0.

2. Saddle point equations

The following notation will be useful. In each 1RSB block, we decompose the fields hj(7) (in the logEj term
obtained by Hubbard-Stratonovich in (C5)) into the sum of two independent random variables

hZ(T) == Z/t + 6[3(7-)’ Zu ~ N(Oyauuq1)7 EZ(T) ~ N(Oa 6uu(2(7—1 - 7-2) - (jl))7 (Cg)
which recover the proper covariance:
Enesy (R (11)5 (72)] = E[2,2] + E [€2(11)E0(72)] = 6 (61 + 0ap(S(11 — 72) — G1)) = 8,505 (11, 72). (C10)

We also define the quantity

(C11)

8
((2) = Ee, () /DQ exp [Z/O dr (2 + (7)) 5 (€4(7))

where here the exponent only contains Pauli matrices acting on a single qubit. This notation allows us to rewrite the
log expectation term from Hubbard-Stratonovich in a more convenient form.

Lemma 31 (Auxiliary field expectation).

m

B
> /0 dr h(1)s,(Q%(7))

a=1 p

Eps / DO exp —E. [¢(2)"]. (C12)

Proof. We evaluate

]Ehwg/ /DQ exp

m B
ZZ/O dr h(7)s,(Q%(T))

a=1

m

=E, [Egl ,,,,, - [/DQ H exp [Z/ dr (2, + &4 (T ))su(Q“(T))l ZH (C13)
=E, [(Esm l/m exp Z/O A7 (2 + §u(7)) 5 (SU(7)) ZD ] (C14)

— E. [(()™]. (C15)

The saddle point equations from dgX = 0, i.e.,
JQG(T1 —Tg)qil :E(TI—T2)7 J2qil_1 qu, (016)

are easy to work with independently of m. We first rewrite g X = 0 saddle point equation for the off-diagonal terms.
Although we derive it from an integer number of copies in (C7), we apply it to any real m in the replica method.
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Lemma 32 (Off-diagonal 95X saddle point equation). The off-diagonal equation in (C7) is equivalent to

= B Rt ) (€17
for ¢ defined in (C11), random variables z,¢ defined in (C9), and
E¢ Tr(Tou(7)exp|3°, fﬁ dr' (2 + &u(7")) o (1)
ay,(z;7) = ¢ ( [ g(z) D (C18)
Proof. We start with
B Te(T 32, 0b(r)od(ra) exp| S, 32, [y dr hiy()ofi(r)
<Zoi<n>a <72>> | ghac 2N ) (C19)
; . EnTr(T exp[ 2, 52, Jy dr b))

and observe that the denominator is E,[((2)™] by Theorem 31. The numerator is computed via

B
E;, Tr (T Z ol (11)o?(m2) exp [Z Z /0 dr hy,(T)oy, (T)] )
B
=E, lz Eer | Tr <Tall,(71) exp [Z/o dr (z, + fi(T))O’;(T)]) z}
Tr(’TU T exp[ / dr ( zﬂ—&—f 7))o ( )]) z]
z] ] (C20)
=E, [C(z)mZaU(z;ﬁ)a,,(z;Tg)] (C21)

X H Eeo |Tr <T exp [z / dr (z, + fZ(T))UZ(T)] )
a=3 I 0
for a, as defined in the lemma statement. O

X E£2

Remark 33 (Comparison to Ising g-spin). The Ising ¢-spin model, under the standard normalization with coefficient
variance J2q!/2N?71 has saddle point equation [52, 94]

E [27” cosh™ <BJ qqg_lZ> tanh? (BJ qql” )}
q1 =
E {2’” cosh™ <ﬁJ qqi” )]

(C22)

for standard normal Z.
In the quantum setting, the diagonal term G(7),%(7) has nontrivial time dependence. We also require its saddle
point equation.

