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Understanding the emergence of macroscopic irreversible hydrodynamics from the reversible unitary dynam-
ics of isolated quantum many-body systems remains a fundamental challenge. Conventional approaches often
force spin density dynamics into purely diffusive models, obscuring the microscopic interplay of pressure,
spin current, and local friction. Furthermore, reconciling true irreversibility with strictly unitary evolution
raises fundamental questions about the role of the observer’s temporal resolution. In this paper, we introduce
a fully data-driven framework based on generalized extended dynamic mode decomposition integrated with
the Mori-Zwanzig projection. By expanding the observable dictionary to explicitly include spin currents, we
directly extract the Navier-Stokes hydrodynamic coefficients from a chaotic XXZ spin chain across varying
temporal coarse-graining scales. Our unconstrained extraction reveals a clear physical dichotomy: The me-
chanical elasticity (c2) is intrinsically derived from the exact unitary dynamics, preserving strict microscopic
reversibility. In contrast, the macroscopic friction (γ ) and kinematic viscosity (ν) exhibit zero net dissipation,
oscillating rapidly around zero in the exact-derivative limit. We demonstrate that genuine macroscopic transport
cannot be established without finite temporal coarse graining. By introducing a finite observation timescale
(�tcg > 0), the system passes through a distinct crossover timescale where these reversible fluctuations average
out, establishing an intermediate functional regime that yields strictly positive friction and viscosity. We further
show that the coarse-grained generator constitutes a predictive reduced model requiring only O(N ) macroscopic
observables, and that the sign of the emergent friction is inherited from the causal, forward-in-time direction
of the coarse-grained inference: Time-symmetric estimators yield zero net dissipation at any coarse-graining
scale. Our results demonstrate that macroscopic friction in isolated quantum systems is not an absolute property,
but an emergent phenomenon dictated by the temporal resolution and the causal direction of the observer’s
coarse-grained description.
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I. INTRODUCTION

Understanding how macroscopic irreversible hydrody-
namics emerges from the microscopic, reversible unitary
dynamics of isolated quantum many-body systems remains
one of the central challenges in modern nonequilibrium sta-
tistical mechanics [1,2]. Under the eigenstate thermalization
hypothesis [3–5], local subsystems are expected to thermal-
ize by acting as a heat bath for one another. Consequently,
conserved quantities such as spin density or energy undergo
slow macroscopic relaxation, typically described by phe-
nomenological equations like the diffusion equation or the
Navier-Stokes equations [6,7].

In the context of quantum spin chains, the conventional
approach to identifying emergent hydrodynamics has heav-
ily relied on fitting the time evolution of the spin density
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Z directly to Fick’s law, thereby extracting a macroscopic
diffusion coefficient DZ [8,9]. However, this direct-fitting
paradigm possesses fundamental limitations. By assuming
an a priori purely diffusive behavior (Ż = DZ∇2Z), it by-
passes the underlying microscopic interplay between the
density gradient (pressure), the resulting spin current J , and
the local friction γ induced by the surrounding many-body
correlations.

Beyond the spatial constraints of finite-size systems, a
more fundamental difficulty lies in the time domain: Exact
unitary evolution is strictly reversible, meaning that contin-
uous, exact time derivatives cannot inherently generate true
macroscopic friction. Thus, reconciling the emergence of
dissipative fluid dynamics with the underlying Schrödinger
equation requires a careful examination of the observer’s
temporal resolution, specifically the role of temporal coarse
graining. The questions of how macroscopic friction physi-
cally emerges and when the fluid picture breaks down have
remained elusive, largely due to the lack of tools capable
of dissecting the dynamics across varying timescales without
imposing artificial thermodynamic limits.

In this paper, we overcome these limitations by proposing
a fully data-driven approach to systematically investigate the
origin of hydrodynamic coefficients from the exact unitary
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dynamics of a finite chaotic XXZ spin chain. By employ-
ing generalized Extended Dynamic Mode Decomposition
(gEDMD) [10–12] integrated with the Mori-Zwanzig pro-
jection formalism [13,14], we systematically expand the
observable dictionary to explicitly include both the local spin
density Z and the spin current J , treating higher-order multi-
spin correlations as an environmental heat bath.

Our unconstrained extraction framework allows us to in-
dependently evaluate the elasticity c2, the local friction γ ,
and the kinematic viscosity ν across varying temporal coarse-
graining scales (�tcg). We find a clear physical dichotomy:
While the mechanical pressure gradient (c2) is intrinsically
derived from the exact time derivative, preserving strict mi-
croscopic reversibility, the macroscopic friction (γ ), and
viscosity (ν) exhibit rapid, reversible fluctuations around zero
with no net dissipation in the exact-derivative limit. We
demonstrate that genuine irreversible hydrodynamics, char-
acterized by stable, strictly positive γ > 0 and ν > 0, only
emerges when a finite temporal coarse graining is intro-
duced. This temporal blurring averages out the microscopic
coherent oscillations, driving the system through a distinct
crossover timescale into an intermediate functional regime.
This emergent fluid picture is, however, inherently transient;
it inevitably breaks down either temporally, when the coarse-
graining scale excessively blurs the macroscopic wave period
(the sinc-filter effect), or spatially, when finite-size quantum
echoes invade the bulk. We further quantify the predictive
capability of the extracted coarse-grained generator and its
dependence on the size of the observable dictionary, and we
show in Appendix that the emergent friction is inherited from
the causal, forward-in-time direction of the coarse-grained
inference: Time-symmetric estimators yield zero net dissi-
pation at any coarse-graining scale. Our results demonstrate
that macroscopic friction in isolated quantum systems is not
an absolute property, but an emergent phenomenon dictated
by the temporal resolution and the causal direction of the
observer’s coarse-grained description.

A movie showing the full temporal evolution of the ex-
tracted macroscopic dynamics is available as Supplemental
Material in Ref. [15].

