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Decoherence in quantum systems is conventionally modeled as the effect of interactions with an
external environment. However, such a prescription excludes isolated many-body systems, which are
also expected to display classical behavior at macroscopic scales. In isolated systems, decoherence
must emerge internally from microscopic degrees of freedom that are invisible to the macroscopic
description. Here we explicitly show that classicality can emerge in such a fashion. We consider a
weakly disordered, 3-local chaotic kicked top of N qubits, where the collective spin sector serves as the
macroscopic description, while the microscopic permutation sector acts as an internal bath, decohering
the collective spin sector. Starting from closed unitary dynamics, we derive and numerically confirm
an effective Lindblad equation for the collective spin variables. In the thermodynamic limit these
reduced dynamics converge to a classical chaotic Fokker—Planck equation with vanishingly small
diffusion on the spherical phase space, producing a quantum-classical correspondence beyond the
Ehrenfest time. The chaotic dynamics evolve the pure many-body wavefunction into continuously
branching components associated with distinct classical trajectories. These branches acquire nearly
orthogonal microscopic records in the permutation sector, preventing quantum interferences and

ensuring the corresponding histories remain consistent.

The theory of decoherence [1-4] explains why quantum
effects do not manifest at macroscopic scales. A large
quantum system inevitably entangles with its environ-
ment, which delocalizes phase information, suppresses
interferences, and enables effectively classical behavior.
Decoherence has been studied from many complementary
viewpoints, including idealized bath models in Lindblad
dynamics [5-7] with analyses of the threshold system-bath
coupling necessary for quantum-classical correspondence
[8-12], a purified closed-system perspective where the
system and environment branch into superpositions of
macroscopically distinet states [13-17], and the prolifer-
ation of redundant information in the environment via
quantum Darwinism [18-20]. Despite their conceptual dif-
ferences, these approaches share the same basic premise:
decoherence arises because the system couples to a dis-
tinct, external environment.

This premise is not fully satisfactory, since it excludes
isolated systems, which exist not only as a matter of
principle (e.g., a closed universe), but also in practice as
enabled by modern experimental capabilities [21-23]. A
complete account of the emergence of classicality should
explain how an isolated system can decohere absent an
external environment. While one may treat an explicit sys-
tem and bath as a jointly “isolated system”, nature does
not always equip us with explicit system-bath decomposi-
tions; instead, one hopes to identify bath variables that
emerge from the local interactions within the system. A
natural parallel exists in quantum thermalization [24-29],
where an isolated system can reach thermal equilibrium
by acting as its own bath: even though the global state
remains pure, subsystems effectively thermalize by be-

coming highly entangled with their complements. We
ask if classicality may arise through a similarly intrinsic
mechanism, where internal, perhaps hidden degrees of
freedom play the role of a decohering environment.

In this work, we present a simple many-body model
that exhibits decoherence from its internal degrees of
freedom, giving rise to classical behavior without cou-
pling to any external environment. Going beyond pre-
vious works in few-body systems [30, 31], we study a
system of N qubits evolving under a chaotic (kicked-top)
Hamiltonian [32-38], perturbed by weak disorder. The
permutation degrees of freedom act as an intrinsic bath,
decohering the collective spin sector, and we analytically
obtain, and numerically confirm, an effective Lindblad
equation for the spin sector in the thermodynamic limit.
In contrast with previous work deriving reduced dynam-
ics in isolated discrete systems [39-45], here the classical
variables have extensive support (many-body), are contin-
uous, and possess a classical limit governed by a chaotic
Hamiltonian. This enables us to leverage recent tech-
niques on the classical-quantum correspondence in open
systems [10-12] to derive the emergence of classical behav-
ior in the isolated model. We remark that, while there is
an extensive body of work studying the quantum-classical
correspondence in isolated quantum systems [35] where
classicality is maintained up to the FEhrenfest time [46],
the Ehrenfest time is prohibitively short (scaling only
logarithmically with he_ﬂl ~ N). The emergent classicality
we describe here is maintained beyond the Ehrenfest time.

Having established quasiclassical dynamics for the col-
lective spin variable, we describe the branching of the
overall wavefunction with the consistent histories formal-
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FIG. 1. (a) Emergence of decoherence in an isolated many-body system of spins. The system is initialized with all spins pointing
in the same direction, with the exception of a few particles coupled in singlets (blue). The disorder in the Hamiltonian scrambles
the singlets throughout, leading to microscopically distinct branches that cannot interfere in collective observables, so their
superposition is indistinguishable from a classical mixture. (b) Emergence of classicality. Wigner function of the quantum
evolution in the collective spin sector (top) and classical evolution according to the classical dissipative equation (7) (bottom).
In the presence of a single realization of a small amount of disorder ¢, the quantum and classical evolutions are identical, with
no regions of negative probability (blue) (k =4, N =200, k = 4.2, p=7/2, 60 = 0.5, oo = 1.1, t = 8).

ism [47-53]. Histories are sequences of projections, form-
ing discrete-time trajectories of the collective variable, to
which one would like to assign well-behaved classical prob-
abilities. Histories are consistent when their associated
conditional states, called branches [54-58], are orthogonal,
and therefore admit probabilities obeying the Kolmogorov
axioms. We explicitly construct the branches in this dis-
ordered kicked-top model and numerically verify that the
associated histories are indeed consistent. This is enabled
by the strong distinguishability of the microscopic ar-
rangement of spins in each branch, which is invisible to
collective measurements (see Fig. 1).

Decoherence from microscopic degrees of freedom.—
The Hilbert space of N qubits has dimension 2%V, but
a macroscopic description typically involves only coarse-
grained observables. In spin systems, natural examples
are collective spin observables, such as the total mag-
netization in different directions. By Schur—Weyl dual-
ity [59, 60], the total Hilbert space splits into a direct sum
of subspaces Hg = S ® P, where § = §(95) is the collec-
tive spin sector (an irreducible representation of SU(2) of
dimension ds = 25+ 1) on which collective spin operators
(S2,8,,8.) = 3N [(X,,Y3, Zi) [61] act, and P = P(S)
is the SU(2)-invariant permutation space of dimension
dp = (n/5-s) = (/o s 1) Crucially, outside the fully
symmetric sector Spmax = N/2, the multiplicity space can
become large. For example, if S = N/2—j, then dp ~ N7
while ds ~ N, so the overwhelming majority of the de-
grees of freedom are invisible to collective measurements.
We will show that these internal degrees of freedom can
serve as an effective environment for the collective sector,
leading to decoherence. This system-bath decomposition
is emergent in the sense that it is not a partition of locally

interacting subsystems, but rather arises due to symmetry
and hence is delocalized with respect to the microscopic
interactions.

For simplicity, we consider an initial state contained
entirely in one of the spin subspaces Hg: N — k qubits
pointing in the same direction |0y, @) = cos(%o) |0) +
eiPo sin(%o) |1), while the remaining k spins are paired in
singlets (for even k > 2):

RAY

If we choose k to be small compared to N, then S =
(N — k)/2 is close to the total spin of the top sector
Smax = N/2, and the permutation sector has dimension
dp ~ N¥2/(k/2)!, which is polynomially larger than
ds ~ N.

Weakly disordered kicked top.— We consider a chaotic
Hamiltonian describing the dynamics of the spins. For
simplicity, we consider the paradigmatic kicked top
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but we expect our results to apply to a broader class of
chaotic systems. Since Hyr is permutation symmetric, it
only acts on the spin sector S. To observe decoherence,
we will break the permutation symmetry.

A simple way to break this symmetry would be to
introduce weak on-site disorder of the form ), ciZi,
with random coefficients ¢;. This form of disorder couples
S and P, as it is neither permutation symmetric nor
SU(2) invariant, but it also couples different total spin
subspaces, since it does not commute with the total spin.
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FIG. 2. Effective Lindblad dynamics. (a) Optimized rate
v, obtained by minimizing the average trace distance A to
the exact quantum dynamics. (b) S2~ against €S: empirical
rates v collapse to the predicted S?y = £SJ.(eS) (dashed).
(c) Time-averaged trace distance for optimal ~, for time ¢ €
[2,8]. (d) Collapse of the trace-distance curves obtained by
multiplying € and A by v/N. Gray: Non-Lindblad regime
(large A). All plots are averaged over 20 disorder realizations;
the fitting procedure is described in the SM [62] (Fig. S3)
(k=4,k=42,p=7/2,60 =0.5, po = 1.1).

For simplicity of the analysis and to greatly decrease
the computational cost of simulation, we instead consider
the following form of disorder that commutes with the
total spin:

-E[dis = ngz + Ky‘gy + Kzgz ) (3)
from which we define the weakly disordered kicked top:
H(t) = Hgr(t) + eHas. (4)

For each p = z,y, z, we take K to be an independent
) A
1<j 2] hij’
where hij = XZ-XJ- + YZ—Yj + Zl-Zj. The coefficients CE;)
are Gaussian with variance ~ (4Nk)™1,

random all-to-all Heisenberg coupling, K =>.

with their mean
(u)

1<J 1_7
This normalization keeps the spectral width of each K P
bounded [62]. Because the Heisenberg couplings are SU(2)
invariant, the operators K, act only in P, while the spin

component subtracted so that >, = 0 for each p.

operators Su act only in S, so Haio naturally couples &
and P within the subspace of total spin S. The ensemble
of random disorder terms ﬁdis is invariant under physical
rotations (isotropic).

Effective Lindblad dynamics.— We begin by showing
that P acts as an effective Markovian bath for the dynam-
ics in §. We first show numerically that the evolution
of the reduced density matrix ¥s(t) == trp [ () ()] is
well described by a Lindblad equation

— = —ilHxr(t),pl + 7 Dplp] (5)

NU=T,Y,2

with dissipator D, [p] = —%[Sﬂ, [S,., pl] [63].

In Fig. 2 we show an empirical value of v obtained
numerically, by minimizing the finite-time-averaged trace
distance A = 1 E,|[¢s(t) — p(t)||; between the actual
evolution 1s(t) and the Lindblad approximation p(t).
For disorder strength ¢ > 1/v/N, the reduced dynamics
agree well with the Lindblad approximation: the error
A decays as ~ 1/v/N, and the fitted rate satisfies the
empirical scaling v o< ¢/N. Via a heuristic derivation of
~ and obtain [62]

Jo(28) ~ 5 O(log(=5)"), (6)

7= 5

S
where J, is the finite-time integral of a disorder-averaged
effective bath correlation function at infinite temperature,
evaluated up to a time proportional to S. Fig. 2(b)
shows excellent agreement between the empirical rate v
and our derived Eq. (6).

For large 7 := &5, we numerically see that the correla-
tor has a logarithmic-type divergence J.(7) = O(log(7)")
for a certain 0 < a < 1. This logarithmic factor is
characteristic of choosing the bath operators K u to be
random 2-local Heisenberg couplings; in this construction,
Hgis is then 3-local in the microscopic spins. The log-
arithm is absent for analogous disorder ensembles built
from higher-locality operators, such as 4-local disorder or
GOE random matrices [62]. Nevertheless, this logarith-
mic growth does not obstruct Markovian behavior, since
T is independent of the physical evolution time ¢.

Emergent classicality.— The effective Lindblad dynam-
ics lead to the emergence of classical equations of motion
for the collective spin observables. Specifically, consider
the classical diffusion equation obtained by treating the
collective spin operators as if they were continuous com-
muting variables on the sphere, § = (5., Sy, S)— 8=
(Sz, Sy, S:) € R3, and replacing the commutator with a
Poisson bracket, —i[-, -] — {-, -} [64], namely

of

7_{HKT ),f}+72 D,lf]. (7)

H=T,Y,z

Here, f(t,S) > 0 represents a classical distribution on the
sphere, while the classical Hamiltonian is given by [65]

Hyr(t) = 25 Sz + Zpsat—n) (8)

and the classical dissipator by D,,[f] = ${Su. {Su. f}}-

In Fig. 1(b), we compare the classical dynamics of
Eq. (7) with the Wigner function of [¢)¢ [66]. In the
absence of disorder the quantum dynamics develop regions
of negative probability, a signature of non-classicality [67].
However, introducing only a small amount of disorder
[e = 0.06 in Fig. 1(b)] in Eq. (4) leads to a positive Wigner
function, with perfect quantum-classical correspondence.
See the Supplemental Material (SM) [62] for additional
figures.



This emergence of classicality can be asymptotically
established rigorously, starting from the Lindblad dynam-
ics. Under sufficiently strong diffusion (but still vanishing
in the thermodynamic limit), the dynamics remain in
a mixture of coherent states in S, associated with an
asymptotically positive phase-space distribution.

Theorem 1. If~y > v, = 2‘3’11 , under the Lindblad equa-
tion (5), starting in a spin coherent state, the dynamics

remain a positive mixture of coherent states,

o) = [aar@ionel,  P@oz0. ()
where the integral is taken over the sphere. Further-
more, the differential equation governing the evolution
of P matches Eq. (7) up to a relative error O(1/S) in the
Hamiltonian terms and O(7./7) in the dissipator.

Proof. The function P(Q,t) is simply the Glauber—
Sudarshan quasiprobability distribution for the spin [68].
Any state can be represented in this form, but P in gen-
eral might not be positive. We show that, under sufficient
diffusion, positivity is guaranteed.

The evolution of p can be described by the evolution
of P via the substitutions [62]

—i[S., 0l = {S2. Py, —[Su, [S, pll = {Su, {S,, P}}
82,6 = (S2.PY + 5 3 ennlSi {5, 3P, (10)

(70N

where €, is the Levi-Civita symbol. Equation (5) is
recast into a differential equation resembling Eq. (7),

O {Hir(t), P} + 3 Y0 Al £, P, (1)

but with a slightly modified classical Hamiltonian
Hgr(t) = Hir(t) + 2252 and diffusion matrix Ay, =
"YJMV + CZ)\((quexu)\ + 5acueacu>\)8>\7 where ¢ = m
Equation (11) exactly describes the quantum evolution,
where the distribution P might become negative and
singular due to the negative eigenvalues of the diffusion
matrix A,,. However, if v > |c|S = 7, then A, is posi-
tive semidefinite, turning Eq. (11) into a classical diffusive
equation which evolves P into a positive and nonsingular
distribution. Furthermore, the relative error in the coeffi-
cients for S2 in Eqgs. (7) and (11) is (3¢/4)/(k/2S) =
O(1/S) and the relative error between A,, and the
isotropic diffusion matrix is O(||(Apy — Vo)l /) =
O(v+/7). O

Theorem 1 guarantees classical evolution whenever
7> O(S™!). Furthermore, in the SM [62] we present an
improved theorem (which also holds for general Hamiltoni-
ans) where the threshold for classicality is v > O(S~%/3).
This improved threshold is enabled by allowing slightly
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FIG. 3. (a) Quantum branching. Trace distance between the

reduced state of the global unitary dynamics and the mixture
of branches [left and right sides of Eq. (14), respectively], for
different values of disorder € and number of branchings M. (b)
Consistent histories. Fidelity of records vs cumulative squared
distance between histories D after M = 5 branchings. Each
dot is a pair of independently sampled branches. Dashed lines

mark the decay e TP, (N=100, k=4, k=42, p=m/2,
00 = 05, Yo = 11, At = 1)

squeezed states in the decomposition of p [10, 11], and
is expected to be optimal [12]. Combined with Eq. (6),
it implies that, for sufficiently large S, our disordered
kicked-top model displays classical behavior as long as
e > O(N~1/349) for any constant ¢ > 0.