Lemma 34 (Diagonal 95X saddle point equation). For any real m, the diagonal equation in (C7) is analytically
continued to

E. (=)™ 3, av(z 71, 1))

G(r— 1) = E, [((2)™] (C23)
for ¢ defined in (C11), random variables z,¢ defined in (C9), and
o(zireim) = E¢ Tr (Ta,,(ﬁ)ay(w) exp [Zu foﬁ dr (z, + fu(T))O'H(T)}) | (20

(=)
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Proof. We start with

<ZJ}L(71)%(T2)

> _ EhTr<TZ 0’1(’7' )Ul(Tz)eXP[Z Z foﬂ dThfL(T)oZ(T)}) (C25)
3

EhTr(T exp[z > S dr ha(r)o a(T)D

and observe that the denominator is E,[¢(z)™] by Theorem 31. The numerator is computed via

D B dThz<T>oz<T>D

zy:u«:gl Tr(T (r)o(rs eXp[Z/ dr (2, + E4(7))o ()D Z]

xf[gnaga Tr(TexplZ/ 0 (2, + £2(7))o ()D ZH (C26)
2)" Z ay (271, 72)] (C27)

for a, as defined in the lemma statement. O

E;, Tr (T Z ol(r)ok () exp

We next need to identify the appropriate block size m by evaluating the saddle point equation 9,, X = 0; equivalently,
this sets the TAP complexity S = 0. (For convenience, we simplify our final answer below using ¢; = J 2qf_1 from
the d¢X = 0 saddle point equation.)

Lemma 35 (9,,X = 0 saddle point equation). The saddle point equation 0, X = 0 is equivalent to

2 m m
U2 1Bt v - 3BT

for ¢ defined in (C11) and random variable z = (2,) ue(x,v,zy ~ N(0,6,,G1) defined in (C9).

Proof. Since we can decompose

ZZ/ dr h(7)s,(Q%(7)

)ﬂ/m

EhNE/DQ exp

m B
= <Eh~2//DQ lillexp [Z/o dr hi (1), (Q2%(7))

a=1 p
(C29)
the only nontrivial quantity to compute is 9y, log o for (by Theorem 31)
m B
G =Ensr [ D0 J[ewo| Y [ drhi(rys,(@7(r))| =B [¢(2)") (C30)
a=1 I 0
since
“ " n n n
Oy 10g By /m exp 2 %: dTh (M3 (@ (7)) | = O log o =~ log o + -0 log Gy (C31)
The derivative
OmGo = E- [¢(2)™ log ((2)] (C32)
yields
, - " 1 m . LE.C(2)™log((2)
lim 0,0, log Ex, /DQ exp Z:: 2/ dr iy (7)5,(Q° (7)) | = =~ —5 log (=)™ + R (C33)
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To conclude the computation, we see that the action satisfies

-1 2
lim 0,0, X = O B (m . )(‘]qql & q1> + lim 9,0 logEh/DQ exp

ZZ/ dr B (7)5, (2 (v ))]. (C34)

a=1 p

O

Remark 36 (Comparison to Ising g-spin). The Ising ¢-spin model, under the standard normalization with coefficient
variance J2q!/2N?7! has 9,,X = 0 saddle point equation [52, 94]

logE [2’" cosh™ (5 qqi” )] ) E [Zm cosh™ <ﬁJ qqi ) log <2m cosh™ (BJ aqi >>]

—die-1)+
' m? m E {Zm cosh™ (ﬂJ qq(f_l)]
(C35)

for standard normal Z.

3. Solving the saddle point equations

We summarize our saddle point equations that must be solved. We will solve them numerically at ¢ = 3 due to the
lack of a closed form for the integrals over Pauli matrices (similar to the numerical solution of [10] for the quantum
Heisenberg model). For random variables

Zp N(O’(s,uqul)a g#(’r) ~ N(Oa 5#1/(2(7—1 - 7_2) - (jl))a (036)

we defined quantities
B
C(z) = Ee, () Tr (Texp [Z/o dr (z, + §M(T))UH(T)] > (C37)
"

Ee, () Te(Tou(m) -+ 00 (m) exp[ 5, Ji d7 (2 + €u(r) (7)) )

(2371, Th) = — ) . (C38)
The saddle point equations are

S(r1 = 1) = J2G (1 — 1) (C39)
= g (C40)
Gl — 1) = = K(Z);zz[c”(:)ﬁ? 2.7 (C41)
o= B [C(z)™ %: [ng(zi;]l)au(& 72)] (C42)