II. METHODOLOGY AND SIMULATION SYSTEM

A. Quantum spin chain model and numerical setup

To investigate the emergence of macroscopic hydrody-
namics from microscopic unitary dynamics, we consider an
isolated one-dimensional chaotic XXZ spin-1/2 chain under
open boundary conditions. The Hamiltonian is defined as
H = ∑N−1

i=1 hi,i+1 + ∑N−2
i=1 hi,i+2, where the nearest-neighbor

(NN) and next-nearest-neighbor (NNN) interactions are given
by

hi,i+1 = J (XiXi+1 + YiYi+1) + �ZiZi+1, (1)

hi,i+2 = J2ZiZi+2. (2)

Here, Xi,Yi, Zi are the Pauli matrices at site i. We set J = 1.0,
� = 1.0, and introduce the NNN interaction J2 = 0.5 to break
integrability and ensure quantum chaotic behavior, which is
essential for thermalization [4,7].

The exact unitary time evolution is computed using the
state vector |ψ (t )〉 with a time step of dt . To ensure the
purity of the unitary evolution without numerical diffusion
or the information loss inherent in tensor-network approxi-
mations [8], the action of the time-evolution operator |ψ (t +
dt )〉 = e−iHdt |ψ (t )〉 is implemented strictly by employing the
Al-Mohy-Higham algorithm [16]. The initial state |ψ (0)〉 =∑

n cn|n〉 is prepared as a Haar-random-like state in the full
Hilbert space: The real and imaginary parts of each coeffi-
cient cn in the computational basis are drawn independently
from a uniform distribution with zero mean, and the vec-
tor is subsequently normalized. By quantum typicality, the
local expectation values of such a state reproduce those of
the infinite-temperature (maximally mixed) ensemble up to
fluctuations of order 2−N/2; in particular, the mean energy
〈ψ (0)|H |ψ (0)〉 � Tr H/2N = 0 and the local magnetization
〈Zi〉 � 0, ensuring a completely unpolarized ensemble that
faithfully captures unbiased thermal fluctuations [2].

B. Direct Liouvillian identification via gEDMD
and Galerkin projection

When extracting governing equations from data, standard
extended dynamic mode decomposition (EDMD) identifies
the discrete-time transition operator K from X (t + �t ) =
KX (t ) and reverse engineers the Liouvillian via the matrix
logarithm L = 1

�t ln K . However, the matrix logarithm is a
multivalued function, which frequently causes mathematical
ambiguities and numerical instabilities when evaluating com-
plex eigenvalues (dissipative poles).

To fundamentally circumvent this, our exact-derivative
gEDMD approach [12] bypasses the discrete-time operator K
and its matrix logarithm entirely. Let X (t ) = 〈ψ (t )|O|ψ (t )〉
be an N-dimensional vector of expectation values correspond-
ing to a chosen dictionary of observables O. As illustrated
in Fig. 1(c), instead of utilizing conventional finite differ-
ences for temporal coarse graining (�tcg > 0), our framework
can directly utilize the exact time derivative computed via
the commutator (�tcg → 0), Ẋ (t ) = i〈ψ (t )|[H, O]|ψ (t )〉, to
identify the finite-dimensional matrix representation L as the
generating operator:

Ẋ ≈ LX . (3)

Rather than seeking the true infinite-dimensional operator,
deliberately extracting a finite N-dimensional matrix L, which
corresponds to the choice of which physical bases to include
in X , fundamentally determines the coarse-graining level of
the system.

When a finite temporal resolution is considered instead, the
time derivative is replaced throughout this work by the causal
forward difference, Ẋ (t ) ≈ [X (t + �tcg) − X (t )]/�tcg, re-
gressed against X (t ). This is the first-order estimator of the
generator employed by an observer who predicts the future
state from the present one. This choice is not innocuous:
As analyzed in Appendix, the backward difference yields the
antidissipative mirror image of the forward-difference result,
while the time-symmetric central difference reproduces the
exact-derivative limit at any �tcg. The emergent dissipation
reported below is therefore tied to the causal direction of the
coarse-grained inference.
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FIG. 1. Data-driven extraction framework and the physical di-
chotomy of temporal coarse graining. (a) Observable dictionary
explicitly incorporating both the local spin density Zi and the spin
current Ji as relevant variables extracted from the full Hilbert space
via Galerkin projection. (b) Construction of the localized data matrix
X win(t ) by extracting discrete snapshots at intervals dt over a sliding
time window τ . (c) The two analytical paradigms of the gEDMD
framework. The localized data matrix is processed using either an
exact continuous time derivative (�tcg → 0) to preserve strict mi-
croscopic reversibility or a finite-difference temporal coarse graining
(�tcg > 0) to capture the emergence of macroscopic dissipation.

For a dataset of M snapshots, gEDMD determines L by
minimizing the mean squared error J (L) = 1

M

∑M
m=1 ‖Ẋ m −

LX m‖2. Setting ∂J/∂L = 0 yields the solution

L = AG−1, (4)

where G = 〈X , X †〉 is the covariance matrix of the bases
and A = 〈Ẋ , X †〉 is the cross-covariance matrix with the time
derivatives. This least-squares regression is mathematically
equivalent to a Galerkin projection onto the low-dimensional
subspace spanned by the chosen basis. By requiring the
residual R(L) = Ẋ − LX to be orthogonal to the test func-
tions X †, we obtain the Galerkin condition 〈R(L), X †〉 = 0,

which immediately expands to 〈Ẋ , X †〉 = L〈X , X †〉, perfectly
matching the gEDMD formulation.

It is crucial to physically distinguish this data-driven
Galerkin projection from the exact Mori-Zwanzig (MZ) pro-
jection formalism [13,14]. While the structural operation
of gEDMD mirrors the MZ projection P onto the rele-
vant variables, their treatment of the orthogonal complement
(the unobserved Q space) fundamentally differs. The ex-
act MZ equation retains the unobserved dynamics as a
non-Markovian memory kernel. In contrast, the data-driven
Galerkin projection forcibly truncates this residual at a given
instant, demanding a time-local, Markovian generator L.
Consequently, purely spatial projection without appropriate
temporal resolution leads to the immediate breakdown of
predictions due to the neglected memory effects (as will be
demonstrated in Results I). To physically recover these un-
resolved memory effects as steady macroscopic dissipation
(such as friction and viscosity), the spatial Galerkin projection
must be inextricably coupled with temporal coarse graining,
which we introduce in the following section.