Quantum branching.— The emergence of classicality in
closed systems is believed to be described via the theory of
wavefunction branching [16] and consistent histories [47—
50], which we introduce next. We then numerically con-
firm that these phenomena indeed arise in our model.

We may describe the state of the system as a superpo-
sition of different branches,

o(tar)) = / Qe |da) (12)

Each branch is labeled by a history, & = (Qo,...,Qun), a
sequence of points on the sphere Q,, = (0,n,m), at
times tg = 0,t1,...,ty, where the integral is taken
with respect to the measure d2 = dQy ---dQ,,, with
dQ,, = 2i—jrlsin 0, d0,, dp,,. These branches are de-
fined by inserting spin coherent-state projectors Q=
| | g ® 1p at the corresponding times:
CQ|¢Q> = QpUns -+ - QU0 Uy |1/)(0)>, (13)
where the initial state is given by Eq. (1), with Qy =
(6o, o). The coefficient cq is chosen so that |¢q) is
normalized, and U, = Texp(—i jz;"’_l dt f[(t)) is the
unitary generated by Eq. (4) between times t,,—1 and t,,.
Equation (12) follows formally from the coherent-state
resolution of the identity [ dQ,,,Q, = 1. In general, how-
ever, these branches may interfere, so the decomposition
alone does not yet define classical alternatives.
The emergence of decoherence is a manifestation of the
noninterference of branches in the collective observables.
The reduced state in S becomes indistinguishable from a



classical mixture over all branches:

trp ((tar)) ~ / a9 [cal trp(Idaldal),  (14)

where trp (|pa)Xoal) = | )}Qas] is a coherent state. In-
deed, numerics shown in Fig. 3(a) confirm that the trace
distance between the two sides of Eq. (14) decreases with
increasing e. In fact, a stronger notion of noninterference
is satisfied in our model, namely consistency of histories.

Each branch has the form |¢q) = [Q) s ® |Ra)p, and
the state |Rgq) is known as a record. In the presence
of disorder, separated histories imprint distinguishable
records in the permutation sector. Specifically, we esti-
mate via a semiclassical Lindblad approximation [62] that
the fidelity of records for two histories €2 and © should de-
cay exponentially in Dg’)g ~2 %Z%Zl [d(Qm,h Om_1)?+
d(Qm, ©,,)2] [69]. Namely,

(Re|Ra)l” ~ exp(~TDJ) ). (15)

with a coefficient I' = vS?At/(1 + vSAt), where At =
tm — tm—1. This is supported by the numerics shown in
Fig. 3(b). In the SM [62] we present additional numerical
verifications for random-matrix couplings. We remark
that we can study these overlaps because our system is
closed, so we can canonically identify the record states of
the bath. Such an identification would not be possible if
one instead had postulated an open model governed by a
Lindblad equation as the starting point.

The decay in the fidelity of distinct records prevents
distinct branches from interfering in any collective observ-
able Og. Interferences are controlled by the off-diagonal
terms

(pe]Os @ 1p |pa) = (Oum| Os [Q) (RalRe) . (16)

In the absence of disorder, ¥ = 0 and hence (Rg|Rq) =
1 regardless of the histories, thus allowing interference
even when 2 and © are distinct. As « increases, the
off-diagonal matrix element in Eq. (16) is suppressed
exponentially in Dg)n This effect is analogous to the
recording of which—ﬁath information in the double-slit
experiment. If no degree of freedom records which slit the
particle passed through, the two branches remain coherent
and can interfere at the detector. If such a record is
created, their coherence is suppressed and the interference
disappears. In our model, the permutation sector creates
the analogous record by becoming correlated with the
collective-spin history due to the disordered interaction.

Discussion and outlook.— We have exhibited a con-
crete, numerically tractable isolated many-body model in
which internal degrees of freedom act as an effective bath.
For an emergent collective spin variable with chaotic clas-
sical dynamics, this leads to Lindblad dynamics, classical
Fokker—Planck evolution, and consistent branching. This

model is deliberately idealized. Both the kicked-top dy-
namics and the disorder are 3-local but all-to-all, whereas
physical interactions are expected to be geometrically
local. A natural next step is therefore to understand
whether the same mechanism persists in geometrically
local systems, where the quasiclassical variables are likely
to be spatially coarse-grained densities rather than global
collective spins, and whose classical equations of motion
are not simply obtained by removing the hats from the
quantum operators.

Additionally, our model exploits Schur—Weyl duality
by having a disorder term that preserves total spin,
constraining the dynamics to take place within a fixed
spin sector, and ensuring a simple tensor-product
decomposition Hg = & ® P between collective spin
variables § and microscopic permutation variables P.
This enabled numerical simulation of a system with an
otherwise inaccessibly large total spin. In contrast, a
generic local perturbation would mix sectors, so that
the quasiclassical variable (whether or not a collective
spin) could take the form of a more general subalgebra
A = ,S; ® P; [70]. Understanding this sector-wise
form of emergent system-bath structure is an important
step toward extending the present mechanism to more
general and realistic settings, such as fermionic models,
bosonic systems with unbounded local Hilbert spaces,
and quantum field theories. A broader goal is to find a
general framework describing the universal emergence
of classical behavior in isolated quantum many-body
systems, where wavefunction branches emerge naturally
from the underlying quantum dynamics [54-58].
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In this Supplemental Material, we provide details supporting the derivations, rigorous statements, and numerical results of the
main text. In Sec. I, we identify some key features of the emergence of classicality in our model, contrast it with related prior
work, and present future directions. In Sec. II, we describe the numerical techniques used to simulate the unitary dynamics and
present a time-resolved comparison between the reduced Wigner function and the corresponding classical dissipative evolution.
In Sec. III, we compute normalization factors and moment estimates for the random coupling ensembles appearing in the
disordered Hamiltonian. In Sec. IV, we give a microscopic derivation of the effective Lindblad equation for the collective spin
sector and of the corresponding diffusion rate. In Sec. V, we present the detailed proof of Theorem 1, relating the spin Lindblad
dynamics to a classical Fokker—Planck equation. In Sec. VI, we extend the classicality criterion using not-too-squeezed states,
obtaining an improved threshold over Theorem 1, which holds for general Hamiltonians. Finally, in Sec. VII, we estimate the
fidelity of records associated with different branches and compare this prediction with numerical simulations.
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I. MODEL FEATURES AND COMPARISON TO PRIOR WORKS

In this section, we introduce some terminology and then use it to characterize the main features of our work and
compare our approach with related work in the literature.

A. General terminology

We take as given a notion of locality defined by a preferred tensor-product decomposition of a finite-dimensional
Hilbert space into microscopic subsystems: H = &) ; Mj. We say an observable is k-local when it is supported on at
most k subsystems, while a family of observables is many-body if its support diverges in the thermodynamic limit.
Likewise, the dynamics are k-local when the Hamiltonian is a sum of k-local observables.

A set of observables induces an algebra through operator multiplication and complex linear combinations. Generalizing
from the identification between subsystems (in the sense of a tensor-product decomposition of Hilbert space) and the
algebra of operators defined on them [S1], we can think of any algebra as a generalized subsystem. Unlike the microscopic
subsystems defining locality, a generalized subsystem need not correspond to a tensor-product factor of H. Its algebra
A may have a nontrivial center and, more generally, takes the Artin-Wedderburn form A=, A; ® Z; C B(H).

The environment of a generalized subsystem is the commutant (i.e., centralizer) of its algebra. We say the environment
is internal when the degrees of freedom in the commutant are supported on the same microscopic subsystems as the
generalized subsystem itself. If the environment is instead supported on the complementary microscopic subsystems,
we say it is external. The former occurs, for instance, when the generalized subsystem has support on all microscopic
subsystems but its algebra is a proper subalgebra of the full operator algebra, while the latter is the familiar case in
which the generalized subsystem is the complete operator algebra on a proper subset of microscopic subsystems.

We now turn to concepts that become applicable in the thermodynamic limit N — oo, which with appropriate
scaling coincides with the classical limit g — 0. The reduced density matrix p(t) of a generalized subsystem at a
given time ¢ is localized in a set of observables A = (flr) when it is a mixture, with some distribution P(A, u;t),
of states |A, ) that are each spectrally localized! around the eigenvalue A, for each of the observables A = (A,.).
Marginalizing over the auxiliary? parameter p yields a classical distribution P(A,t) = [du P(A, p;t) for the localized
variable A.

Due to the spectral localization of the |A, i), the marginals of P(A,t) converge in the thermodynamic limit to the
corresponding single-time measurement distributions of the observables A= (AT) This, however, is only a statement
about single-time statistics. It does not guarantee that measurements at different times have classical joint statistics;
the underlying quantum dynamics need not be Markovian even when the classical distribution P(A,¢) of localization
obeys a Markovian equation. Defining quantum Markovianity is challenging [S2, S3], even within the restricted
context of the quantum-classical transition [S4]. Nonetheless, the consistent histories framework can provide a stronger
characterization of classicality than the behavior of P(A,t) alone.

Given a set of exhaustive histories defined through time-ordered sequences of Heisenberg-picture projectors, C, =
Qo (tar) -+ Qay (t1), the histories are consistent (precisely, medium decoherent) when (|C1,Cjs|p) = 0 for o # B. This
implies the probabilities p(a) = (¥|CJ C,|1b) satisfy the Kolmogorov probability sum rules under coarse-graining. In
the thermodynamic limit, we say that the histories are trajectories for a set of observables A when (i) the time intervals
between successive projectors vanish, and (ii) each projector is supported on a vanishing-width interval of eigenvalues
of the observables A. A consistent set of trajectory histories for A is quasiclassical when the probabilities satisfy
the Markovian condition p(as,...,an)p(am) = plaa, ..., am)p(@m, . .., anr). This stronger notion of Markovianity
guarantees, for instance, that multiple hypothetical measurements of the observables A at different times by an
external observer would have the expected classical correlations (with the single-time measurements as a special case
converging to the distribution P(A;t) associated with localization).

When the Heisenberg-picture conditional state associated with each history at one time overlaps only a single
conditional state associated with a history at an earlier time, the conditional states form a directed tree, with edges
corresponding to nonzero overlap. We refer to the conditional states as branches and say that the histories branch
forward in time.

1 Although we do not commit to a precise quantification of approximate localization for use in a limit, for concreteness one could require
that ||p — BTy is vanishing, where g = [dA du P(A, p)|A, p)(A, u| and where each state |(A), u) is supported strictly on an interval of
eigenvalues (for each A;) whose width is vanishing.

2 In our main model, we can take p to be trivial, but in our more general theorem about spin decoherence its role is played by the
approximate tangent covariance matrix o of the spin-squeezed states, which controls the squeezing strength and orientation.



B. Model characterization and future directions

With the preceding definitions, we can now compactly characterize our primary model at appropriate disorder
strength. We heuristically derive a Lindblad equation for a generalized subsystem of a many-qubit system in the
thermodynamic limit. Our model has these features:

A. The dynamics are unitary and the Hamiltonian is 3-local.

B. There is a preferred variable (a set of observables, S /S) that generates the algebra of the generalized subsystem,
whose environment is internal.

C. In the thermodynamic limit,

i) the preferred variable is many-body and continuous;

ii) the preferred variable is localized by the environment, and its classical distribution obeys a Kolmogorov
forward equation, specifically a Fokker-Planck equation;

iii) the drift terms in the Fokker-Planck equation produce chaotic Hamiltonian flow;
iv) the dissipative terms in the Fokker-Planck equation are negligible?> compared with the drift terms; and
v) trajectory histories of the preferred variable are consistent, quasiclassical, branch forward in time, and

marginalize to the same classical distribution as in (ii).

Because we can numerically simulate the full unitary dynamics, rather than only simulating the reduced dynamics
under an assumed Lindblad equation, we can confirm the accuracy of the Lindblad description and directly check the
consistency of the histories.

At the same time, our model has three simplifying features that leave important challenges for future work:

1. The Hamiltonian is 3-local and thus contains genuine interactions, but it is not geometrically local.
2. Our model constrains the dynamics within fixed total-spin subspaces, although these spaces are still exponentially
large in the number of qubits when k& = ©(N). Within each subspace the coupling takes the familiar finite-rank

bilinear form, although the mapping to the k-local representation of the Hamiltonian is still nontrivial.

3. The dynamics of the quasiclassical variable can be read off rather directly from the Hamiltonian H. In the
thermodynamic limit, the coupling eHg;s becomes small relative to Hgr, so that both H and i[H, S] approach

low-order polynomials in the quasiclassical variables S = (5‘1, Sy, S’Z) Thus the natural representation of the
microscopic Hamiltonian already exposes the effective classical variables and their dynamics.

A corresponding challenge for future work is to find a model that can be shown to have properties B and C above, but
for which

1. the Hamiltonian H is geometrically local,

2. the dynamics are not artificially constrained to a subspace of the Hilbert space, and/or

3. neither the Hamiltonian H, nor its commutator [H, A] with the preferred observables A = (A,), is a bounded-
order polynomial in A, even in the thermodynamic limit.

Although the conditions above fall short of a general definition of wavefunction branching [S7], we expect that

identifying additional models exhibiting these phenomena, especially models without the simplifying features just
described, will help clarify what such a definition should be.

3 See Refs. [S5, S6).



C. Relationship to prior work

We now briefly comment on a selection of prior work and note how it differs from the results we present.

O’Donovan et al. carry out a traditional microscopic derivation of a Lindblad equation in the weak-coupling limit for
a general system coupled to an external ETH-obeying bath through local operators [S8]. They numerically compare
an ETH-obeying mixed-field Ising bath with an integrable version, finding that the former is well described by the
derived Lindblad equation while the latter shows strong discrepancies at the finite sizes studied. The generality of the
arguments is suggestive for identifying which general many-body variables could be expected to decohere.