_(BJI)? 1y 4 1 m 1 E:¢(2)™ log ¢(2)
0= o (l—q) ql—i—ﬁlogEzC(z) Tm T R (C43)

Due to the spin-1,/2 operators preventing a closed form for the expectation values involved, these saddle point must be
solved numerically (cf. [10, 28]). In the ¢ — oo limit, we show analytically below that the 1IRSB saddle point equations
cannot be satisfied at temperatures satisfying (8J )Zq‘f1 — 0 as ¢ — co. Since we permit unstable solutions, this gives
evidence that neither 1RSB nor full RSB phases exist. Although our analysis does not address J exponentially large
in ¢, we note that [28] provided finite-N numerical results on the ground state (8 — oo) and found strong evidence of
non-glassiness for all ¢ > 5. Moreover, if we take the numerical results of of Figure 2 at ¢ = 3 as appropriate values
of BJ and ¢; for general ¢, our analytical result suggests non-glassiness for at least all ¢ > 7, which is in fairly close
agreement with the ground state numerics of [28].

Before proceeding with our analysis, we note that the TAP complexity [33, 34] is precisely given by (C43) at m = 1,

ie.,
_ B . oy E=(()log((2)
S = 5 (1 q) qi +1ogE.((2) E.C(2) . (C44)
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Under the ansatz resembling our glass decomposition,
p= Z e PNfap, (C45)
a

for free energies f,, the TAP free energy assumes that these free energies concentrate at some saddle point f, in the
large-n limit, i.e.,

Z=3 e NI — /deg(f e NS /df (NISU)=BI) _ (NIS(U)-B1.] (C46)
where we introduced a complexity measure that counts the number of TAP states

S() = log Y2 6(F — fu) ()

Solving for the TAP free energy ® over a replicated system Z,, =, e PmMNfa(B) = ¢=NB® gives at m = 1 precisely
the TAP complexity reported in (C44). However, this does not immediately imply glassiness; one must check the
so-called marginality condition, which requires that the replicon eigenvalue vanishes [12], and which implies aging in
out-of-equilibrium dynamics [67, 72, 95, 96]. Since dynamical and static IRSB commonly appear together, we focus
below on static 1RSB instead of computing the marginality condition. We will see that S > 0 for any ¢; # 0, implying
that no static RSB phase ever occurs, due to the S = 0 saddle point equation (C43).

Lemma 37 (TAP complexity from KL divergence). For Q = N(0,§16,,) and measure

dP(z) = Iﬁd@(zx (C48)

we can write the TAP complezity as

q) — Dk1(P||Q). (C49)

Proof. The definition of KL divergence gives

dP
Dkr(P||Q) = Eplog a0 - Eplog( —logEqC. (C50)

We change measure using

d Eqg(log¢

P
Eplog( = /(103;5)@%2 = TEoC (C51)
to obtain
Eq(l
Die(Pl|Q) = “94198C _1og g, (C52)
Eq¢
From the definition of TAP complexity (C44), we have
_(BJI)? 1Y 4 Eqlog¢ _ (BJ)? 1Y 4
5= G5 (1-7) af +1omEac - 248 = L (1= 2 ) - D (PlIQ). (C53)
O

We use [59], which provides a sharper bound than the classical log-Sobolev inequality.

Lemma 38 (Sharpened log-Sobolev bound). For

Ees (e ri—72)—G1)5,) LT T ex Bar (2 uw(T))ou(r » Ou, (Tr
(s (1) - 00, (7)) = Eu(T)~N(0,(S(r1—72) ~41)8pur) ( pc[(zz;fo (z+&.(7)) ()}H ( ))7 50




define

1 B
= gsupZ/ dry dry ({00 (11)0u(72)) = (00 (T1)) (00 (T2))) :
r v 0 z=vq1x

Then for A =1 — ¢in, we have

(B1)%q] 1—X+Alogh
2 1= )2

Dk (P||Q) <

Proof. Let v denote the standard Gaussian density; define dv = fd-y for

_ (Waw)
f@) =5

so Dk1,(P||Q) = Dxy(v||y). Since we can rewrite
dv = (2m) 732 V@) gy

for

¢(Vqix)
Eq.¢ ’