C. Dictionary expansion and automatic
emergence of dissipation

The core strength of our methodology lies in the deliberate
restriction of the observation dictionary X to a relatively small
number of Hermitian bases. To track macroscopic transport,
we systematically expand the dictionary to explicitly include
the local one-body observables (such as spin density Zi and
spin current Ji = XiYi+1 − YiXi+1) and two-body/three-body
correlations [Fig. 1(a)].

For instance, in a 30-spin system, the true microscopic
state dimension scales to 230 (over a billion dimensions);
however, our constructed macroscopic dictionary remains
confined to merely a few thousand dimensions. During the
calculation of the inverse covariance matrix G−1 under this
drastic dimensionality reduction, the information of the re-
versible unitary evolution that escapes into the orthogonal
complement of unobserved higher-order many-body entan-
glement is mathematically and automatically converted into
non-Hermitian components (eigenvalues with negative real
parts) in L. Thus, without invoking any ad hoc human
assumptions such as molecular chaos, the linear algebraic
operation of Galerkin projection mathematically converts
the unobserved unitary evolution into non-Hermitian com-
ponents. This spatial dimensionality reduction provides the
indispensable mathematical foundation for irreversible dis-
sipative terms, such as macroscopic friction and viscosity,
which, as we will demonstrate, fully manifest only when
combined with appropriate temporal coarse graining.

To practically evaluate this temporal coarse graining and
capture the time-resolved dynamics, we employ a sliding
time window approach [Fig. 1(b)]. Rather than computing a
single global operator, we construct a localized data matrix
X win(t ) by horizontally concatenating the snapshot vectors of
the observation dictionary across all discrete time steps within
a specific window. Specifically, the window duration is set
to τ = 1.0, which for the 20-qubit system consists of 500
consecutive data points integrated with an exact time step of
dt = 0.002. By performing the gEDMD regression directly
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on this aggregated data matrix X win, we ensure that all local
temporal fluctuations within the window are comprehensively
fed into the Galerkin projection. This allows us to robustly
identify the effective time-local Liouvillian L(t ) that best
approximates the macroscopic dynamics during that specific
period.

To analyze this emergence across different scales, we tailor
the composition of the dictionary for each specific investiga-
tion: We utilize a complete basis for exact validation in small
systems (Results I), a partitioned macroscopic-environment
basis to directly trace decoherence and information flow
(Results II), and a generalized observable basis including
length-3 composite correlations to extract the Navier-Stokes
hydrodynamic coefficients (Results III). The explicit inclusion
of both Z and J allows L to resolve the underlying two-step
mechanical structure: J̇ = −c2∇Z − γ J + ν∇2J , granting in-
dependent access to the elasticity (c2), friction (γ ), and
viscosity (ν).

Finally, rather than relying on artificial superoperator ma-
nipulations to mitigate finite-sample statistical noise, we
achieve high-precision extraction by scaling up our dataset.
By evaluating our generalized gEDMD framework under both
the exact and coarse-grained paradigms [Fig. 1(c)] over a
robust ensemble of 500 independent random initial states,
horizontally concatenating their time-series data into the
aforementioned X win, we naturally average out stochastic
fluctuations. This large-scale ensemble approach ensures that
the extracted hydrodynamic coefficients are statistically con-
verged, avoiding bias in the identified Liouvillian.

III. RESULTS I: VALIDATION IN A FULLY
OBSERVABLE SYSTEM

Before analyzing the emergence of macroscopic hydrody-
namics in large-scale systems, we first validate the fidelity of
our exact-derivative gEDMD framework. We utilize an eight-
qubit chaotic XXZ spin chain, a size small enough to allow
for the construction of a complete, exact observable dictionary
consisting of all 48 − 1 = 65 535 Pauli strings. This fully ob-
servable system serves as a controlled test bed to verify that
our data-driven approach introduces no algorithmic artifacts
and respects the underlying unitary dynamics.

To demonstrate the impact of dictionary selection on the
perceived dynamics, we compare the Liouvillian spectrum
extracted using a restricted macroscopic dictionary (Dict A)
against the full complete dictionary (Dict B). For our N = 8
qubit system, Dict A comprises 15 macroscopic observables:
the local spin densities Zi and the nearest-neighbor spatial cor-
relations ZiZi+1. In contrast, Dict B spans the entire operator
space, encompassing all 48 − 1 = 65 535 possible noniden-
tity Pauli strings. As shown in Fig. 2(a), relying solely on
macroscopic observables causes the eigenvalues to spread
across the complex plane, dynamically alternating between
the left-half [Re(λ) < 0] and right-half [Re(λ) > 0] planes.
This oscillation signifies a bidirectional flow of information
between the macroscopic observables and the orthogonal sub-
space of unobserved higher-order correlations. Physically, the
negative real parts represent apparent dissipation as propagat-
ing information generates many-body entanglement that leaks
into this unobserved subspace. Conversely, the positive real

FIG. 2. Liouvillian spectrum dependence on dictionary com-
pleteness. (a) When using a restricted macroscopic dictionary
(Dict A), eigenvalues scatter across the complex plane [Re(λ) 	= 0].
The emergence of negative real parts reflects apparent dissipation
due to information leaking into unobserved microscopic degrees of
freedom, while positive real parts indicate apparent amplification
driven by finite-size quantum echoes. (b) When utilizing the com-
plete Pauli basis (Dict B), all eigenvalues align on the imaginary
axis [Re(λ) = 0], recovering the strict reversibility of the isolated
quantum system. (An animated version of this spectral evolution is
available in Video 1 in Ref. [15]).

parts capture apparent amplification; due to the finite system
size, this propagating information hits the spatial boundaries,
forcing the quantum echoes to return from the higher-order
correlations back into the macroscopic observables. In con-
trast, when the complete basis is employed [Fig. 2(b)], the
extracted eigenvalues are strictly confined to the imaginary
axis [Re(λ) = 0]. This confirms that when no information is
traced out, our framework captures the reversibility of the
isolated quantum system without introducing any artificial
damping.
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FIG. 3. The physical dichotomy of temporal resolution. (a) Ap-
plying finite time differences (�tcg > 0) causes the eigenvalues to
spread into the dissipative left-half plane, illustrating the physical
emergence of Markovian dissipation through temporal coarse grain-
ing. (b) Our exact-derivative gEDMD preserves the unitary character
of the isolated system, ensuring that the spectrum remains strictly
reversible [Re(λ) = 0], a necessary limit for deriving the mechanical
elasticity (c2).