Nation & Porras [S9] also consider systems coupled to an external bath where the Hamiltonian eigenstates are taken
to have the chaotic wavefunction form and the system-bath coupling is a random matrix. To describe the emergence of
classical statistical mechanics, they obtain dynamics corresponding to an Ornstein—Uhlenbeck process for a solvable
random-matrix model, and they extend the underlying thermalization and Markovian analysis numerically to several
local observables on the spin chain and one global observable (the mean spin). They further consider sequences of
measurements at multiple times and note that the outcomes satisfy a non-disturbance condition that they identify
with consistency of histories.

Working on a spin chain, Mazza et al. [S10] use machine-learning methods to find general linear generators that
accurately produce the evolution of 1-local subsystems. Carnazza et al. [S11] and Cemin et al. [S12] extend this to
2-spin subsystems and constrain the generators to be Lindbladian. These discrete variables are not many-body, and
their environment is external rather than internal. The Lindblad dynamics are fit rather than derived, and they govern
variables with no classical limit.

Also on a spin chain, Ates et al. [S13] derive a classical Fokker—Planck equation describing non-chaotic relaxation for
a continuous excitation density, a many-body variable. In related work, Ji et al. [S14] derive an analogous master
equation for the discrete number of hard rods. They do not investigate classical correlations between multiple times.

Wang and Strasberg [S15] study a closed many-body model of multi-time correlations: they consider histories of
a variable with divergent support in a geometrically local XXZ Heisenberg spin chain and show that they generally
become consistent in the thermodynamic limit. However, they restrict their attention to histories over a binary state
space (whether the magnetization imbalance is positive or negative). They also only investigate the decoherence
functional of histories for Haar-random initial states, and thus do not provide a special low-entropy initial condition
that would define the forward branching arrow of time.

II. NUMERICAL TECHNIQUES FOR UNITARY EVOLUTION

In this section we describe the numerical methods used to simulate the unitary dynamics under the disordered
kicked-top model. Our simulations are performed directly in the fixed-total-spin subspace with

_N-—k

S 5

HS:S@)Pa

where dim(S) = 25 + 1 and dim(P) = (1572) —(, /]2\11). This avoids working in the full 2V-dimensional Hilbert space.

We first construct an orthonormal basis for the multiplicity space P. In the computational basis, the highest-weight
states of total spin S = (N — k)/2 lie in the sector with k/2 spins down. We enumerate this sector and form the
rectangular matrix representing the collective raising operator S* from the k/2-down sector to the (k/2 — 1)-down
sector. The multiplicity space P is the nullspace of this matrix. We numerically compute an orthonormal basis for the
nullspace and collect its vectors as the columns of an isometry V, so that VIV = 1p.

The collective sector S is represented by the usual spin-S matrices. In the S, eigenbasis,

S, lm) =m|m), Silm)=+/S(S+1)—m(m=£1)|m+1),

with S, = (S, + S_)/2 and S, = (Sy —5_)/(2i). A pure state is then stored as the coefficient matrix

dp S
@) =D Y Cam(t) a)p m)s, (S1)

a=1lm=-—S

so the reduced density matrix on the collective sector is obtained by tracing out P, [ps(¢)]mn = ZZL Com (t)Can(t)*.
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The random Heisenberg couplings (RHCs) K . are constructed in the same multiplicity basis. We draw independent
Gaussian coefficients c%”, subtract their mean so that Zi<j cgg) =0, and form
Xu =yt Zc%‘)ﬁij v, iLij =X;X; + YZY} + Zng
1<j
The coefficients are normalized so that d;l trp (IA(,%) = 1 on average, following Lemma S1.

Between kicks we evolve using a fixed-time Trotter step 6t (we use 0.005 or smaller in all simulations, and have
verified that our results are independent of this number). We numerically apply

|¢(t + (5t)> ~ e—i#ﬁflé‘ze—isétf(méme—is&tf(ygye—isétf(zgz (SZ)

by diagonalizing each K u and S . separately, since the eigenbasis of K u® Su is just the tensor product of the eigenbases.

As a time-resolved complement to Fig. 1(b) of the main text, Fig. S1 compares the Wigner function of the collective-
spin state obtained from the full unitary dynamics with the corresponding classical dissipative evolution. The agreement
illustrates the emergence of quantum-—classical correspondence for the random Heisenberg couplings.

IIT. MOMENTS OF RANDOM HEISENBERG COUPLINGS

In this section we compute ensemble averages for the random Heisenberg interaction
K = Zcijilija ;Lij = XZXJ + }A/ZYA—] + Zle (83)
1<j

The coefficients ¢;; are Gaussian, with their mean subtracted so that trp(K) oc D, ; ¢ij = 0. We choose their standard

deviation o so that E[(K2)] = 1, where (-) := trp(-)/dp. The following lemma gives this standard deviation explicitly.

A. Standard deviation

Lemma S1. The condition E[<K2>] =1 holds if and only if the standard deviation of the coefficients is

o= SN(N-1pl—m), = ’W (54)

In the limit IV > k, the expression simplifies to 02 ~ 4Nk.
Proof. Let us compute the expected variance E[(K?)] explicitly and set it equal to 1. We can write
k = Zcij(2Fij — H),
i<j

where F;; is the swap operator between qubits ¢ and j. By the constraint ) |
yielding

i<;j Cij = 0, the identity term vanishes,

NP
K=2 Z caFa,
a=1

where « indexes the N, = N(N — 1)/2 distinct pairs of sites. The coefficients ¢, are Gaussian random variables
subject to the sum constraint, which implies the covariance matrix:

Elcacs] = o? <5(,5 - ]é) .

p

We calculate the expected variance:
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FIG. S1. Quantum vs classical dynamics in the collective sector (time from top to bottom). Odd columns: Wigner function of
trp (¢(t)), where |1(t)) undergoes unitary evolution under the disordered kicked-top Hamiltonian, with random Heisenberg
couplings. Even columns: dissipative classical evolution, starting from a Gaussian distribution with variance equal to that of the
spin coherent state (truncated Wigner approximation) [S16]. (k =4, N =200, k = 4.2, p =7/2, 6o = 0.5, o = 1.1.)



Substituting the covariance matrix splits the sum into diagonal and off-diagonal parts:

= B[R] = 40 | S(F2) - 1 S (FuF)

« p a,f

Since transpositions square to identity, the first term sums to IV,. The second term involves the square of the sum of
all transpositions Co = ) Fi,. Since the operator Cy is permutation invariant, it acts as a scalar within the space P.

Using the identity Co = S2,, + N(N=1) ' this scalar must be z = S(S + 1) + N(N — 4)/4, and hence

4
2
2:4<N —Z).
P Np

Using S = (N — k)/2 one can simplify this equation to Eq. (S4). O

B. Variance of a commutator

The next result gives the variance of a commutator between two independent random Heisenberg couplings.
Lemma S2. Let K, and K, be independent random Heisenberg couplings. Then

E [{[Ko, K] [Ro, Ka])| = o 32N (N = 1)(N = 2)(1 = 6s), (85)

where o is given by Lemma S1, and ¢3 is the normalized character of the 3-cycle in the representation with total spin
S, given by [S17, Eq. (5.2)]

oo = (NT‘,?’)' (”2" - v-). (56)
2
Z YN =+ 12N =25 + 1) +5(j — 1)(25 — 1)], A =N —k/2, Ao = k/2.

Proof. Let us write K = [R’o, Kl], and Ko = 2 Yo CaFo and K, = ZZB chﬁ as sums over transpositions Fj; (with
a, 8 indexing unordered pairs), with independent Gaussian coefficients satisfying E[c, ¢j] = E[cacs] = 0%(dap — 1/Np)
and Elcqcjs] = 0. Then

K = [Ko, K] = 22%1«“&,22%& _42%% Fo, F. (S7)

Only non-disjoint pairs contribute: for transpositions, [Fj;, Fi;] = 0 unless the pairs share exactly one site. There are
N(N — 1)(IN — 2) such ordered choices: choose the repeated site in N ways and the other two sites in (N — 1)(N — 2)
ways. The constraints ¢ < j and k < [ then fix the internal order within each pair. For such shared-site pairs, we have

[Fijs Fjk] = FijFjx — FjeFij = Fijry — Flang)
so that
[Esjs Fin) ' [Figs Fji) = (Fling) — Feagmy) (Flagey — Flirg)) = 28— Fazry — Flang),

where F{;jiy == Fi; Fji, denotes the operator representing the 3-cycle (ijk) in P (and F;y;) = FjFij = F(Uk)). Taking
the trace over P and using trp (F(i;r)) = trp(Firj)) = dps yields

<[FZJ5F][F’LJ’F ]>:2(1_¢3)'

We now perform an average over disorder. Since the disorder is Gaussian, we evaluate the fourth moments using
Wick’s theorem,

Elcacarcyey] = Eleaca’) Eleycy] + Elcacy| Elcarcy ] + Elcacy ] Elcarcy],



and similarly for the ¢’s. Mixed contractions vanish since the two disorder families are independent: E[cacb] =0.
Moreover E[co o] = 0%(8aar — 1/N,) (and similarly for ¢/). Using Eq. (S7),

E[(KTK)] =16 > Elcaca E[chcl ] ([Fa, F5]'[Far, For]). (S8)
a,B o B

Using ), Fo = C2 I on P, the —1/N, pieces in the covariances only contribute permutation-invariant terms
(proportional to C2) which commute with all F,,. Therefore these contributions vanish inside the commutators and
nllall;e. no contribution to E[(CTK)]. Consequently, we may replace ElcqCar] = 02000 and Elcjcj] — 0?04 in Eq. (S8),
yielding

E[(K'K)] = 160" Z([Fa, Fp)'[F., F5]) = 0* 32N (N — 1)(N — 2)(1 — ¢3). O
B

In the limit N > k the expression above simplifies greatly. In particular, using 1 — ¢35 ~ 3k/(2N) and 0~2 ~ 4Nk,
Eq. (S5) becomes
PN PSP 3
E [([Ko, K0 (Ko, Ka))| ~ 5. (59)

This simple formula admits a higher-order generalization.

C. Higher-order moments of commutators

For two operators A and B, define the iterated commutators [A, Bl = B, and [A, Bl,41 = [4,[A, B],]. The
leading fixed-k moments of these commutators can be expressed in terms of constants C,,, defined as follows. Let
G(y) = >_,50 9gny" starting at go = 1 be the formal power series satisfying

(1+yG(y) +24°C'(y)) (2 - Gly) +yG(y)*) = L. (S10)
Define the formal power series:

2n

2n
D=3 9.7y, Ply.2) = m =Y > Pupty” (S11)

n>0 p=0 n>0p=0
Then we set

@ S

r=0 p=0

Lemma S3. Let Ko and K, be independent random Heisenberg couplings, normalized as in Lemma S1. For each
fixed n and fized k,

E [{ (Ko, Kl o, Kol )] = T2+ 0N, (513)

where C, is defined in Eq. (512).

The first values are Cy = 1 and C; = 3, so the case n = 1 recovers the large-N form of Lemma S2 (see Table I for
values of C,, up to n = 20). To prove Lemma S3, we first need the following;:

Lemma S4. Let ay,...,ap be a sequence of pairs of qubits whose union totals v < N qubits and with ¢ > 2 fized as
N — oco. Define the traceless transpositions Fy, .= F, — (Fy)I. Then

<ﬁm-.-ﬁa>tr<HL> -2), (S14)

where Lo, = (P, — 1), with P, the v X v permutation matriz associated with the transposition «, acting on the space of
v labels.
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7698
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4498622
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4199406588
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10(5671974937140
11(235911748619404
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16 |88328721495283696013796
17(5592824183754640556807628
18(376096726732217578613778896
19(26789128136617248915600755328
20]2016058168256938037502316523336

© 00 N O U W= O3S

TABLE I. Values of C,, as defined by Eq. (S12) up to n = 20.

Proof. Consider an arbitrary permutation © € Sy with support size s = |supp(7)| < ¢, and let F}; be the associated
unitary acting on P. The normalized character associated with the permutation = is
ks _
¢7‘r = <Fﬂ_>:1—ﬁ+0(N 2).
Indeed, this follows from elementary representation theory. Since k is even, the Young diagram associated with the
representation has two rows, (N — £, %) Denote [N] = {1,...,N}. Let m,, == [{SC[N]|[S|=n, =(S)C S}|
count the number of subsets of [N] of size n that are fixed by 7. By the Murnaghan—Nakayama rule

1
O = % (mk/z - mk/2—1) .

A subset of size n which is fixed by 7 either avoids supp(r), or contains an entire nontrivial cycle of . There are

(N n_s) options for the former, and since every nontrivial cycle has length at least 2, the latter contribution is O(N"~2).
Hence

N —s _ N —s _
miga = (M) HOOEA, gy = (577 ) + o,

k/2 k/2 -1
Since
= (2) = (2 )
k/2 k/2 -1
expanding in powers of 1/N gives
by =1— W +O(N72). (S15)

In particular, ¢ =1 — % + O(N~2) for a transposition. Now expand the product of traceless transpositions:

(Fay o Far) = 3 (—¢2)Z—A'¢<f[ m) ,

AC[f] acA
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where the arrow means that the product is taken in the original order. Using Eq. (S15),

(b(ﬁﬂaa) 1—— supp(Hﬂaa>
acA a€EA

(o = (o (1 MEADY L oy

Upon multiplying, using ZAg[z](_l)filAl =0, and ZAQ@](—l)Z*'A‘(K — |A]) =0, we get

.
supp ( 11 7@)
a€A

,2).

Also,

A Al _ k L—A|
<Foz1"'FOée>_ ﬁAcm( 1)

+O(N72).