1, 9
V(@) = Sl — log

then

V2V (z) = M3

41

(C55)

(C56)

(C57)

(C58)

(C59)

(C60)

implies a Poincaré inequality with constant A due to Bakry-Emery. Computing the Hessian, we have first derivative

d-, logC(Z)2/05<0u(7))d7=/oﬁau(2;7)d7

and second derivative

2

02,0z,

B8
log ¢(2) - / dry drs ((0(r)o0 (12)) — {u(m)} 0w (72)))

z=vVq@1x z=vVq@1x

Hence, we have

V2V(z) =1 —§V2log((z) > (1—gin)ls.

z=Vq1x

By Theorem 1 of [59], setting A = 1 — ¢171/3 implies

Dxr(Pl|Q) <

1—/\+/\log)\1/||Vf||2d
a2 2/ 5 7

since ((z) is even. We compute
v .
[y~ [ 1vi0g sy = [ 19108 71200 = B9 108 ]

Since (C61) gives

B ? z aAy\z2,T1)Qy\Z; T2
Ep||v1og<<z>|2:EpZ< / au(zw)dT) -t ) _ g,

(C61)

(C62)

(C63)

(C64)

(C65)

(C66)
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by the 1RSB saddle point equation

E. [((x)™ >0, av(z;m1)aw (25 72)]
¢ = v C67
1 E. ("] (con
at m = 1, and since
= I, (C68)
we conclude that
v
[ by — . (C69)
This gives the claimed inequality
(BJ)%q] 1 =X+ AlogA
Dk, (P < .
kL(PlQ) < 9 TESNE (C70)
O
Corollary 39. Let A\=1— (BJ)2q?71 >1—a, for some x, < 1. Then the TAP complezity satisfies
(B0 (1 1=A+Aog\\ _ (8% (2 (1 2, 2 gt
22— (1--- > l—-—— s+ 7 . 1
52 q a-N2 )= 1 3T oagoay) B (C71)

Proof. We bound

1 B
n=3 Z/o dry dry ({0,(11)0,(12)) — (0, (11)) (0, (12))) < B2 (C72)

using |[{o,(71)0,,(12))°""| < 1. We apply Theorem 38 with
A>1- 8% =1—(8J)% . (C73)

Taking z = (8.J)2¢?"" and assuming = < z, < 1, we obtain

xqu 1—XA+Alogh  zqp 1 2,
< — 2 — R — 3
Dru(PlQ) = = T <1 P Etaaomy)e (C74)

Applying Theorem 37 gives the claimed result. O

For 8J not exponentially growing in ¢, we thus find that S > 0 is lower-bounded by a constant (depending on ¢),
ruling out the S = 0 condition for the 1RSB saddle point equations at m = 1. Note that we did not require stability;
hence, this also provides evidence against full RSB.

Appendix D: Full RSB solution of the ¢g-local Hamiltonian ensemble

We show here the full RSB solution of the ensemble, obtaining the Parisi order parameter ¢(z) at arbitrary 5 and
k. (To avoid confusion between the Parisi order parameter and the locality of the Hamiltonian, we use x for locality
in this section.) The computation proceeds by applying the replica trick to write the free energy in terms of a generic
choice of overlap G,;(m1,72) (and its Lagrange multiplier ¥), imposing the full RSB ansatz, then writing the resulting
saddle point equations.
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1. Replica trick

We start from

porh JEN
E[Zn]:/'DNQ'DGDZ exp /0 /0 dri dra o Z Gy (11,72)

a,b=1
n
N
_5 E Tl)TQ

Gap(T1,72) — N st T1 8%(7’2)1 )} (D1)

We reparameterize G, Y to have imaginary times 71,72 € [0,1] instead of [0, 8], so the temperature dependence is
made explicit; we rewrite

Z- / DG DS, exp|NX] (D2)

for

2l T, T
X = £ Z/d’]’ldTQ ((172)2@(71,72)67@(71,72))