Furthermore, this fully observable setting highlights the
physical dichotomy introduced by the observer’s temporal
resolution. Figure 3 compares the spectrum obtained via
finite-difference temporal coarse graining (�tcg > 0) with
our exact-derivative approach. Our exact-derivative gEDMD
[Fig. 3(b)] preserves the unitary character of the isolated
system, yielding a strictly reversible, purely oscillatory spec-
trum. This limit is essential for extracting static, reversible
macroscopic quantities such as the mechanical pressure gra-
dient (c2). Conversely, the finite-difference method [Fig. 3(a)]
causes the eigenvalues to spread into the dissipative left-
half plane. Rather than being a mere numerical error, this
spread represents the emergence of Markovian dissipation;
its magnitude and sign are tied to the causal direction of the
difference scheme, as analyzed in Appendix. Temporal coarse
graining blurs the microscopic coherent oscillations, provid-
ing the mechanism through which macroscopic irreversible
coefficients, such as local friction (γ ) and kinematic viscosity
(ν), physically manifest.

The precision of our framework translates directly into
predictive capability. In Fig. 4, we evaluate the analytical time

FIG. 4. Predictive capability. (a) Trajectory of the macroscopic
bulk spin density 〈Z3(t )〉 computed via exact Schrödinger dynamics
(solid gray line), compared against the analytical reconstructions
eLt X (0) using the macroscopic generator LA (Dict A, dashed blue
line) and the complete generator LB (Dict B, dotted red line).
(b) Absolute reconstruction error for both dictionaries. The complete
dictionary (Dict B) captures the Poincaré revivals without artificial
damping across 2000 steps, maintaining an absolute error bounded
within 10−3. Conversely, the macroscopic dictionary (Dict A) devi-
ates, demonstrating the breakdown of the Markovian approximation
when unobserved memory effects are neglected.

evolution of the observables generated by eLt X (0) against the
exact Schrödinger dynamics, comparing the performance of
the complete dictionary (Dict B) and the macroscopic dictio-
nary (Dict A). As a representative macroscopic variable, we
focus on the expectation value of the localized spin density in
the bulk (site 3), denoted as 〈Z3(t )〉. This bulk observable is
ideally suited to visualize both the transient local relaxation
and the subsequent quantum revivals caused by boundary
reflections.

When employing the complete dictionary (Dict B, 65 535
observables), the extracted Liouvillian contains virtually no
artificial dissipation. Despite learning from a restricted tempo-
ral window, the gEDMD reconstruction successfully traces the
exact chaotic dynamics and complex Poincaré revivals over an
evolution of 2000 time steps. The absolute error is constrained
within 10−3. This confirms the algorithmic fidelity of our
approach and is consistent with the fact that true macroscopic
irreversibility cannot arise without information loss.

Conversely, when relying solely on the macroscopic dic-
tionary (Dict A, 15 observables), the reconstruction deviates
from the exact Schrödinger dynamics, with errors exploding
toward 10−2. While the macroscopic generator LA manages to
qualitatively reproduce the early quantum revivals by utilizing
the emergent unstable poles [Re(λ) > 0] to express the ream-
plification of the observable amplitude, it eventually fails to
maintain quantitative accuracy due to the neglected memory
effects. This deviation exposes the limitation of the Marko-
vian approximation when tracking only macroscopic variables
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FIG. 5. Onset of decoherence in an eight-qubit quench
(tq = 10.0). The left column shows the spectra obtained using the
complete basis of all 65 535 observables, while the right column
shows the spectra extracted using the restricted target dictionary
(Dict S). The exact system’s eigenvalues remain strictly on the
imaginary axis [Re(λ) = 0], demonstrating absolute unitarity. In
contrast, the spectrum of Dict S scatters across the complex plane

without appropriate temporal coarse graining. The missing
information manifests as persistent memory effects from the
unobserved environment, motivating our application of the
Mori-Zwanzig projection formalism to systematically trace
out the bath and extract the effective macroscopic dynamics
across different coarse-graining scales.

IV. RESULTS II: EMERGENCE OF DISSIPATION VIA
SYSTEM-ENVIRONMENT INTERACTION

Having established the fundamental dichotomy between
exact unitary dynamics and temporal coarse graining, we now
investigate the microscopic origin of macroscopic dissipation.
In classical mechanics, friction is introduced phenomeno-
logically; in quantum mechanics, however, true dissipation
arises solely from the entanglement and information leak-
age between a subsystem and its unobserved environment—a
process central to decoherence. To visualize this process, we
logically partition the quantum spin chain into a target sys-
tem (S) and its surrounding environment (Env) and employ a
quench protocol where the total Hamiltonian H (t ) is abruptly
switched at t = tq:

H (t ) =
{

Hiso = HS + HEnv (t < tq ),
Hcoupled = Hiso + Vint (t � tq ), (5)

where HS and HEnv represent the internal unitary dynamics
of the target and environment, respectively. For the N = 20
system, the boundary interaction Vint consists of the NN and
NNN terms that bridge the partition at site i = 3:

Vint = J (X3X4 + Y3Y4) + �Z3Z4 + J2(Z2Z4 + Z3Z5). (6)

In Phase 1 (t < tq), the subsystems evolve independently,
ensuring that any subsequent dissipation is purely interaction
induced. In Phase 2 (t � tq), the abrupt activation of Vint

initiates the information flow and subsequent decoherence.
We first demonstrate this mechanism using the N = 8 qubit

system (tq = 10.0), partitioned into a target (S, qubits 0–1)
and an environment (Env, qubits 2–7). Figure 5 compares the
complex plane spectra of the complete basis of all 65 535
observables (representing the entire system) against the re-
stricted target dictionary (Dict S, 15 observables), which con-
sists of local spin densities (Xi,Yi, Zi) and all nontrivial two-
site correlations (X0X1, X0Y1, . . . , Z0Z1) within the two-qubit
target region. Before the interaction (t < 10.0), both spectra
reflect purely unitary dynamics. Upon contact (t = 10.0),
while the full universe recovers its strict reversibility on
the imaginary axis, the eigenvalues of Dict S permanently
scatter into the left-half plane. This provides direct numerical
evidence that macroscopic dissipation is an emergent conse-
quence of projecting dynamics onto a restricted observable
basis. This spatial projection (tracing out the environment)
serves as the first necessary condition for irreversibility;
however, as we will explore in Sec. V, stable macroscopic

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
[Re(λ) 	= 0] after contact, visualizing both the rapid loss of local
information to the bath (negative real parts) and the subsequent
quantum echoes from the finite environment (positive real parts).
(The continuous temporal evolution of these spectra is provided in
Video 2 in Ref. [15]).
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transport further demands appropriate temporal coarse
graining.