Since [supp(7)| = tr(I — Pr) and P r, =[], Po, We get

<ﬁa1...ﬁw>:%u Z(_1)tz—\A\ﬁPaa +O(N™ tr(HL) ). O

ACY] acA

Now we prove Lemma S3. R
Proof of Lemma S3: The case n = 0 is the normalization E[(K?)] = 1 = Cy. We henceforth assume n > 1. We expand
the commutators using

~ N N\ Sn—a i P
[K07K1]n = Z(_l)a (a) KO KlKg‘.
By Hermiticity of XO, K, and cyclicity of the trace,

<[K0,K1] (Ko, K1l >: Z a+b< >(’;> <kg+bf<11%§”—a—bk1>

a,b=

;(4) (2”> (K3 RuRS L)

p

We now perform the average over the Gaussmn disorder. Note that, in terms of the traceless transpositions

F,=F, — (Fo)I, we can write K =2%, ca Fa, Where « runs over all unordered pairs of qubits and c(“ ) are
Gaussian random numbers with zero mean and variance ¢2. Then, we obtain

B (1 Al o )] = S () [ g

p

2n
2n - B
— 92n+2 Z(l)p<p) Z ZE{ ~(1) (1) H c 0)] < o Fay ngFa“ it ~~Fa2nFﬁ/>- (S16)
p=0 oL

S02n 3,87

By Wick’s theorem, the expectation reduces to contractions over pairings (here, pairings means pairings of the variables

a; or B, which themselves denote pairs of qubits), with covariances E[c&“ )c(’f )] = 025W'5aa',

2n
~(1) ~(1 ~ n
E[cycg) Hcgﬂ L S |
j=1 IE€Pair(2n) {i,j}€II

where Pair(2n) denotes the set of pairings of the labels {1,...,2n} (e.g., Pair(4) = {{{1,2} {3,4}},{{1,3},{2,4}},
{{1,4},{2,3}}}). Thus, Eq. (516) reduces to

E K[Ko,fﬁ] (Ko, K1l >} — (402" i_”:(_l)p <2n> Z Z <ﬁn,p(a;ﬁ)>, (S17)

p II€Pair(2n) o, B
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where

FHJD(O‘; B) = Fan(l) T Fan(zn ») FﬁFOén(zn p1) Fan(szﬁv (S18)
and TI(j) is the pair containing the label j € {1,...,2n}, and now each «, is labeled by a pair 7 € II, forming the
n-tuple o = (otr)rerr. The sum ) contains a sum over each a,, each running over the N, possible pairs of qubits.

For fixed II, o, B, we say that a label o is connected to 3 if there exist labels oy, , ..., ar, , with 74 = 7 € II, such
that SN ay, # @, and ar, Nag,,, #@ (1 <i<s). Thatis, 8 and a5, share a qubit, and also a, and a,,,, for
each 1 <i < s. Let

dis(a, B) = {m € II| i is not connected to S}. (S19)

We split the sum into the connected component of 5 and the rest, which contains some disconnected o :

Q=Y Z (Fup(a:9)), Dy= > > (Fuylp)  (520)

IIePair(2n) a, II€Pair(2n) «,3
dls(a,ﬂ) 2] dis(a, ) #2

E [ ([Ko, Kul}[Ko, Kila )| = (40%) ”“Z < ) (@Qp+Dy).

Claim 1 (Only the connected component contributes). We have

i(—np (2n>Dp = 0. (S21)

p

Proof. Define the functional X[-] acting on a function p — f(p) by

Note that the functions f,;,(p) = (%) (Q”b_p) with a,b > 0 and a + b < 2n are annihilated by this functional:

p=0 q=0 q

We now show that D, is a linear combination of the functions f, ;(p). Fix o, 8 and let s be the size of IT'\ dis(c, 3).
If dis(ex, B8) # &, then s < n. Moreover, if 7 € dis(ex, 8) and 7’ ¢ dis(a, 8), then

ar N = I, aNB =g,

because otherwise o, would also be connected to 5. Hence

[Fa,,Fa_,] =0, [Fo,, F3l =0 (m € dis(a, B), 7’ ¢ dis(a, B)). (523)

Write i3 < -+ < igs for the labels j € {1,...,2n} such that II(j) ¢ dis(e, 8), and write j; < -+ < jap_as for
the remaining labels, so II(j,) € dis(ex, 5). Suppose that exactly a of i1,...,495 are in {2n —p + 1,...,2n}, ie.,
Z-QS—a S 2n —p< Z.2s—a+1~

By Eq. (S23) we may perform the following commutation:

2s—a 2s
Fyo (HF) 0 fﬁ( I F) M | 5

q:jq<2n—p r=2s—a+1 q:jq>2n—p

() (%)
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2s—a 2s 2n—2s
= <H FaH(l‘r)) Fﬁ ( H FO‘H(i,«)) Flf < H Fan(jq)>,
—_—

r=1 r=2s—a+1 q=1
(%)X (+%)
and hence
2s—a 2s 2n—2s
<ﬁn4’(a; ﬁ)> - < ( H ﬁan(m)ﬁﬁ ( H ﬁan(im)ﬁﬁ ( H ﬁan(jq>>> = Ws.a,
r=1 r=2s—a+1 q=1
where the dependence of the right-hand side on p is now entirely through a. Thus, we can collect
n—1 2s
Dy = Z Z <ﬁH,p(a§ 5)> = Z Z Ws,ams,a,ps
MePair(2n) o8 5=0 a=0

dis(a,B) £
where m; 4, counts the possible choices for a and the upper limit s < n — 1 follows from dis(c, ) # @. Let us count
the possible choices for a. Recall that s = |II \ dis(e, )|, and suppose that exactly a of the 2s positions in the word
Frip(a, B) whose labels are not in dis(c, 8) occur to the right of the first Fj, i.e., among the last p positions. Then
the other 2s — a such positions occur to the left of Fz. The number of choices of these positions is then exactly
2n—
moap = () (Geig)-
Applying the functional ¥ we can then conclude

2n

n—1 2s n—1 2s
2n p\(2n—p
S ()0 = fon 3 W] = S 3wz o () (2 70)] <0
p=0 s=0 a=0 s=0 a=0
where we used a + (2s — a) = 2s < 2n to apply Eq. (S22) with b = 25 — a. O

Because of Claim 1, we obtain
2n
PN A 2n
B [({fo, K01 o, il = (a2 317 () @
p=0

The proof is complete once we prove the following.

Claim 2. For fized p,n, and k, with P, , and g, defined by Egs. (S10) and (S11),

1 —_ ) i -
Proof. We begin by applying Lemma S4 to @):
k -2
Qp = Z Z [2]\7 tr(LaH(n T LO‘H(ZTpr)LBLO‘H(Zn—p«Fl) T Lan(szﬁ) + O(N ) .
II€Pair(2n) a,
dis(ex,8)=2

Here the trace is taken over RV, where v counts the total number of qubits appearing in «, 3, each labeling a canonical
basis vector e;, and Ly; jy = (e; — e;)(e; — e;)7 = —(Py; 53 — I) (the sign cancels since the number of terms is even).

We now identify the terms that contribute at leading order in N. These terms are associated with maximal trees,
in the following sense. Let G(a, ) be the graph whose vertices are the qubits appearing in the pairs 5 and af,
and whose edges are those pairs. Let E be the number of distinct edges and v the number of distinct qubits in this
graph. Because we are summing only over configurations with dis(e, 8) = @, the graph G(a, ) is connected. Hence
v < E+ 1. Moreover E < n + 1: there are at most n distinct «, edges, plus the distinguished edge 3. Therefore
v < n+ 2. For a fixed graph using v distinct qubits, the number of embeddings into {1,..., N} is O(N"). Thus, the
leading order corresponds to graphs with the maximal v = n + 2, and hence £ = n + 1: a tree with n 4+ 1 edges. Since
(40)" T = et (1 + O(N 1)), we obtain

1
2\n+1 o —1
(407)"Qp = oNn+2n Z Z tr(Lan(n “Langn_p LsLon@n—pi) "'Lan(szﬁ) +O(N7),
TTE€Pair(2 «.B
€Pair(Zn) G(a,B) is a tree
[E(Q)|=n+1



13

where we summed the error term over the O(N"*2) leading tree configurations.

We now transform the sums over pairings IT and over pairs of qubits «, 8 into sums over trees and words. This
reduces the problem to counting such objects. Let us label qubits such that § = {0,1}, which we will take to be the
root of the tree. Denote by T, the set of trees on the vertex set {0,1,...,n + 1} which contain the distinguished edge
B. For T € T,, write E(T) \ {8} = {e1,...,en}, and let W(T') be the set of words w = w; - - - wa,, in the alphabet
E(T)\ {B} such that each non-root edge appears exactly twice. The data of a pairing IT € Pair(2n), together with an
assignment 7 — «, of distinct non-root edges to the n pairs 7w € II, is equivalent to such a word: the letter in position
j is the edge assigned to the pair II(j). Conversely, any word in which every edge appears exactly twice determines the
pairing by pairing the two positions occupied by the same edge.

The dependence on N now enters only through the choice of the n + 2 qubits supporting the maximal tree. We may

first choose this support, which gives ( +2) choices. Once the support is chosen, we simply have to select which pair of

qubits forms the distinguished edge 3, giving §(n + 2)(n + 1) more options. Therefore

> > t(Lang - Laneny LoLanen pin - Lanen Ls)
IT€Pair(2n) a3
G(a,B) is a tree
|E(G)|=n+1
N \(n+1)(n+2)
- (n + 2) Z Z : w2n pLBL’U}Qn,p+1 Tt Lulanﬂ) .
TETn weWw(T
Since (n+2) N2 4 O(N™t1)| we obtain
n A,
(40%)" T Q, = %;f’ +O(N™Y,
where we defined
Anp = 2 2n! Z Z o+ L,y LgLuwg, ey Ly, Lg) (S25)

TeT, weW(T)

which is independent of N. Thus, we have removed all the N dependence, and it simply remains to compute the
coefficients A4, ;.
To compute the coefficients A,, ,, we analyze the combinatorics in the space of trees. Write, for a word w = uy - - - up,
in edges of T\ {f},
L, =1L, ---L,,, Ly =1

Since Lg = (eg —e1)(eg — €1)7, if u = 1wy -+ wap_p and v = wap_p41 - - - Wap, then

App= 1 Z tr(Lu(eo —e1)(eo —e1)T Ly (eg — e1)(eo — el)T)

2;[7} Z ((60 - el)TLu(eo - 61)) ((60 — 61)TLU(60 — 61))
" TeT,
weW(T)

1
=50 Z (ed Lueo + €] Lyer) (e Lueo + €] Lyer)

TTET,
weW(T)

= % Z [(ed Lueo)(ed Lueo) + (ef Luer)(ef Lyer)] + % Z [(e§ Lueo)(e] Lyer) + (ef Luer)(ef Lyeo)] -

" TEeT, T TET,
weW(T) weW(T)

= Pnp (%)

Let us focus on (x). The factors e L,e, are zero unless the word u is supported on the side of the tree attached to
the vertex a of 8. Thus el L,eo vanishes unless u lies entirely on the O-side of 3, while e L, e; vanishes unless v lies
entirely on the 1-side. Hence the cross terms in (*) can be nonzero only when u and v lie on opposite sides of 3, which
forces p to be even. For even p = 2r, we can split into two separate contributions where u uses exactly the n — r edges
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on the 0 side of 3, and v uses exactly the r edges on the 1 side, weighted by the combinatorial factor (:f) To write
this in equations, let us denote by 'Tw(f) the set of rooted trees with m + 1 vertices, root a € {0,1}, and with vertex set

disjoint from the other endpoint of 8. For T € 7;5;1), W(T) denotes the set of words in the m edges of T, with each
edge appearing exactly twice, and define

Z > elLuea,  a€{0,1}. (S26)
TeT(“) weW(T)

Then

() =5 (){ Y Y L. eOH >y elLel}—Q <n>((n—r)!gnT)(r!gr):grgn,,.

To GT(0> weW(To) Ty 67’;1) veW(T1)

Therefore, we have shown

_ 9p/29n—pj2; D even,
App,=P,,+°7
P P {0, p odd.

It remains to show that P, , indeed satisfies Eq. (S11) and that G(y) = >_, <, gny™ satisfies Eq. (S10).
First observe that -

1 1
Fop = > (edLueo)(eg Loeo) = ] > (el Luer)(ef Lyer)
TeT® TeT"
weW(T) weW(T)

for u = wy -+ - Wap—p and vV = Wap_p41 - - - Wap, for any p. Note first that if n =0 or p =0, then trivially g, = P p.
Thus assume n #£ 0 and p # 0. We calculate by inserting a resolution of the identity egel =1

In = % Z Z egLuLveO

" TeT(® weW(T)
n+1

= Z ZZeOLemeLeo)

TeT(O) weW(T) z=0

n+1

= Z ZZeOLemeLeo)

TeT(O) wew(T) z=1

:pn,,,ﬁ S ()] T ) ) |

a+bin—1 T(O)w quW( )
atr=p-1 lvl=q

> > bizl (eI Lye,) (evael)]

T€T<1)w wweW(T) z=1
[v]=r

:Pn,p+% > (a“)[ > > (el Lueo) eOLeOH o> L, el}

a+b=n—1 TeT (0 w=uwweW(T) TGTb(l) weW(T)
atr=p-1 jvl=q

1 n!
= Pn,P + E Z 'b' (a’ P ,q) (b'gb)
" at+b=n—1
g+r=p—1

= Pn,p + Z Pa,ng~

at+b=n—1
q+r=p—1

The fourth equality is the only nontrivial step. It follows from the following decomposition. For the summand
(el Lyes) (el Lyeo) to be nonzero, the first edge on the path from 0 to x must be crossed once by u and once by wv.
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Removing this edge separates T' into a component containing 0, with a edges, and a component containing x, with b
edges, so a +b=mn—1. If ¢ and r are the numbers of letters of v lying in these two components, then ¢ +r=p —1,
since the removed edge also appears in v. The first component gives a!P, 4. For the second component, we relabel the

endpoint of the removed edge as 1, so the component becomes an element of 7;(1). Under this relabeling, the sum over

x becomes the resolution of the identity on this component with b+ 1 vertices, Zill eqzel = I, and gives blg,. Finally,

the multinomial coefficient (az 1) counts the choice of the two components and the separating edge.
Therefore, defining

2n 2
H(ya Z) = Z gny" Z ol and P(y, z) = Z z pmpzpyn’
nz0 p=0 n>0p=0
we obtain the relation

n 2n 2a 2b
H(y,z) = Z Z P p2Py" + Z Z Z P o2y = P(y,z) + Z Z Z Paggpz T 1yetorl

n>0 p=0 n>1p=1 a+b:n—% a,b>0 g=0 r—0

q+r=p—

2a 2b
=Py, 2)+2y | DD Pagz® | | DD a2"y" | = Ply,2) + 2yP(y, 2)H(y, 2) ,
a>0g=0 b>0 r=0

which implies Eq. (S11). Further, H(y,1) = P(y,1) + yP(y,1)H(y,1) and
H(y,1) =Y 2n+Dgny" = gay" +2y Y _ngny™ " = Gy) + /G (y).
n>0 n>0 n>1
So

__HuY Gl +2G ()
1+yH(y,1)  14+yG(y) +24°G'(y)

P(y,1)

From the above we get Eq. (S10):

1 = : = : =1- yiH(y’ Do yP(y,1)
L+yGy) +24°G"(y)  1+y(Gly) +29G'(y)) 1+yH(y,1) 1+yH(y,1) ’
=1-(Gy) —1-yG(y)*) =2 - G(y) +yG(y)*. 0

D. Moments of random chiral couplings

We can generalize the ensemble of 2-local RHCs to 3-local operators by replacing transpositions with 3-cycles. We
define a random chiral coupling (RCC) by

N ) 1
K = Z cijet (Flijoy — Flaepy) = 3 Z cijeoi- (o) X 0y), (S27)
i<j<t i<j<t

where o; = ()A(l,fﬁ,ZAz) and F(;jp) = FjjFj;. The second equality follows from Fj; = (I + oy - 0;)/2. We take
the coefficients to be independent centered Gaussians with variance o and choose o3 so that E[(K?)] = 1. Since
<(F(,L'j[) - F(Mj))2> = 2(¢3 — 1), by Eq. (S15) the normalization is

o3t = 2@[) (1—¢3) = MQV +O(N). (S28)

The commutator moments of RCCs obey a simpler formula than the corresponding moments of RHCs.