K
a,b=1

+1og/DNQexp Z / dry dra Sap (11, 72) (5°(11) - 8°(72)) (D3)
a,b=1
where we used shorthand
1
s*(11) - s'(12) = NZZS?H(H)S?M(W) (D4)

As N — oo, the free energy converges to —X /[ evaluated at G, X satisfying the saddle point equations
Gap(11,72) <T > oi(n)o > o Sap(m,me) = PG (0, ) (D5)
Sloc

for action
- a (B‘])Q ! - a b
Stoc = Y _ Solo”(7)] — = dridry Y Sap(r1,72) > ol(r1)oh(r2), (D6)
a=1 a,b=1 w

where Sy is a single-site action that we leave unspecified. Substituting Gus(71,72) = G(171 —72) and G (71, 72) = Gap,
we obtain free energy per site

f= BT 1 ld dry G(7y — 75) + lim — BJ)? o2 > G —log Z
5 p ) T1AT2 (Tl 7'2) nl_%% ( ) n ab 0g Zioc

a<b

by the replica trick, where

Gap = <T ZUﬁ(T1)UZ(T2)> , G(r) = <T ZUZ(Tl)UZ(TQ)> ; Zloc = /DQ exp[—Sioc] (D8)
s Stoc “ Stoc
Sloc = ZSO[UG(T @/ dr dmy G~ 7'1 —TQ)ZO'Z(Tl)O' —(BJ) ZG / dry dro ZUz(Tl)O'Z(TQ).

a<b
(DY)
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We recursively construct the full RSB ansatz and follow a similar solution as that in [10] for the quantum Heisenberg

model. We define a self-replica function G : [—1,1] — R and two sequences (gy)o,....x and (mp)o,.
and define the kth stage of RSB according to

GkRSBk = (Qk - qk—l) Umka

GRS = diag,, | (G?f]fk) + (o — gp_1)Up, for all p € {0,... k — 1}
CTYRSB;C = G(l;{SBk.

k- Weset mg =n

(D10)
(D11)
(D12)

Here, U, is the m x m matrix of ones, diag, (A) is the block-diagonal matrix with r copies of A, my = n, and g_; = 0.

Introducing notation
= droy(T), o%(m1) - o%(mp) = ZUZ(ﬁ)aH(Tg)
n

we have at the kth stage of RSB that

n

2 1
Sllngk = Z (SO[Ua(T)} - (ﬁ;)/o dr1 d1o (G”_l(ﬁ —Ta) — J2q271) c%(11) - 0% (72 >

a=1

(D13)

1(1.

(D14)

Introducing an auxiliary field h (with three components, and which we will ultimately set to h = 0) and writing out

the path integral, the local partition function at step p is

RSB
Z, 2"k (h) :/Dﬂexp 5 ),

6‘]2 r=l-a < — sa
+( 2) Z(G?SB’“)abls -sb—l—ﬁh-;s].

a,b

- Z (So[sa(T)] _BI° / dridr (G" N1 — 1) — T2 ") s%(11) - s*(72)

(D15)

Evaluating at steps p and p+1 then applying a Hubbard-Stratonovich transformation, one finds the recurrence relation

)

mp/Mp 41
Z8SB () = / dhy G (hy| (g = q521)) (Z;‘EPk (h+ hp))

(D16)

where G(y|v) places a Gaussian distribution on y with mean zero and variance v. The replica computation for full
RSB then takes limits n — 0 and k — oo with my, = 1. The variable p becomes the Parisi order parameter g(z) for

z € [0,1], and m,, becomes z. Given Laplacian operator V2 := ZZ ahQ, the heat-kernel identity
[exp(gVQ) -f} (h) = /dh’G(h’|v)f(h+ h)
for any sufficiently regular function f implies that (taking Z}}SB"‘ (h) = ((x,h))
((x —dx,h) = exp<‘];dq*”~1(x)v2> ( (@, h)t e/,

ie.,

ac J2 dqn 1

) 2
or =2 VT Clogc

with boundary condition ((1,h) = [ DQexp[—Ss(h)] for single-site action

(8J)?
2

Soo(h):SO[S(T)]_A d’Tld’TQ

(G —72) ="' (1)) s(11) - 5(r2) — Bh- 5.