To explore this phenomenon closer to the thermodynamic
limit, we analyze the N = 20 qubit system (tq = 4.0), par-
titioned into a target (S, qubits 0–3) and an environment
(Env, qubits 4–19). We probe the environment through two
distinct functional lenses: Dict L serves as a macroscopic fluid
pointer comprising 61 observables, tracking spin densities
(Zi), nearest-neighbor correlations (ZiZi+1), and spin currents
(XiYi+1,YiXi+1); meanwhile, Dict E monitors the total internal
energy of the environment as a one-dimensional thermody-
namic indicator.

As shown in Fig. 6, Dict L exhibits a broad spectral distri-
bution across both the left [Re(λ) < 0] and right [Re(λ) > 0]
half planes. This signifies its role as a dynamic conduit: It ab-
sorbs information from S (amplification) and simultaneously
leaks it into unobserved microscopic correlations (dissipa-
tion). The presence of positive real parts further captures the
“quantum echoes” returning from the boundaries, a hallmark
of finite-size effects. In contrast, the spectrum of Dict E os-
cillates along the real axis, indicating the periodic energy
“sloshing” between the target and the environment, confirm-
ing that the 16-qubit bath is nearing, but has not yet reached,
the infinite thermodynamic limit.

The dynamical onset of this macroscopic dissipation is
quantitatively tracked in Fig. 7. Figure 7(a) reveals that
prior to contact (t < 4.0), Dict L already exhibits a baseline
dissipation level (∼100), confirming that the chaotic envi-
ronment undergoes self-thermalization even when isolated.
Upon contact, Dict S undergoes a rapid increase in dissipa-
tion as local coherence is lost. This information transfer is
quantified through the Liouvillian trace, Tr(L) = ∑

Re(λi),
which serves as a proxy for phase-space volume contraction.
Figure 7(b) reveals an abrupt outflow of information (negative
trace) from the target system S exactly at the quench, matched
by a corresponding influx (positive trace) into the macroscopic
pointer L. This synchronized surge provides a data-driven vi-
sualization of the “quantum measurement” process: The exact
moment when localized quantum information is irreversibly
swept away by macroscopic currents and dissipated into the
environmental degrees of freedom.

V. RESULTS III: TEMPORAL COARSE GRAINING
AND THE EMERGENCE OF MACROSCOPIC

HYDRODYNAMICS

Having visualized the microscopic origins of decoherence
via spatial projection, we now focus on the macroscopic
phenomenological equations governing the transport of the
conserved spin density Z . To robustly extract the univer-
sal macroscopic bulk properties while preserving the true
physical fluctuations, we evaluate the exact-derivative and
finite-difference gEDMD using an ensemble of 500 inde-
pendent random initial states. As discussed in Sec. II, this
large statistical ensemble allows us to naturally average
out stochastic noise without relying on artificial superoper-
ator manipulations, thereby avoiding bias in the extracted
coefficients.

To accurately capture the macroscopic transport and local
thermalization up to length-3 correlations, our generalized

FIG. 6. Complex plane spectra in the 20-qubit system (tq = 4.0).
(a) Dict S (target) shows localized dissipation as coherence is lost.
(b) Dict L (macroscopic pointer) exhibits the widest spectral spread
across both left and right planes, reflecting its role in mediating
the bidirectional flow of information. (c) Dict E (environment en-
ergy) oscillates along the real axis, reflecting the intermittent energy
exchange between S and Env. (An animated visualization of these
dynamics is available in Video 3 in Ref. [15]).

dictionary is constructed with a total of 149 observables.
Specifically, it comprises local spin densities (Zi, 20 ele-
ments), nearest-neighbor spin currents (XiYi+1 − YiXi+1, 19
elements), nearest-neighbor longitudinal correlations (ZiZi+1,
19 elements), symmetric kinetic exchange terms (XiYi+1 +
YiXi+1, 19 elements), and length-3 composite correlations in-
cluding three-site densities (ZiZi+1Zi+2) and current-density
interactions (totaling 72 elements).

The matrix elements of the extracted effective Liouvillian,
(Lopen)α,β , directly dictate the time evolution of the macro-
scopic variables. By mapping the row corresponding to the
local spin current Jk onto a discrete generalized Navier-Stokes
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FIG. 7. Dynamic tracking of dissipation and information flow
(20-qubit). (a) Time evolution of the maximum dissipation pole
[|Re(λ)|]. Dict L (blue) shows constant dissipation even before con-
tact, reflecting the internal thermalization of the chaotic environment,
while Dict E (green dotted) oscillates intermittently, reflecting the
episodic energy exchange between the target and the environment.
(b) The Liouvillian trace [

∑
Re(λ)] captures the synchronized out-

flow of information from S (red) and its inflow to L (blue) at the
quench, visualizing the decoherence process.

equation, we extract the local hydrodynamic coefficients,
namely, the mechanical elasticity/pressure gradient (c2

k ), the
local friction (γk), and the kinematic viscosity (νk), using the
exact matrix elements:

c2
k = 1

2

(
(Lopen)Jk ,Zk − (Lopen)Jk ,Zk+1

)
, (7)

γk = −(Lopen)Jk ,Jk , (8)

νk = 1
2

(
(Lopen)Jk ,Jk−1 + (Lopen)Jk ,Jk+1

)
. (9)

Assuming an overdamped regime where the current relaxes
much faster than the density accumulation, the macroscopic
diffusion coefficient Dk is defined via the Einstein relation:

Dk = c2
k

γk
. (10)

Simultaneously, we evaluate the direct self-relaxation rate
of the local spin density, defined as DZ,k = −(Lopen)Zk ,Zk /2.
Since the total spin is a strictly conserved quantity dictated
by the continuity equation (Żk + ∇Jk = 0), DZ,k must theo-
retically remain zero, providing a strict validity check for our
unconstrained data-driven extraction.