Lemma S5. Let Ko and K be independent RCCs defined as in Eq. (S27). For each fized n and fized k,

E [{ (Ko, Kal} (Ko, Kiln )] = Ck’(f) FONTY,  where OO = ﬁ (2:) <2::12). (529)
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Proof. We follow the proof of Lemma S3 step by step. Let a = {4, j, £} denote a triple of sites, and write
Fo=i(Fijoy— Furp),  Ku=) c¥F,

The commutator expansion is exactly the same one used to obtain Eq. (S16). Applying Wick’s theorem to the Gaussian
coefficients gives the same expression as Eq. (S17),

E [([Ko, K} [ Ko, Ki] >}_03”+2Z (?) 3 Z<Fn,p 8)). (S30)

II€Pair(2n) o,f

Here ﬁnyp is defined by the same word as in Eq. (S18), with 8 and the «,’s now triples.
The next step parallels Lemma S4. For a fixed word of triples, let L, be the finite permutation matrix i(P;;e) — Plicjy),

acting on the labels that appear in the word. Since each ﬁa is a difference of two permutations with coefficients
summing to zero, the proof of Lemma S4 applies without change: only the support size of the resulting permutation
enters the O(N 1) term. Therefore

~ ~ k
<Fa1 . -Fam> Lt (Lay - La, ) + O(N72). (S31)
2N

We use the definition of connectedness from Eq. (S19), with a, and 8 now triples. Equivalently, connectedness is
computed in the 3-uniform hypergraph where two triples are adjacent if they share at least one site. The disconnected
part of Eq. (S30) vanishes by the same argument as Claim 1. Indeed, disjoint triples commute, and after commuting
disconnected components to the end, the remaining dependence on p is again killed by the finite-difference identity
Eq. (522).

It remains to evaluate the terms in which the triples form a connected configuration. After applying Wick’s theorem
there are n triples from K, together with the distinguished triple 8 from K;. A connected 3-uniform hypergraph with
m hyperedges has at most 1 4 2m vertices, so here the number of vertices is at most 2n 4+ 3. Combining Eq. (S31)
with Eq. (S28) gives

k 2m
2n+2 _ —2n—4
0'3’” 2N = NS =+ O(N n )
Thus a connected configuration with v vertices contributes at order Nv~("*3) Only the maximal case v = 2n + 3
survives as N — co. These maximal connected configurations are loose hypertrees made of triples: connected collections
in which each added triple shares exactly one site with the previous collection and contributes two new sites.

We can now define the coefficient Aﬁf}, analogously to A, , in Eq. (S25). Fix 8 = {0,1,2}, which plays the role

of the root, and let T3 be the set of such loose hypertrees T' with V(T') = {0,1,...,2n 4+ 2} and 5 € E(T). For

Te 771(3), let W(T') be the set of words in the n hyperedges of T other than /3, with each such hyperedge appearing
exactly twice. Each term that survives at leading order uses 2n 4 3 distinct sites. Choosing these sites and then
choosing which three of them form 3 gives

( N )<2n+3> NIy

m+3)\ 3 6(2n)!
Combining this with the factor 2" / (k" N?n+3) above, one arrives at
Ag% = Z Z Uil o wzn ])LﬁLWQn—p+l e LanLﬁ) ) (832)

TeT(s) weW(T)

so that

2n
1 2n : _
B [{{fo. Kl o i) )] = o 31 (31) 4+ o).
p=0
We finally evaluate Ag;,. Write u = w1 -+ Wap—p and v = Wap_pi1 - Wap, and set L, = Ly, oo Ly, with the
analogous definition for L,. The matrix Lg has zero diagonal on the three vertices of 5 and satisfies (Lg)as(Lg)be = 1
for a # b. Therefore the only terms that survive in the trace have the form

tr(LyLpLyLg) = (eh Luea)(ef Lues),
a#b



17

with a,b € {0,1,2}. Since L, has no identity part, a diagonal element el L, e, based at a can be nonzero only when
the word u uses hyperedges entirely in the component attached to a after removing 8. Thus u must use one component
attached to 8, v must use a second one, and the third such component must be empty. In particular, p must be even.
For p = 2r, the two nonempty components have n — r and r hyperedges, respectively.

We define g(3) analogously to g, in Eq. (S26), but with the sum running over loose hypertrees made of triples,
rooted at one vertex, with m hyperedges. To compute g( ). consider a word that starts at the root and returns to it. If
the word is nonempty, let o be the hyperedge used to leave the root for the first time. Since L, has no identity part,
the next return to the root must use « again. Between these two uses, the word lies entirely in one of the two branches
beyond «, and after the return the remaining letters form an independent word rooted at the original vertex. Therefore,

for m > 1, 9(3) 2 ZG_H, m—1 gl(lg) g,() ) where the factor 2 chooses the branch beyond «. Thus the generating function
G(S)(y) = Zm>o 97(11)ym satisfies

GO(y) =1+ 29GP (y)?,

and hence g,(n) =2 —= +1 ( ) After summing over the choices of the two nonempty components attached to 5 and

over the partitions of labels away from f, the prefactor in Eq. (S32) accounts for the remaining combinatorial factors.
Thus

46) — a9 p=2r
P 0, p odd

Combining this with the alternating sum over p gives

o8 =3 ()2 =i Z T T T AT CHG) o

r=0

IV. MICROSCOPIC DERIVATION OF THE LINDBLAD EQUATION

We now give a heuristic derivation of the effective Lindblad equation

Ip N
o = Lelpl = =ilHier (), 0] =7 Y 5[5 [Su: /) (S33)

n=zy,z
To see why this equation should arise, recall the global Hamiltonian:

ﬁ(t) = ﬁKT(t) + eHgis I;[dis = kmgz + KySy + KZSZ. (834)

The matrices IA(x,f(y, K. are independent samples from a bath ensemble. In the main text we focus on random
Heisenberg couphngs here we also treat the Gaussian orthogonal ensemble (GOE). Recall that Hxr(t) and the
collective spins S only act on &, while each K only acts on P. To derive the Lindblad equation, we first rewrite
the total Hamlltoman in the form Hs + Hp + ng Although no bare bath Hamiltonian is present at first sight, an
effective bath Hamiltonian emerges after expanding around a localized spin-coherent state.

A. Effective bath Hamiltonian

When the system state is localized near the north pole (positive z direction) for large N, the state is an approximate
eigenstate of S, (with eigenvalue S), so the disorder Hamiltonian Hais naturally breaks up into two parts, an effective
bath term SK . and an interaction IA(x,SA'x + IA(y,SA'y, which is analogous (as N — 00) to the standard diffusion interaction
2B, + pB, for a free particle in flat phase space.

For a system initialized in a coherent state |€2) centered at Q = (€, Q,,€.) on the sphere, we can split the action
of a spin operator on this state as

SM ‘Q> = SQM ‘Q> + (Sﬂ - SQM) |Q> )
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where the norm of the second term is O(v/S), and is therefore small relative to the first one, which scales as S. This

suggests decomposing the disorder into e Hgis = s ® H7(;Q) + H‘(S%) where

HY =5 Y Q.K,
U=x,y,z

acts only on the permutation sector for any €2, and where

HSp = Y (8, —59,) ® K,..

p=,y,2

Thus, when acting on a state [¢) = |[Q2) g ® |¢)p, the disorder splits as e Hgss [¢) = s ® ng) [¥) + Hg},) [1).

We make a semiclassical approximation for the collective-spin dynamics: an initially coherent state remains localized
near a coherent state |Q(t)), whose center follows a classical trajectory on the sphere. This is exactly true in the case
of no system dynamics or only rotations of the sphere (we will study these cases in detail below), but we also expect it
to be approximately true in the limit of large S. For any specified classical trajectory €2(¢), we naturally extend the
above interaction and bath operators to be time-dependent:

HE(1) = HZD = sZ Qu HED(#) = HGE = 37(S, = SQu(t) @ K, (S35)
N

We move into the interaction picture with respect to Hs(t) + H7()Q)(t)7 and define

U (t) = Texp [—z/ at’ (Hs(t') @ Tp +1s @ Hy (¢ ))] = Us(t) ® USY ().
The interaction term in the interaction picture is, then,

HS () = U HSD (U (1) = & Z AS,( (1),

where

AS,(t) = US(6) (8, — SQu(0)Us(t), K, (t) = USVT () K,USY (1),

B. Dyson series

Having moved to the interaction picture, the full unitary dynamics are simply given by the Schrédinger equation
10psp(t) = [H‘(SP) (t), psp(t)], starting at psp(0) = psp(0). We integrate these dynamics in a Dyson series up to a
certain observation time T for which we ask about the empirical rate ~, which, as we will see, may in principle depend
onT.

T ~(Q T b ~(Q ~(@Q
psp(T) = psp(0) —i / dty [HSP (t1), sp(0)] - / dty / dty [HSR (t1), [HSR (t2), sp ()] + -+ . (S36)

We compare this to the leading change from the dissipative part of the Lindblad equation (S33) in the weak-decoherence
regime, 71" < 1:

7s(T) - Z / s (S, (5), 185 (5), ps(0)]] + O((1T)?), (837)

where

Su(s) = UL()SuUs(s),  Ps(t) = UL(t)ps()Us(b). (S38)

The rate v can be extracted by matching the second-order microscopic change to the coefficient multiplying the double
commutator in this weak-decoherence expansion. The higher-order terms in the Dyson series generate the O((yT)?)
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terms in Eq. (S37), so for the purposes of extracting v, we may truncate them. We then further approximate the bath
as initially being in an infinite-temperature state

psp(0) = ps(0) ® iITZ (539)

but do not invoke the Born approximation in the usual sense. X
By Eq. (S39), the first-order term vanishes after tracing over P, since (K,,) = 0. Thus, tracing out the bath yields

5s(T) — ps —trp/ dtl/ dts [H“’ N [H( ) (ta), p (0)®£If”
_—522/ dtl/tldtg trPQAS (1) ® Kulty), { L (t2) ® R (¢ )7p3(0)®];;”) (S40)
.3,

v

) [ [ Rt it (85,

:fgzz; /0 "t /0 "ty By (t1, t2) [@(tl), [§V(t2), pg(O)H, (S42)

H (S41)

where we introduced the bath correlation function
Bu(tr,t2) = (Ku(t) Ky (t2)) = (K, Up(t, t2) K, Ub (11, 62))

. t % A~ A
with Up(tl, tg) = T@_ZES ftzl ds Kq(s) and Kqg = ZU QoK.
We first study the case where there are no system dynamics, Hs = 0 (i.e., K = 0 = p in the kicked-top Hamiltonian).

C. Diffusion rate without system dynamics

In the case of no system dynamics, the trajectory Q(t) = Q is constant, so we can write
Bu(r1, ) = (K,e i) Ka g pilrn-m)Kay (543)

where we introduced the scaled time 7 := £St. Further, in this case Us(t) =1, so gﬂ(t) =S, is also constant and
ﬁS(T) - = 7727#11 |: ’ |: wPS(O)H (844)
where we introduced the directional rates

2e ST
Yur (T') S2T/ dﬁ/ dre By (11, 72) = 5 dr (1 — eSLT) B, (7). (S45)

In the last equality we substituted 7 = T — T2 and performed one of the integrals.
We now average over the disorder in K, to obtain an average prediction over the ensemble, remaining agnostic for

the moment as to whether the K « are RHCs or GOE operators. We compute

eST
E[y,.,(T)] = 2—55 /O dr (1 - ESLT) E[B,., (7). (S46)

Without loss of generality, take {2 = x. The correlators with p # v vanish, because they always contain a sole

average IE . [ K,] = 0. For instance,
E{By (7)) = E (e EJJfe ) =0 (547)
x ]

Further, for the direction parallel to €, namely p = v = x, the commutator vanishes [ﬁz, [Sm, ps(O)H = 0, so the
only relevant correlators are those in the transverse directions to Q, E[B,,| and E[B..]. These two have to be equal,
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FIG. S2. Ensemble-averaged bath correlator for random Heisenberg couplings By (7), constructed by computing Cy, up to
n = 2500 and truncating the rest of the Taylor series. The dashed line is a power-law decay ~ vk/7, i.e. ~ 771 with 7 := 7/V/k.

since the ensemble of matrices K u is isotropic, meaning that for any rotation matrix R, the matrix K L =3, RWIA( v
is distributed identically to K . (this follows directly from expanding the matrices as sums of transpositions with

Gaussian coefficients for the random Heisenberg couplings, and is also true if K  is sampled from random-matrix
ensembles, such as GOE). An additional average over rotations that leave {2 = x invariant would not change the result,
so E[By,(7)] = E[B..(7)]. The single relevant quantity is

H(T) = B (7)) = Elyy (T)] = G T(eST), (848)
where
J(1) = /_T dr’ (1 — |TT’|> B(r'), B(r) = E[(Koe*”f{l Koe”f“)], (S49)

with independent samples XO, K;. Next, we compute the integral J(7) when Ky and K, are RHCs and also when
they are sampled from the GOE, in the limit N — oo.

1. Correlator for random Heisenberg couplings

Expanding in nested commutators and using Lemma S3 gives:

B ) N e B B iR 0 n.2n ) R . R . 0 -1 n,r2n Cn
Bifuc(r) = Jim E[(Koe " Koe )] = 3 VT v m((i,, £, K1) = Y0 5
n=0 n=0

(=1)"r
(2n)]  N—oo (2n)! kn’ (850)

where C), are defined in terms of a recursive expression (S12). Performing the integral yields

Tiwe(r) = [ Tar (12T B =3 o UG e (s51)
RHC _ r ) RHC (2n)!km(1 + 3n + 2n2) '
T n=0
We show a plot of BgS;(7) up to the value 7 := 7/vk ~ 30 in Fig. S2. Up to the accessible times 7 ~ 30, B
appears to have a power-law tail ~ 7~!. However, a preliminary asymptotic analysis for much later times (not shown)
suggests instead ~ (7y/log7)~!. In any case, such a tail implies a logarithmic-type divergence for J& (7). As we will
see below, this slow divergence will not prevent Markovianity of the bath once the system Hamiltonian is turned on.