(D17)

(D18)

(D19)

(D20)
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Using [97]
1 1
i 6% = — [ deata) (D21)
a<b
and
lim - log Zioe — dhG(h|J?¢"~1(0)) li 1 C(z,h) (D22)
nli%n 0g Zioc = q xl_%x og &, )

we plug the above quantities into (D7) (and set h = 0) to obtain free energy

J2 1 1
f= ﬁT (1 - i) /0 dry d7o (G(Tl — 1)~ —/0 dx q(x)") - %(b(0,0) (D23)
_ BJ? 1\ [! . ! 1
=& (1 - H)/O dr (G(r) —/0 dz g(z) ) - 5000,0) (D24)
where we applied the periodicity of G and introduced ¢(x,h) = (1/x)log {(x, h) which satisfies
dp  JPdg"T' s 2
8(1,1) = log | D exp[-5.c(h) (D26)

for Sy (h) defined in (D20). To evaluate the quantities in (D8), we compute the expectation of the observable
G(7y,72) = (s%(11) - s*(72)) on the thermal state similarly to above. In the full RSB ansatz, we introduce the quantity
G?SB’f (h) which evaluates G(71,72) with the matrix QRSB at step p (with an external field). Then the a = b case is

<$a(7.1) . Sb(T2)>RSBk (h + hp)ZRSBk (h + hp)mp/mp+1

(s%(11) - 8" (72))55B% (h) = / dhy G (hp|T* (g5~ " = g5 71)) T e
Zp " (h)
(D27)
For a # b, we similarly have
. et ety B S (At ) ZEE0 (B hy) e e
(5% - 5")RSBx (p) = / dhy G (hyl T2 (g™ = ¢571)) B v L (D28)
p o (h)
Asn — 0and k — oo, G?SB’“ (h) becomes p(z, h) and satisfies (temporarily suppressing 71, 72)
2
((& — da, W)pz — dz, h) = exp [‘;dq@)ﬁlv?] (e, (e, Y, (D29)
i.e., for variable substitution Su(z, h) = (1/2)Vleg( = V¢(x, h),
9 _ L (2 4 9ga(u- V) (D30)
or 2 dx P P
with boundary condition p(1,h)r, 7, = (s(71) - 8(2))s.(n)- Similarly, u satisfies
Ou JEdg"t o
g 2 28 (u - D31
o 5 " da (V2u+ 2Bz(u- V)u) (D31)

with boundary condition u(1, h) = (5)s_(x), as seen by evaluating V¢(1, h) given our boundary condition for ¢(1,h).

A similar computation for the a # b case gives the PDE
o _ g
or 2 dx

(Vv + 2Bz(u- V)v) (D32)
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for v(y,x,h) with boundary condition v(z,z,h) = u?(x,h). Plugging these answers into (D27) and (D28) (using
(D8)), we obtain equations

G(Tl - 7—2) = /th (h|J2qH71(O)) P(O, h)‘l'177'2 = P(O, 0)7’177'2 (D33)
q(z) = /th (h|J*¢"1(0)) (0,2, k) = v(0, z,0) (D34)

since we anticipate ¢(0) = 0, producing a ¢ function at h = 0. We reparameterize these PDEs as in [10] to rewrite
p, v in terms of a probability distribution P(h).
We summarize the full RSB solution as follows. For single-site action

Suh) = Sals(r)] = [ drvry CP5 (G = )t = g ) str) s(r) <5 [ sty (03
we have
G(t) = /th(l,h)(Ts(T) -5(0)) s () q(z) = /th(n@h)u(ac,h)2 (D36)
for P, u obtained by solving
%]; - '];d‘gl (V2P —232V(u-P)),  P(0.h) = 8(h) (D37)
% = _Jidq(;_ (V2u + 2B8x(u - V)u) , u(l,h) = ; d7 (5(T)) 5.0 (h)- (D38)
The free energy is then
_ BJ? 1\ [t . ! A
r=2" <1_ K)/O dr (G(T) _/O dz q(z) ) - 50,0 (D39)
for
% = —J?d‘g (Vo +z(Ve)?),  o(1,h) = log/DQexp[—Sw(h)]. (D40)
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