To reveal the dichotomy between exact unitary mechan-
ics and macroscopic irreversibility, we compare the extracted
dynamics across varying temporal coarse-graining scales
(�tcg). Figure 8 illustrates the continuous time evolution of the

FIG. 8. Time evolution of hydrodynamic coefficients across
varying temporal resolutions. The coefficients are spatially averaged
(median) over the bulk (sites i = 2 ∼ 17) using a sliding window
(τ = 1.0). While the exact derivative extracts a robust elasticity c2,
both the friction γ and kinematic viscosity ν oscillate around zero.
By introducing temporal coarse graining, the reversible microscopic
oscillations are averaged out, allowing strictly positive macro-
scopic friction γ and viscosity ν to emerge, establishing a stable
diffusion D.

bulk macroscopic coefficients for different �tcg, while Fig. 9
plots the time-averaged values of these coefficients against the
degree of coarse graining during the stable temporal window.

In the exact-derivative limit (�tcg → 0), the mechanical
pressure gradient c2 is accurately captured, maintaining a
stable value of approximately 4.0. However, both the local
friction γ and kinematic viscosity ν exhibit rapid, reversible
fluctuations around zero: Within the stable window t =
1.0 ∼ 2.5, the bulk-median friction averages to γ̄ = −0.035
with a fluctuation amplitude of 0.185, statistically consistent
with zero. This demonstrates that, without temporal blur-
ring, the system preserves strict microscopic reversibility,
exhibiting zero net dissipation across all momentum transport
channels.

Genuine irreversible hydrodynamics only emerges when
we introduce a finite observation timescale. As explicitly
captured in the four-panel plot of Fig. 9, as �tcg in-
creases, the coefficients exhibit a distinct inflection point
around �tcg ≈ 0.025. This marks the characteristic crossover
timescale where the microscopic coherent “sloshing” of
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FIG. 9. Emergence of macroscopic dissipation via tempo-
ral coarse graining. Time-averaged hydrodynamic coefficients
(c2, γ , ν, and D) evaluated during the stable hydrodynamic window
(t = 1.0 ∼ 2.5) are plotted against the coarse-graining time �tcg.
The exact-derivative limit (�tcg → 0) yields zero net dissipation for
both friction and viscosity. As �tcg increases, the coefficients exhibit
a distinct inflection point around �tcg ≈ 0.025, marking the charac-
teristic crossover timescale where microscopic quantum coherence is
effectively blurred. Following this transition, the irreversible dissipa-
tion coefficients (γ , ν) show steady monotonic growth, establishing a
well-defined and finite macroscopic diffusion regime for D. Beyond
this intermediate scale, the classical fluid model mathematically col-
lapses due to artificial overdamping (the sinc-filter effect).

information is effectively blurred. Following this transi-
tion, within an optimal intermediate window (�tcg ≈ 0.04 ∼
0.10), both spatial and temporal dissipative terms emerge si-
multaneously. The system mimics a classical fluid with strictly
positive friction (γ > 0) and viscosity (ν > 0) showing steady
monotonic growth, thereby establishing a well-defined and
finite macroscopic diffusion regime for D. However, if the
temporal resolution is excessively degraded (e.g., �tcg >

0.200), the coarse-graining width overtakes the macroscopic
wave period. This introduces a severe sinc-filter effect that ar-
tificially dampens the time derivatives, causing c2 to collapse
toward zero and ruining the dynamical equations. The depen-
dence of these results on the choice of the finite-difference
scheme, and the distinct role of the causal direction of the
inference, are analyzed in Appendix.

The impact of this temporal coarse graining is spatially
corroborated in Fig. 10, which contrasts the spatial profiles of
the bulk during the stable time frame (t = 0.5 ∼ 1.5). Under
the exact derivative [Fig. 10(a)], γ oscillates across the spatial
domain, preventing the formation of a meaningful diffusion
coefficient. Conversely, evaluating the identical data under
optimal temporal coarse graining [�tcg = 0.04, Fig. 10(b)]
reveals a uniformly positive friction γ across the entire bulk,
establishing a well-defined macroscopic diffusion D. Notably,
under the exact continuous time derivative, the direct self-
relaxation rate DZ remains exactly zero globally, confirming

FIG. 10. Spatial profiles of the emergent hydrodynamics
(t = 0.5 ∼ 1.5). (a) Extracted using the exact continuous time
derivative, the friction γ exhibits zero net dissipation, failing to
establish a coherent macroscopic diffusion D. (b) Evaluated using
optimal temporal coarse graining (�tcg = 0.04), the reversible fluc-
tuations are suppressed, revealing a stable, uniformly positive friction
γ across the bulk and establishing a consistent macroscopic diffusion
D. The direct density relaxation DZ (red crosses) remains exactly
zero globally in the exact-derivative limit, preserving strict micro-
scopic conservation. Under temporal coarse graining, DZ acquires
a small positive value, mathematically reflecting the fundamental
temporal blurring of the local continuity equation over the finite
observation window �tcg. (Animated spatial profiles for the exact
and coarse-grained dynamics are provided in Videos 4 and 5 in Ref.
[15]).

that our unconstrained framework respects strict microscopic
conservation. When optimal temporal coarse graining is ap-
plied (�tcg = 0.04), DZ acquires a small positive value,
mathematically reflecting the fundamental temporal blurring
of the local continuity equation over the finite observation
window. This demonstrates that the dominant classical diffu-
sion must physically arise through the intermediate generation
of current and momentum dissipation, rather than through a
direct density decay phenomenological shortcut.