2. Correlator for GOE matrices

In the case of GOE matrices, we can compute the correlator using free probability [S18]. Averages of products
involving different GOE matrices simplify much like products of independent random variables, provided one keeps the
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operator ordering. Concretely, it allows us to decompose:

B&p(r) = lim E[(Kee ™81 Koe'™ )] = lim E[(K2)] E[(e 51 E[(e"K1)] = (‘W) , (S52)

N—o00 N—o00 T

where J;(7) is the Bessel function of the first kind of order j, and we used limy_ oo E[(e”f{)] = J1(27)/7. Integrating
yields

Teoe(r) = |

—T

T

dr’ (1 — |TT/|> B&op(T) = 3%[(3 +167%)J5(27)% — 87.Jo(27)J1(27) + (1 + 167%).J1(27)* — 3]. (S53)

3. Correlator for random chiral couplings

The 2-local RHC ensemble can be generalized to the 3-local random chiral couplings (RCCs) introduced in Sec. IIID.
We do not use RCCs in our numerical analysis, but their correlator is a useful comparison point: interestingly, it takes
a much simpler form than the RHC correlator, closer to what we found for GOE matrices.

Expanding in nested commutators as in the RHC case and using Lemma S5 gives

200 : - —itKy f itk = (_l)nTQn 07(73)
BRee(r) = lim E[{(Koe™ ™" Koe'™)] = ZW e

n=0

(S54)

where 07(13) is given by Eq. (S29). In this case the series can be summed explicitly. To see this, use the Taylor series

_1)mm2m

Comparing coefficients with Eq. (S29), one sees that the square of this Taylor series reproduces Eq. (S54) after setting

x =+/2/kT. Thus

- I (2v/27k7) i AT
BRee(r) = W = Bgog =7 (S55)

where in the last equality we used Eq. (S52). Therefore the integrated correlator in this case is the same as for GOE,
but with a rescaling;:

. Fo. (2
Jrec(T) = 3 JGOE( kT> : (S56)

Thus, unlike the RHC correlator in Fig. S2, the RCC correlator has the same integrable tail as the GOE correlator.
This suggests that the logarithmic-type divergence found for RHCs is special to the 2-local couplings.

D. Diffusion rate with system dynamics

Fig. S3 shows an empirical rate (7') obtained by fitting a time-dependent instantaneous rate to the trajectory of the
reduced density matrix and minimizing the trace distance to multiple disorder realizations. The prediction J>°(T'Se) g
agrees well with v(T") for both GOE and RHCs in the case of no system dynamics. However, in the presence of a
system Hamiltonian (either the full kicked top or only kicks), the empirical rate v(T') flattens and plateaus near
J>*(T.Se) g, for some T,. To understand this effect, consider a single kick at time 7, = 1 with p = /2, without the
nonlinear term (k = 0) in the kicked-top Hamiltonian. We will explain that, after the kick, v(7") becomes independent
of the observation time T'. It takes exactly the same form as the case with no dynamics, but with T replaced by T:

v =~(T,) = %J(EST*). (S57)

This can be proven rigorously upon averaging for GOE random matrices K u, using free probability. We only prove the
statement considering the immediate effect of a single kick, but a similar statement can be made for later times.
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(@) GOE (b) RHC
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0.06 //”—_ . 012 == .
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5 / A ‘ ‘ ‘ Only kicks
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FIG. S3. Time-dependent rates extracted from exact disorder-sampled dynamics. For each bath ensemble we sample M
independent realizations of (K, Ky, K.), evolve the corresponding global states |¢)(”(£)), and form p(l)( t) = trp ¢V (t). We then
evolve a single reduced density matrix p~(t) with the same system dynamics and a piecewise-constant instantaneous Lindblad
rate Yinst (£). At each time step, Yinst(t) is chosen to minimize the trace distance to all samples M~ > 1 Hp(z)(t) —p @)
The plotted quantity is the cumulative rate v(T) = T+ fo dt7yinst (t). Panel (a) shows GOE bath operators (N = 150, M = 10),
with a resulting average trace distance ~ 0.02, While panel (b) shows random Heisenberg couplings (RHC) with average trace
distance ~ 0.07 (N = 200, M = 20). In each panel we compare no system dynamics (x = 0,p = 0), kicks only (x = 0,p = 7/2),
and full kicked-top dynamics (k = 4.2,p = 7/2). The dashed blue curve J is the prediction obtained from the bath correlator in
the absence of system dynamics. The dotted vertical lines indicate the effective cutoff times selected by the only-kicks and
full-dynamics curves (k =4, 6p = 0.5, po = 1.1).

Proposition S1. Let K,, K,, K. be independent GOE matrices in P with E[(Kﬁ)] =1. Fork =0, p=m/2, and
k > 4, consider the initial state p(0) = |Q(0)XQ(0)| with Q(0) = x, and a single kick applied at time T, = 1. At the
observation time T = 2T, i.e. right before the next kick would occur, the empirical ensemble-averaged rate satisfies
Ely(T)] = EN(TV)]:

E[y(T)] 2

E[Eq. (S42)] = — ds [§M(s), [S*#(s), pg(O)” + 0(512) , (S58)

H=ZT,Y,2 0

Proof. We split the double integral in Eq. (S42) into cases depending on whether ¢1,t5 are larger or smaller than T:

T, 2T, t1 2T, T
(842 / dty / dtQ = / dty / dtg +/ dty / dts ( .- ) +/ dty / dio ( .- ) . (859)
T, T, T 0

Ii: tq,t2<T Io:  t1,t2>T. I3:  to<T.<t;

The first two integrals I; and I» encompass the cases when t; and ¢, are not separated by the kick and take the same
form as the equation with no system dynamics. The last integral I3, in which ¢; and o are separated by a kick, gives a
vanishing contribution proportional to 1/52. To compute these integrals, recall that the only terms that contribute to
the dephasing correspond to the directions perpendicular to Q(t). These are:
Q) == = Qri1=vy, Q1 2=2 (t <Ty) (S60)
Q(t) =y - QJ_J =z, QJ_72 =2z, (t > T*) (861)

Let us compute the three integrals:

I, : This integral is exactly the same as the one we already performed in the case without dynamics, where the
transverse directions to Q(t < T,) = x are y and z, and the bath evolution is simply Up (7, 7) = e~ H 117720 Kz
giving

1= 1.2 (8, [8,00)] | - 1. 2[5, [32. p50)] ] (S62)
with 7. = E[y(T})].

I, : Here, the center of the coherent state has been rotated to Q(t) = y, so the transverse directions are z and z.
Thus, in the interaction picture,

B =-T.2 [3:09). [3:5). p5 )] = T2 % [809). [:5). s 0)] (63)
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1.2 (5, (8, ps0)]] = 1.2 (8., (5., ps(0) T, < s < 2T (S64)
* 9 ys [Py PS * 9 2y [Pz PS ’ * *9
yielding the same result as I;.
I5 : The bath evolution from ¢5 to ¢1 is Up(t1,t2) = e~ Ky e*mf(w, where we have introduced shifted scaled times

71 =eS(t; — Ti) and 72 = eS(Tx — t2). Expanding I3 and changing variables gives four terms, corresponding to
the pairs of possible transverse directions before and after the kick:

1 EST*

52

eST, _ _ _ _
dﬁ/o de( 22(71,72)[S2 (1), [S= (t2), ps (0)]] + B2 (71, 72)[S= (1), [S=(t2), ps(0)]] - (565)

Iy = —

+ By (11, 72)[Su(t1), [Sy (t2), ps (0)]] + By (11, 72)[S: (1), [§y(t2),pg(0)]]>.
(S66)

The zz and zy correlators vanish because they contain a single K », which averages to zero (since K, does

not appear in the evolution operator). The remaining terms can be computed using free probability, up to
O(dp') = O(1/S?) corrections:

B..(r1,72) =E [([A(Zefiﬁkyefi“krf(ze”?kze”lky>}
=Bt ) [ B[ [ B[ [ B[] = Boon(n)Bao(r). (367)

The resulting integral is bounded independently of S,
eST. eST. eST, 2 eST. 2\ 2 0o 2\ 2 2
* * * * 2 2
/ dTl/ A7y B..(11,72) = (/ dTBGOE(T)> = (/ dr (Jl( T)> ) < (/ dr <J1( T)) > = <8> .
0 0 0 T 0 T 37

The same analysis applies to B,:

v T B(Rye )]

Bwy(Tla 7_2) _ E|:<f(we—i71f(ye—i‘rzf(zkyeimf(meinf(y>:| -9 E[<e—i‘r1f(y>] E[<6172RT>] E[<
. d . d
=2B15(m1)B1/2(72) <2d7_2B1/2(7-2)> <—ZdﬁBl/2(ﬁ)> , (569)

where we used E[(Xe™ )] =i L E[(e~""X)] and B »(7) := E[(e”kﬂ = Jy(27)/7. Integrating by parts gives
the same O(1) bound, using B 2(7)? = Bgog(r). With the overall prefactor 1/52, this gives I3 = O(1/5?),
completing the proof of Eq. (S58). O

As confirmed by the numerics in Fig. S3, in the kick-only dynamics, v(T") becomes time independent exactly at the
first kick time, T = 1. When the nonlinear term is also included, v(7T') instead deviates smoothly from the integrated
correlator and plateaus near &.J(eST.), with a slightly smaller fitted value T} =~ 0.6 for the parameters used here. The
parameter T} is simply a characteristic timescale of the system dynamics. We remark that its precise value is not
necessary to predict the effective rate v in the thermodynamic limit, as the relative error between J>(¢7,S) and
J>® (T S) for constant T, and T! vanishes in the limit N — oo for both the correlators of RHCs and GOE. In both
Fig. 2 of the main text (RHCs) and Fig. S4 (GOE) we find excellent agreement between the predicted rate of Eq. (S57)
and the empirical value from numerics, across a wide range of system sizes and disorder strengths .

E. Intuition

To understand how stronger system dynamics can reduce the effective bath-induced decoherence, we can get intuition
from a simplified model closely related to the Coleman-Hepp model [S19]. Consider a system spin moving through
a one-dimensional bath of spins with spatial density x, where the two states of the system spin generate opposite
local magnetic fields on each bath spin. If the system moves with speed v and the field profile has integrated strength
G = [ g(u) du, then each bath spin is only rotated by an angle G/v, so the overlap of the two conditional bath states
is cos(G/v). Since the system encounters yv bath spins per unit time, the system’s coherence decays at rate

XG?

I'(v) = —xvlog|cos(G/v)| ~ =—

o (S70)
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FIG. S4. Effective Lindblad dynamics for couplings sampled from GOE. (a) Optimized rate v obtained by minimizing average
trace distance A to exact quantum dynamics, with the permutation-sector couplings K » sampled from the GOE. The dashed
line is £JGor(eST), [see Eq. (S53)]. The vertical axis is scaled by S and the horizontal axis by S, which collapses all curves.

(b) Trace distance of the optimization. Axes are scaled by v/N. All plots are averaged over 20 random-matrix realizations
(k=4,k=42,p=7/2,60 =0.5, po = 1.1).

for G/v < 1. Thus faster system motion increases the number of bath spins sampled per unit time but decreases the
distinguishability imprinted on each one more strongly, making the net decoherence rate smaller.

In the present model, the analogous role is played by the system Hamiltonian itself: rapid motion of the collective
spin changes the interaction-picture system operators and cuts off the effective memory integral, preventing the
Markov-limit rate from diverging even when the static bath correlator has a slowly decaying tail. This effect is
reminiscent of dynamical decoupling [S20], Zeno-bang-bang effects [S21], and open-system motional narrowing [S22].

V. DETAILED PROOF OF THEOREM 1

Here we provide a more detailed proof of Theorem 1 in the main text. We recall the basic notation. We denote by

Q = |QXQ| a spin coherent-state projector and use the measure dQ) = 251 gin 6 df de. We write S, (Q) = SQ,, and

use the Poisson bracket {f, g} =5 - (g—g X %) , which satisfies {S,,,S,} =D, €uaSx-

The following Lemma serves as a dictionary to transform commutators in the operator picture to Poisson brackets
in the phase space picture.

Lemma S6 (Dictionary from commutators to Poisson brackets). Let p = [ dQ P(Q)Q. Then

—i[S,, p] = /dQ{SM,P}Q, (S71)

(80180l = [ A (S, {50 P, (s72)

i8] = / 0 {S,%,P}+%ZEW{SM,{SV,SAP}} Q. (S73)
(20N

Proof. The commutator —i[S,,, -] generates rotations of coherent-state projectors about the p axis, while the Poisson
bracket {5, -} generates the corresponding classical rotation on the sphere. Then, integration by parts gives the
equality

i / 40 F(Q)[5,, 9] = / d0{S,, F}Q, (S74)

for any smooth function F(£2). Equation (S71) follows by picking F' = P. Now, for Eq. (S72) note that

L BB l) = i [Suo=il801] = =i |3, [ @25, IO =i [ @015, PHS,. 00 = [ an (s, 15, PHO,
(S75)
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where in the last equality we used F' = {S,, P} in Eq. (S74). We finally derive the identity for the quadratic term. For
this, we show

S0+ 08, = 25,0~ = €uaSalS,, Q). (S76)

Indeed, by rotational invariance, it is enough to check Eq. (S76) at the north pole 2 = |S, S)(S, S|. Using 542 = 0 and
25_ =0, one obtains

8.2+ 28, = —i[S,, 2], S,z 4 28, = i[S4, 2], 8.2+ 28, =28z (S77)
It follows that

[S;Qu Q= mSuQ + QS’/L] = QSM[Swm sl ZEHMSX[SW [gqu]] (S78)
(70N

Using Eq. (S74) with F' = 25, P gives

—i / dQ2S,P[S,, Q) = / a0 {s,,25,P}0 = / dQ{sz, P}Q. (S79)
For the remaining terms, note that in general
/dQF[SM, 18, 0] = —/dQ{SM,{Sl,,F}}Q, (S80)
so taking F' = S, P gives
-5/ ALY 18 150, = s/ A0 (5 (551711 (ss1)
Combining Egs. (S79) and (S81) gives Eq. (S73). O

To prove Theorem 1, we apply Lemma S6 to the terms in the Lindblad equation (S33), for p = [ dQ P(Q)Q, giving
1 = v R

JaaSla= [ [ SPY+ g D oS (S0 P +p D0 - {82 P45 ERERIIL

(S82)

This equation is satisfied whenever the coefficients in the integrands are equal, yielding an equation for P. Note that

3 ok (S0 SPYY = (52 P+ 3 ol SuH S P+ 3 oS48, 80, P

WV

f{sg, P} + Z €ouSu{Se, {Su, P}}

WV

Se. Py + 5 Zéauu v ({So {Sus Py} + {8, {So, P} + {50, Su}, P})
Se. Py + 5 ZEUW ({So:{Su, Pt} +{Su, {55, P}})

= Z{Sga P} + 5 Z (5aueou)\ + 6aueau)\) S)\{S;u {Sua P}},

MoV A

where the first equality is the product rule and {S,,S,} = >, €2Sx, the second uses the contraction of two
Levi-Civita symbols, together with {S? + 55 + 82, P} = 0, and the third equality is a symmetrization using the Jacobi
identity. Then, the equation for P becomes

oP & 5 9 =
5 T 2511 (1"'45) {SwP}—i—pZ(S(t—n){SZ?P} +

n=1
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K g
+ m ;}\ (5m,u€muA + 5my€mu>\) S)\{S/u {Sua P}} + 5 ;{S/u {S/u P}}

= {Hcr (), P+ 5 30 A8, 15, PY),

where ﬁKT(t) = (35 + 35)S2+p> o, 6(t —n)S., with ¢ = k/(S(25 + 1)) and

v S, —cSy
A/Ll/ = ’Y(SHV +c Z (5I[L€Il/>\ + 5mu€zuk) S)\ = CSz Y 0 )
A -cSy 0 V)

whose eigenvalues are v,y £ ¢, /52 + 52, which are positive if v > [c[S, as stated in Theorem 1.