VI. RESULTS IV: PREDICTIVE CAPABILITY
AND DICTIONARY-SIZE DEPENDENCE

Having established how the hydrodynamic coefficients
emerge, we now quantify two practical aspects of the
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FIG. 11. Dictionary-size dependence and predictive capability. (a) Hydrodynamic coefficients extracted from nested subdictionaries of
sizes Ndict = 39 ({Zi, Ji}), 77 (adding the length-2 correlations), and 149 (full hydrodynamic dictionary), using the same 500-trajectory
ensemble and training window t ∈ [1.0, 2.0]. Under temporal coarse graining (�tcg = 0.04, filled symbols), the friction γ and viscosity ν

converge with successively halving increments, while the exact-derivative values (open symbols) scatter around zero. The elasticity c2 (red
triangles, right axis) is insensitive to both the dictionary size and the differentiation paradigm, varying by less than 6% (3.95–4.19). (b) Median
relative prediction error of the local spin densities 〈Zi(t )〉 over the 500-trajectory ensemble, for the analytical forward prediction eL(t−t0 )X (t0)
launched at t0 = 1.0. The minimal hydrodynamic dictionary {Z, J} (Ndict = 39) is indistinguishable from the full hydrodynamic dictionary,
whereas the density-only dictionary (Ndict = 20) is clearly inferior. Since even the 149-element dictionary is a minute projection of the full
operator space, the coarse-grained generators saturate at the typicality noise floor, while the exact-derivative generator—lacking the dissipation
that would encode the neglected memory—accumulates error monotonically. (c) Representative single-trajectory prediction of the bulk spin
density 〈Z10(t )〉 (full hydrodynamic dictionary). The coarse-grained generator (solid red) quantitatively tracks the exact dynamics over the
friction timescale ∼γ −1 and subsequently relaxes toward the correct infinite-temperature value, whereas the exact-derivative generator (dashed
purple) continues to oscillate without relaxation.

framework: how large the observable dictionary must be, and
to what extent the extracted generator L can predict the subse-
quent evolution of the macroscopic observables. To this end,
we repeat the extraction of Sec. V on nested subdictionaries
of the full 149-element hydrodynamic dictionary—the lo-
cal densities alone ({Zi}, Ndict = 20), densities and currents
({Zi, Ji}, Ndict = 39), all length-2 observables (Ndict = 77),
and the full hydrodynamic dictionary including length-3 cor-
relations (Ndict = 149)—and evaluate the analytical forward
prediction eL(t−t0 )X (t0) against the exact Schrödinger dynam-
ics. We emphasize that even this largest dictionary remains
a minute projection of the full operator space of the N = 20
chain (149 out of 420 − 1 ≈ 1.1 × 1012 Hermitian operators);
it is the complete hydrodynamic dictionary, not the complete
Pauli basis of Sec. III, and it therefore traces out essentially
all microscopic degrees of freedom.

Figure 11(a) shows that the extracted coefficients con-
verge rapidly with the dictionary size. Under temporal coarse
graining (�tcg = 0.04), the friction grows from γ = 0.50
(Ndict = 39) to 0.64 (77) and 0.71 (149), with successively
halving increments indicating near convergence at the length-
3 level; the viscosity ν behaves analogously. The elasticity c2

is essentially independent of both the dictionary size and the
differentiation paradigm, consistent with its purely mechan-
ical, reversible origin. In the exact-derivative limit, γ and ν

remain scattered around zero for every dictionary, confirming
that no enlargement of the observation space can, by itself,
produce net dissipation.

The predictive capability is quantified in Figs. 11(b) and
11(c). Three features stand out. First, the coarse-grained

generator is genuinely predictive: Launched from a single
snapshot X (t0), it quantitatively tracks the exact evolution of
the bulk spin density over the friction timescale ∼γ −1 and
then correctly relaxes toward the infinite-temperature equi-
librium value [Fig. 11(c)]. The residual error saturates at the
level set by the typicality fluctuations of the individual random
states (∼2−N/2), which a deterministic reduced model should
not—and cannot—reproduce. Second, the exact-derivative
generator fails as a predictive model despite being the more
faithful representation of the instantaneous dynamics: Lack-
ing net dissipation, it continues to oscillate and accumulates
error monotonically. Third, and most important for scala-
bility, the prediction quality of the minimal hydrodynamic
dictionary {Z, J} (Ndict = 39 = 2N − 1) is indistinguishable
from that of the full 149-element hydrodynamic dictionary.
Reproducing the full microscopic dynamics requires an expo-
nentially large dictionary, as demonstrated in Sec. III (4N − 1
Pauli strings); predicting the coarse-grained dynamics of
the slow, conserved observables requires only O(N ) vari-
ables. Temporal coarse graining is precisely what closes this
gap, converting the neglected memory effects into the stable
dissipative coefficients that render the small dictionary self-
contained.

VII. DISCUSSION AND CONCLUSION

The systematic, data-driven extraction of hydrodynamic
coefficients across varying temporal resolutions clarifies
how the thermalization of isolated quantum systems should
be understood. Historically, a large body of literature has
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attempted to characterize transport in quantum spin chains
by forcing the spin density dynamics into a purely diffusive
mold (Ż = DZ∇2Z). However, our unconstrained extraction
reveals that the direct density-to-density diffusion coefficient
is strictly zero (DZ = 0), mathematically preserving the ex-
act microscopic conservation law of the system at all times.
The macroscopic dynamics is fundamentally prohibited from
taking this phenomenological shortcut; instead, the density
gradient must physically generate a mechanical pressure (c2),
which drives the spin current (J), which in turn is subjected to
local friction (γ ) generated by the many-body environment.
Bypassing this intermediate momentum generation inevitably
leads to a misinterpretation of the underlying timescale and
scaling laws.