VI. CLASSICALITY FOR ~ > O(S~*/?) WITH NOT-TOO-SQUEEZED STATES

In this section, we extend Theorem 1 of the main text to general Hamiltonians and weaker noise by allowing mixtures
of squeezed spin states. Following the ideas of Refs. [S6, S23], which study flat phase space, we prove an approximation
by mixtures of not-too-squeezed (NTS) states.

Let |©2) be the spin coherent state centered at 2 € S%. Choose a unit vector u L Q, set v =  x u, and write

Sa =32, auSy for the spin along an axis a. We use the two-awis-countertwisted squeezed states [S24]

ilog( , A 4 A A
1S (SuSy + SuSu)| |£2),

|Q;0) =exp Cluu + vaT) . (S83)

7= 55
Here € is the center about which squeezing is applied, and { > 1 controls its strength, with ¢ = 1 giving a coherent
state. At leading order, u is the squeezed axis and v the broadened axis: o approximates the tangent covariance of the
normalized spin S/S, with curvature corrections O(S~?) at fixed . For (max > 1, we consider the set NTS  of
labels (2, 0) such that 1 < ¢ < (nax-

Consider a collective-spin Hamiltonian of the form

~ Ka,b,c t Sa &b S
Hit)y= Y 75(&*; +E _)1 Sym(S825552), (S84)
a,b,c>0

where the coefficients kg p .(t) are real and Sym averages over all orderings of the spin factors.* Consider the Lindblad
generator with isotropic noise with rate v > 0,

Lilp) = =ilH®).p) = 5 Y 1SS0l (885)

Theorem S1 (Approximation by mixtures of NTS states). Consider an initial coherent state p(0) = |Q0){(Q0|, suppose
v > KS™*3 and set (max = max{1, K/(Sv)}. Then for all times t > 0 there is a normalized, nonnegative probability
distribution p,(Q, ), supported on NTS, ., such that

At) = /N _ a0don(@.0)R0)(0s0], lo(t) — AE)], < rt. (386)
TS¢max

with an error rate r = 100(K + K3) max{S~2 K3/28=2~=3/2} "which is small when ~ > O(S~*/3).

Here the constants K and K3 are assumed to be finite, and given by

K = § sup P\max(A(t’ Q) — )‘min(A<t7 Q))L K3 = Sltlp Z n(n - 1)(” - 2) Z "fa,b,c(t)‘v (887)

2
.82 n=3 a+b+c=n
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82th Zatht

At =51 50,00, 002

W) = Y Kapo(t)QUQLQL.

a,b,c>0

Here the components €2, are treated as independent when differentiating h. The quantities Ayax and Apin are the
largest and smallest eigenvalues of the real symmetric 3 x 3 matrix A(¢,€2). The integral over NTS . is defined in
terms of the measure do = d¢ dp /7, where ¢ € [0, ) is the angle of w in the plane tangent to the sphere at 2. For the
kicked top of the main text, K = S|x|/(25 4+ 1) and K5 = 0.

As will be apparent below, the evolution of p;(§2, o) constructed in the proof has a direct classical interpretation:
the motion of the centers 2 and deformation of the covariances o of the squeezed states follow the dynamics of the
classical Hamiltonian h(€2,t), with an added diffusion term, resulting in the emergence of classical Fokker—Planck
dynamics. A precise statement capturing this can be phrased as is done in Refs. [S23, S25] for flat phase space (we do
not present it here).

Proof of Theorem S1. Our proof follows the same construction as Ref. [S6]. We perform a local quadratic approximation,
which we use to construct a distribution over the space of labels (€, o) so that the corresponding mixture approximately
follows the quantum evolution.

At each center 2, we use the quadratic Taylor approximation

ath)(SN_SQ )+i 9°h(9,1)

HY = Sh(Q,t) +Z 15 2 50,00,

(S, — S9.)(Sy — SQ) + (Sy — SQ) (S, — 592,.)].
(S88)

Up to a scalar, this has the quadratic form H =, bu S, +1 Zu L A (8,8, +5,8,), with A from Eq. (S87) and

bu(t,Q) = ah(Q t) ->., % gﬂh (ngt) The leading-order Hamiltonian motion changes the variables 2 and o as:

dQ = (w x Q) dt, do=[wx o+ (wxo) +Bo+oB]dt. (Only Hamiltonian) (S89)

Here w x 0 means taking the cross product with each column of o, and the angular velocity w and the symmetric
stretching matrix B are

wy=0b,+8 Z A+ gAQQQH7 B =SAu,(uu’ —ovv') + g(Am, — Ay) (v 4+ vul), (S90)

where Ag = o au Ay (t,Q)b,. All coefficients are evaluated at the current center 2. Along the squeezed axis, the
variance changes at rate do,/dt = 2B,,0u, = Ay /C. Since S|A,,| < K, this rate can be as negative as —K/(5¢) in
the worst case. At ( = (max, such a contraction could take the squeezed state outside the NT'S set.

We leverage the noise to counteract such a contraction. It spreads the centers of the squeezed states through
random rotations, adding tangent covariance at rate ¥§2,, with Q; = I — QQT. Thus v > K/(S(max) provides enough
broadening to counteract the squeezing. We divide the non-rotational covariance change as follows:

K 4S%%-Q,
SCmax ]-*Cn_lgx '

Bo + 0B+ Q1 = Yshape + Zaiff, Yaif = YL + (S91)

The matrix Xq4ig is the full tangent covariance rate from center diffusion; Ygnape, determined by the first equality, is
the rate of change of each state’s squeezing matrix at fixed Q. This is analogous to Egs. (D.9)—(D.11) of Ref. [S6].

To describe the resulting motion, we introduce some notation: 9/96,, will mean differentiation under a rotation of Q
and o about the Cartesian y axis, that is, for any function F' on NTS¢ __,

OF d

57 = q" RO B0 R O)T)

(S92)

0=0

The expression » N,V(Zshape) wOF /00, similarly means the derivative at fixed Q when the squeezing matrix changes
at rate Xghape, along the family in Eq. (S83). We define the classical evolution on the set NTS¢, by specifying the
following generator, acting on a function F(Q, o).

O*F

| oF
L(c) Zw# + Z shnpe ,uV + Z ny Q, + (Zdlﬁ')vvu'aulj + (Ediff)uuvluﬂy] m
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The three terms in this equation rotate the squeezed state, change its squeezing parameter, and add random rotations,
respectively. The three terms in the square brackets describe random rotations about 2, u, and v, with rates -,
(Zaift)vw, and (Xqif )uw, respectively. Rotation about € turns the squeezing axes without moving the center. The
diffusion rates along u and v are exchanged because rotation about u displaces the center along v, and conversely. The

evolution of a distribution is then simply & [p,F = fptE,ECl) [F]. For a squeezed state pq , = |$2;0)(€; 0|, the action
L’,ECI) [p,o] differentiates its dependence on Q, o, entry by entry in a fixed spin basis: it is not a quantum superoperator
acting on the density matrix. Our main technical result is that the evolution given by £§Cl) remains close to the actual
Lindblad evolution by L;.

Lemma S7. If v > K/(SCmax) and 1 < (nax < S1/3,
100(K + K3)Coa

‘ 1T VS

We prove Lemma S7 below, but first use it to finish the proof of Theorem S1. With (pnax = max{1, K/(Sv)}, the
hypotheses of Lemma S7 hold: v > K/(SCmax) by construction, and (pax < S/ is equivalent to v > K.S~%3. Evolve
the initial delta distribution at (o, (0)1/(25)) with the label dynamics above. The corresponding mixture obeys

Lilpa.s] — £ [pa.0]

(S93)

ﬁz [ dQdo p (9, U)EECI) [pa.0]- Let Ny s be the quantum propagator from time s to ¢. To accumulate the local errors,
differentiate the proposed mixture after propagating it from s to the final time: <L (N 4[5(s)]) = Ny [p(s) — Ls[p(s)]]-
Integrating from s = 0 to s = t, and using p(0) = p(0), gives Duhamel’s formula,

=) = [ N [£05) = )] . (S94)

Thus the final error is the accumulated local mismatch, propagated by the quantum evolution. Trace-norm contractivity
and the positivity and normalization of ps give

100(K + K3)C2
VS
which proves Eq. (S86). O

t
Iote) = o)l < [ ds [ a0do (@ o) Ldpnal - £ pnl|, < b=rt (305)
0

To prove Lemma S7, we require the following two intermediate lemmas.

Lemma S8 (Bounds on spin operators acting on squeezed states). Define the operator a¢ = (S +i¢18, )/V'S. For
the squeezed states in Eq. (S83) and k an integer, the following bounds hold:

H(s - S*Q)’f/2|§z;a>H < /2k— DI (CM? — 1), k> 1, (S96)
H(s+ 1 Sg)k/2a<|Q;U>H <@ ; M (¢ - ”SC(H)/?, k>0, (S97)
H(S@ —50- Q)k|Q;a>H < 2k /(2k — 1)1 (S¢)H/2, k>1, ©cs (S98)
Proof. In the basis (S — Sq)|m) = m|m),
i(SuSy + 80Su)  (Su+15,)? — (Su —i5,)?
48 B 89 ’
) Au Av Av Au S - S - -

’<m+2‘z(5 54455 S )|m>‘ _ \/(m+1)(m+2)(25 m)(2S —m — 1) - \/(m+1)(m+2) - mIQ' (599)

From Eq. (S99), for £ > 1 and any vector |¢),

[TT 5+ 21— 1 S, Lot S8

5 ) .
<= Z (m +2)| m|¢)<w\m+2>|[Hj=1(m+2j+1)—szl(m+2j—1)}
2S5

I /\

2 N
5 ko) PIL_ om+2i -0 (5 D) <kl [ (S+2i—1-Sa)lu). (S100)
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The second inequality in Eq. (S100) uses 2|ab| < |a|? + |b|?. Integrating Eq. (S100) gives, for 1 < ¢’ < ¢,

[T (5425 —1— )] e sy < (2')'“/2“ T s +2i—1-5)]
H[ S +2j —1—59)}1/2|Q;0>H < 2k — D)k, (S101)

For k = 0, the first inequality in Eq. (S101) is an equality, with an empty product.
For k > 2, Eq. (S96) follows by integration from the coherent state, writing ¢’ for the covariance matrix with
squeezing ('

[(S = Sa)k/2, 8,8, + 5,5.]| )

H(S - %)k/ﬂﬂ;a)” < /f fgi,

¢ dC’
: 2/ &
(2k — 1)1 /C ¢RI AC = /(26 — D)1 (¢F2 —1). (S102)

1

The second inequality in Eq. (S102) uses Eq. (S99) and (m + 2)*/2 — mF/2 < k(m + 2)¥/271; the last uses Eq. (S101).
For k = 1, Cauchy—Schwarz gives

I (s +2—1-50)] o)

O 0/(S — 8)|% o) = _Re(Q;ol(Suzg i5,)2|Q; o) < [(Q;a|(S — 80)|Q;0) (1 + (2 0](S — SQ)‘Q;U»} 1/2’
|5 = 8a)2i050)]| < \@%_W SV (5103)

where the last line of Eq. (S103) integrates its first line from ¢ = 1. This proves Eq. (S96).
To prove Eq. (S97), direct differentiation gives
i(SuSy + SuS.)
28

al(S = Sq) + (S — So)al "

200, (a¢|9 0)) = [ - 1}ag|sz;a> + 55 o). (S104)

To bound the last term in Eq. (S104), we first compute the nonzero matrix elements of Se in the basis (S — Sq)|m) =
m|m),

[(m|(Se — SO - Q)|m)| = [© - Q|m, [(m + 1|Se|m)| = WA CD @ i V(m+1)(25 —m), (S105)

which are also used below. We then use

v 1—=¢7V S, +iS,  1+(¢' S, —iS,

k _ k , k+3 _
m(2m —1)? szl(m +2j —2) < 2(m +1)(2m + 1)? szl(m +2j) <8 szl (m+2j —1). (S107)
Egs. (5105), (S106), and (S107), together with convexity of the squared norm, give
k MNELTY . o ot 2
| [Hj: (S+2j—1- SQ)} [l (S — Sa) + (S — Sa)al] 2 0")
8(Q o |H S+2j —1—80)[07) < 8(2k + 5N ¢RI, (S108)

The last inequality in Eq. (S108) uses Eq. (5101). Finally, a;|Q) = 0 and Egs. (S101), (S104), and (S108) give

H(S +1— 80)"%ac|0; J>H

IN

H[ S+2]—1—SQ)} a<|Q;a>H

(2k+5) ¢l 1)/2/ ¢ac = (2k§5)n (¢? - 129((1@_1)/27

IA

1
S
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which proves Eq. (S97).
Equations (S98) and (S105) give, for every integer k > 0 and any vector |t)),

H[ (S+e- SQ)T/Q(S'@—SG-Q)W H
<r(\@ Q|+mm Y- s0)] )|
<2\fH[ S 0 SQ} |¢>H. (S109)

The first inequality in Eq. (S109) applies Eq. (S105) to the two off-diagonals and the diagonal separately, using
m? < 28(m + 1); the second is Cauchy—Schwarz. Iterating Eq. (S109) k times and applying Eq. (S101) gives

H(s@ — 50000 H < ngWH[ (S+e- SQ)}1/2|Q;U>H

1/2

< 2’“5’“/2” { (S+20-1-50)] |Q;0>H < 2% /(2k — I (S¢)*/2,
which proves Eq. (S98). O
Lemma S9 (Taylor remainder). For the Hamiltonian in Eq. (S84) and its quadratic approzimation in Eq. (S88),

100K5¢3/2
NS

Proof. By Theorem 5.1 of Ref. [S26], any monomial of degree n = a + b + ¢ admits a finite real decomposition of the
following form:

H_Z[ﬁ - ﬁK(ZQ)apQA,G} 1 < (8110)

T ij(@gj)m + @éj)y +0eWn, 0w es? Z |w;| < 1. (S111)
- .

For n > 3, let f,(s,y) denote the second-order Taylor remainder of s about y, for which Taylor’s theorem gives

fa(s,y) =" —y" —ny" s —y) — tn(n — 1)y"?(s — y)?,

fuls,y) < M= =2)

| 3
6

Symmetric ordering preserves Eq. (S111) as an operator identity, giving Sym(SgSgsg) =2 wj§g<j). Eqs. (S84)
and (S88) give

H-H0S = SZ D Fapelt ijfn(so“) 0. q), (S113)

n=3 a+b+c=n

where ©0) and w; depend on (a,b, c). Therefore

~

| il - A, poc]

2@ - a0

<QSZ Z |Kab,c(t |Z|wj|

n=3 a+b+c=n

fn(S@(” Qu) . Q)|Q o)

25 & . ,
<o =DM =2 Y rane®] 2wl [(Sew — 569 - )00
n=3 a+b+c=n J
<z Z (=1 =2) Y |kase®)] sup |[(So ~ 50 Q)%0i0)|
n=3 a+b+c=n Oes?
3/2 3/2
< BV Kyl < 100KsCT (S114)
3 VS VS

The last inequality applies Lemma S8, Eq. (S98), with k& = 3, together with the definition of K3 in Eq. (S87). O
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Proof of Lemma S7. Let £ be L with q replaced by H(z) Eq. (S110) bounds the error in this replacement. We
now compare [,ES)) with £t61)7 keeping the Taylor center fixed in the following calculation. We start by subtracting the

two generators. A rigid rotation gives Opq, /06, = —i[S’“, p.o|, so the noise about € cancels exactly. The difference is
2 1 |52 & apﬂ,a
‘CE,S)Z[pQ,J] - ‘Cgc )[pﬂ,a] = —1 |:Hg(z ) - Zwu‘s;u pﬂ.,a:| - Z(Eshapc)m/ do
" JIn% wy
1 P
+3 D (Te(Sair) = N = (Sait) ] [Ss [ p0,0]]- (S115)
782

The quadratic Hamiltonian separates into rotation, tangent squeezing, and terms containing longitudinal fluctuations:

— Ay sy can Auwnoaa e o
(2) Zw“ " 7(55 — SS) + T(S“S" + SySu) + Hyem (up to a scalar), (S116)

~ 1 f A . 3 .

Hiem = =5 D Aao[(S = 50)8a + 54(S = 50)] + { Aoa(S — Sa)*. (S117)

To evaluate the second term in Eq. (S115), recall that ¢ is the angle of the squeezed axis u in a fixed tangent frame
at . The two rates ( and ¢ describe only the shape change: ¥ghape = (0¢0)¢ + (9,0)¢, with Q fixed. They let us
replace the matrix derivative in Eq. (S115) by ( 0¢pa,e + ¢ 0pp0,0- In the frame (u,v), Egs. (S83) and (S91) give

K 1-(¢? K (-1
by iff Juu = 7 — T 9 by iff Jow =Y+ T 9 - 5118
Rt G 3 T e (5115)
Differentiating o in Eq. (S83) and using Eq. (S91) gives the shape rates
¢ K ¢—¢! ._ S ¢ +1
2% =—SAu — o 1 o2 Y= _g(Avv - Auu)m (S119)

For 1 < C < Cmaxv (Ediff)uu >y — K/(ngax) >0 and (Zdiﬂ”)vv > 7. At C = Cmaxa C/(QC) =-—S5A4,,—K< 0, so shape
evolution cannot increase the squeezing beyond (pax. o o

Substituting Eqgs. (S116), (S118), and (S119) into Eq. (S115), using O¢pa,e = i[SuSy + SuvSu, pa,s)/(45¢) from
Eq. (S83), gives

c PN iS(Apy — Auwa) |S2-52 (41,
5,525)) [pQ O’] c,(g D [PQ,U] = —Z[Hrem7 pﬂ,a] + ( 9 ) 29 - 2_-2 SQ7 PO a“|
—_———
()
(%)
K(CQ - 1) [Suv [Suv PQ 0']] [Sva [Sva pQ.aH 6PQ o
+ — — ’ 4 ’ S120
Kol — G2 S 5 ¢ (5120
(%x%)
We now use Egs. (596) and (S97) to bound the three terms in Eq. (S120).
1)y < 2| el 50)|
R R 3 R
< 3 Aaal|[I(S = 80)Su+ 8u(S = S 0)| + 5 14aal|[(5 - S0)*I5 )
42K [, A \3 N . U2 2K o
<57 [m, o] (8(S = S0)? + 4(S — S0)% + 6(S — So) + 1)|; a}] n ?H(S — 80)2|0 0>H
3/2 2 3/2 2
CWIBKG? KGR 2K 21K (s121)

+
- 3 Js s - Vs S
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The first two inequalities in Eq. (S121) use the rank-one trace norm and Eq. (S117). The next uses Eq. (S105) with
O =1uv,3 ., A0l < V2| All,., and S||A]|,, < 4K/3, following from Eq. (S87). The final bounds use Eq. (S96)
with k = 1,2, 3, 4.

(o)l = % il 4 LHCS - S@; —2671(S - SQ)”)Q’”] |
_fg_z(agadg;a>u+”< [(5 - Say2isa)] + ¢ 1H<sgg>m;a>H>
glffﬁ(wﬂw+1&mﬂ@mWW+l+c (s = Saris 0 + gHwéQOw>
<D acr 4 B8] < ovats + v IS < BEC (s122)

The equality in Eq. (S122) uses $2 + $2 + $2 = S(S + 1); scalar terms disappear inside the commutator. The
first inequality uses S|A,, — Ayu| < 2K, from Eq. (S87). The second uses Eqs. (S106) and (S105), which give

dZ|1/))H < \/iH(S +1-— Sg)l/zw)H. The final bounds use Eq. (S96) with k = 2,4 and Eq. (S97) with k = 1.

K(C2—1) ~2 AT\2 A o ~F ~f
* Kk =——*"-lla s+ s(a —a Q¢ —a 7 H
II( )”1 2§max(1_g§x) PR, P20 ( g) PR, PRl .
< K¢ ([|a2165 )| + llacls o) |t o) )

971/2
< VEK( <H<s+ 1= S0) 2acl0a)] + ladstio)l |1+ 5 - 02101 )

- V105 4+ V15 K¢(¢% - 1) - 8K (3
- 2 S - s
The equality in Eq. (S123) expands G, using Eq. (S106) and its adjoint, and uses O¢pq,o = Z[S’ugv +S5,5,. pa.0/(45¢)
from Eq. (S83). The first inequality in Eq. (S123) uses the rank-one trace norm and (¢ — (1) /(Cumax — Cniy) < 1. The
second uses Eq. (S106) and its adjoint, together with Eq. (S105), for a. and &Z. The final bounds use Eq. (S96) with
k=1, Eq. (S97) with k = 0,1, and 1+ (v/{ - 1)2 < .
Combining Eqs. (S121), (S122), (S123), and (S110) gives

(S123)

Hﬁtpfzo] /3( [p0,0]

=it = A8 o)

1
+ [0 - £ o0,

24¢3/2  5AC2 +8¢3\  100K3¢32  100(K + K3)(oa
Vs S NG NG
The last inequality in Eq. (S124) uses ¢ < (max and (3, < S, proving Eq. (S93). The calculation is written for ¢ > 1;
the bound extends to coherent labels by smoothness in o. O

VII. FIDELITY OF RECORDS IN THE LINDBLAD REGIME

In this section, we estimate the overlap between two branches specified by sequences of spin-coherent-state projections.
Using the effective Lindblad description, we obtain a simple estimate in which the branch overlap is exponentially
suppressed by the time-integrated separation between the two histories. We then test this prediction numerically.

A. Factorization in time from effective Lindblad

The branch overlap can be expressed using the effective Lindblad description as

K¢@WQH2=I—TT;T+U(QMUM' (bUﬂhUuw(»<()Hﬂéﬂ§é2~-a&©M)r (S125)
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. R R " R R 2
S |2tr(QkﬁAﬁw[---QgA&[QlAﬂ[\QOXChﬂ]@l}GQ-~-}®A4)‘ (S126)
cQl| |Ce®
M
1
> 1O 1)1 TT 1 N [ 121 XOm11 ] 10)], (S127)
lcal”[co =1

where N, = T exp f:’"ﬁl dtL;. In this approximation, the effective Lindblad evolution applies not only to the initial

state, but also after each intermediate projection into the coherent states Q,, and ©,,,. Under the same Lindbladian
approximation, the normalization coefficients can be expanded as

M M
‘CQ|2 ~ H <Qm|Nm [Qm—l] |Qm>7 |C®|2 ~ H <®m|Nm [ém—l] |@m> . (8128)
m=1 m=1

Thus, the fidelity of records factorizes in time:

(ol Re)f? = |W0elda)l ~H (| Non [ 191 XOm—11] O]

Ol 2 mLN'[ m—1] 1Om) (| Non [ Q1] Q)

(S129)

B. Off-diagonal decay under Lindblad dynamics

To estimate each factor in Eq. (S129), we first present an elementary result for coherent states in flat phase space
undergoing pure isotropic diffusion.

Proposition S2. Let o, 3,a’, 3 € C be the centers of coherent states of a harmonic oscillator, i.e., eigenstates of the
annihilation operator & = (& + ip)/V2h, a|a) = a|a). Consider evolution under pure isotropic diffusion N' = exp(tL),
with Llp] =~ (3, [p, o)) + 3, 7, ). Then

(/| MBI 18] _ __t/h a2 i a2
TR Tio (FLIARATTES = @[T gty (= 8 +1e = oF) | (3150)
Proof. The channel NV is simply a Gaussian average over displacements,
2
N = [ S exp [—'5 DEpD(E)!,  where  D(€) = exp(¢al - ¢*a) ($131)
C vz 14

is the displacement operator and v = ~t/h. To see this, evaluate the action on the displacement-operator basis D(n),

LID() = — 5 (&, [& D)) + b, [, D(n)]]) =

5 2h(Ren)? + 2h(Im)?) D(n) = = [n*D(n).

5 (

Thus D(n) is an eigenoperator of £ with eigenvalue —v|y|®/t. Therefore

) = e i) = [ Lol -El] expiye —nerpin = [ L e[| Do pimnier

TV c TV

Inserting the off-diagonal operator |a)5| into Eq. (S131) yields

@ NafB18) = [ 25 @] Do) o) (3] D) 157

_ [ 4% S e e e A
= [ S| EL g -
c TV v 2

1 o' +laf* + 16 + 18 e e
—WGXP[— 9 "‘55"‘?(0‘ = BB = a)|,

where we used the coherent-state identity
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2 2 2
(=1 D(E) |w>:exp[—z' e +z*w+£z*—f*w],

and performed the Gaussian integral. Thus

o/ | e8] 18] = ml)expl_ml_a'li]'/ﬁ/_ﬁ _1iy(|a_5|2+|a’—ﬁ’|2>]. (S132)

The diagonal terms follow by setting § = « and ' = o’:

(o Mol o) = o exp| 22 (BN 187 = i exp| -2 2L
1+v 1+v 1+v 1+v |
which combine to give the stated expression. O
An analogous result holds for spin coherent states under pure isotropic diffusion N = exp (t Do [ s S0, ]]) in

the spherical phase space. The isotropic diffusion on the sphere can be approximated by an average over Gaussian
rotations, for short times /vyt < 1, and the overlap between coherent states is approximately Gaussian for large S,
yielding the same result. The resulting formula follows by making the replacements

1
h o and la — B> — gd@)(a, 0)

in Proposition S2, where d®)(Q,0) = 2(1 — cos d(2, ©)) ~ d(£2, ©)%. We obtain

(NN mesp -2
@INTRXO ) ('] MTeXeT e T+152

( @(Q,0) +d? (@, @’))] (5133)

C. Full fidelity of records

Assuming equal temporal spacings At = t,,, — t;m—1, Eq. (S133) reduces Eq. (5129) to a simple expression for the
fidelity of records in the case where there is no Hamiltonian term in the Lindbladian:

(Re|Ra)l* ~ exp(-TD{ s ). (S134)
where
S2A¢ 1 M
m=1

Although the derivation above assumed that there was no Hamiltonian term in the effective Lindbladian, and
hence no term acting solely on S in the global Hamiltonian, Eq. (S134) still describes the fidelity of branches in the
presence of such a term. We show this numerically by considering the unitary evolution under the disordered kicked-top
Hamiltonian, starting in the pure state [¢/(0)) = |fo, @0>®(N_k) ® [%HOI) — |10))]®*/2. After evolving for one period,
At = 1, we compute the Husimi distribution Q1(Q2) = (Q|trp (| (AL)X(AL)])|2), and sample Q1 ~ Q1. Note that
the Husimi function is normalized with respect to the measure d2 = 2‘2—:1 sin@dfde, ie., [d2Q:(Q) =1.

We then define the normalized branch conditioned on this outcome as

ca, [$,) = (12| @ 1p) [¥(AL),  eg,|* = Q1().

We evolve this branch for another period, define

Q2() = (O] trp(|do, (At)Xda, (A)]) [2),
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FIG. S5. Fidelity of records for couplings sampled from GOE vs cumulative squared distance between histories D®. Each dot

is a pair of independently sampled branches. Dashed lines mark the decay e TD? (a) M =1, (b) M =5 (N =100, k = 4,
k=42, p=m/2,00 =05, po =11, At =1)

sample Q5 ~ ()2, and project again to obtain |¢(QI7Q2)>. Iterating this procedure for M steps gives a sampled branch
|pa) with probability density

lcal? = Q1(21)Q2(Q2) - Qur (Unr)-

Fig. S5 shows the fidelity of records for independently sampled pairs of branches with K u drawn from the GOE.

The numerical results agree well with Eq. (S134). The same procedure is shown in Fig. 3 of the main text with K P
taken to be random Heisenberg couplings. In that case the scatter is larger, but Eq. (S134) still tracks the lower end
of the distribution.
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