More importantly, our results expose a fundamental phys-
ical dichotomy regarding the origin of this local friction. The
exact continuous time derivative inherently preserves the strict
unitary nature of the Schrödinger equation, yielding zero net
macroscopic dissipation. True macroscopic friction (γ > 0)
and kinematic viscosity (ν > 0) are not absolute microscopic
properties; rather, they are emergent phenomenological con-
sequences of the observer’s temporal resolution. The scheme
analysis of Appendix sharpens this statement considerably:
The time-symmetric central-difference estimator reproduces
the exact-derivative result—zero net friction—at any coarse-
graining scale, while the backward difference yields the
antidissipative mirror image of the forward-difference result.
A finite temporal resolution alone is therefore not suffi-
cient; positive macroscopic friction additionally requires a
causal, forward-in-time direction of the coarse-grained in-
ference, the same directedness that underlies the Onsager
regression of fluctuations. In this sense, the arrow of time
enters the macroscopic description through the act of forward
prediction itself. By introducing temporal coarse graining, the
microscopic coherent oscillations are averaged out, passing
through a distinct crossover timescale to establish an inter-
mediate functional regime where the classical Navier-Stokes
fluid picture is successfully realized. Crucially, the fact that
the extracted coefficients inherently depend on the coarse-
graining time �tcg (as evidenced in Fig. 9) does not imply
a loss of physical objectivity, but rather highlights the funda-
mental role of timescale separation in statistical mechanics.
In genuine macroscopic thermodynamic systems, an astro-
nomical separation exists between microscopic collision times
and macroscopic relaxation times. This immense gap renders
this intermediate functional regime virtually infinite and flat,
allowing everyday observation instruments to extract seem-
ingly observer-independent, constant friction coefficients. In
our finite quantum system, however, this scale separation
is exceptionally tight. Consequently, the fluid model only
survives within a narrow temporal sweet spot, delicately
bounded by zero-friction reversibility at the exact-derivative
limit (�tcg → 0) and artificial overdamping due to the sinc-
filter effect at larger timescales. Our data-driven framework
thus uniquely visualizes the exact physical crossover where
absolute reversible mechanics gives way to emergent macro-
scopic hydrodynamics.

Finally, we comment on the practical scalability of
the framework. The gEDMD regression requires as input
only the expectation-value time series X (t ) and, for the

exact-derivative variant, the commutator expectation values
i〈[H, O]〉; since both O and [H, O] are local operators,
the framework never requires access to the full many-body
state itself. The exact state-vector propagation employed
here (N = 20, Hilbert dimension 220) serves as a bench-
mark free of truncation error, but any method capable of
delivering accurate local expectation values—tensor-network
time evolution, Krylov-subspace or typicality-based propaga-
tion, or direct measurements on a quantum simulator—can
equally serve as the data source, limited only by the ac-
curacy horizon of that method. The dictionary itself scales
benignly: Restricting the observables to strings of length
at most k yields O(N · 3k ) elements, linear in the system
size, and the regression cost is governed by the covariance
matrix inversion, O(N3

dict ), which is negligible. As demon-
strated in Sec. VI, this small dictionary is sufficient for the
coarse-grained prediction of the slow observables, whereas
reproducing the full microscopic dynamics would require
an exponentially large basis; the temporal coarse graining
is precisely what makes the linear-in-N description self-
contained. We also note that the finite-difference paradigm
requires no commutator evaluation at all, so the framework
is directly applicable to experimental time-series data, for
which the exact derivative is unavailable as a matter of
principle.

In conclusion, we have introduced a comprehensive
framework combining exact-derivative and finite-difference
gEDMD integrated with the Mori-Zwanzig projection. By
deploying a robust ensemble of 500 independent random
initial states and constructing a comprehensive dictionary of
149 observables, capturing up to length-3 composite corre-
lations, this completely data-driven framework allowed us
to robustly extract the Navier-Stokes hydrodynamic coeffi-
cients from the exact unitary dynamics of a chaotic XXZ
spin chain. By explicitly expanding the observable dictio-
nary to separate the spin density and the spin current, we
visualized the emergence of a genuine macroscopic fluid
regime characterized by positive friction and viscosity. We
further demonstrated that the resulting coarse-grained gen-
erator constitutes a predictive reduced model, forecasting
the relaxation of the slow observables toward their ther-
mal values with only O(N ) macroscopic variables, and that
the emergent friction is inherited from the causal, forward-
in-time direction of the temporal coarse graining, with
time-symmetric estimators yielding zero net dissipation at any
scale.
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FIG. 12. Finite-difference scheme dependence of the extracted hydrodynamic coefficients. (a) Friction γ , (b) viscosity ν, and (c) elasticity
c2 as functions of the coarse-graining time �tcg, extracted from the identical 500-trajectory ensemble and training window (t ∈ [1.0, 2.0]) using
the forward difference (red circles), backward difference (blue squares), and central difference (green triangles). The horizontal dash-dotted
lines mark the exact-derivative values. The backward difference is the antidissipative mirror image of the forward difference (γbwd ≈ −γfwd),
while the time-symmetric central difference tracks the exact-derivative result for the friction γ and viscosity ν at every �tcg; the elasticity c2,
in contrast, is suppressed by the sinc factor common to all three schemes.

DATA AVAILABILITY

The videos that support the findings of this study are openly
available in Ref. [15]. The code that reproduces the results
and figures of this article is openly available in Ref. [17]. The
datasets generated during this study can be reproduced using
this code and are otherwise available from the corresponding
author upon reasonable request.

APPENDIX: DEPENDENCE OF THE EXTRACTED
COEFFICIENTS ON THE FINITE-DIFFERENCE SCHEME

In the main text, the temporal coarse graining is imple-
mented as the causal forward difference. Here, we quantify
how the extracted coefficients depend on this choice by
repeating the identical regression with the backward dif-
ference, [X (t ) − X (t − �tcg)]/�tcg, and the time-symmetric
central difference, [X (t + �tcg) − X (t − �tcg)]/(2�tcg), all
regressed against X (t ).

The expected behavior can be read off from a single
reversible mode, X (t ) ∝ eiωt . The three estimators return
effective eigenvalues whose real parts are (cos ω�tcg −
1)/�tcg = −ω2�tcg/2 + O(�t3

cg) for the forward difference,
+ω2�tcg/2 + O(�t3

cg) for the backward difference, and ex-
actly zero for the central difference, since sin(ω�tcg)/�tcg

is purely real. A time-symmetric estimator therefore can-
not generate net dissipation from reversible data at any
coarse-graining scale, whereas the forward and backward
differences acquire apparent damping and amplification of
opposite signs, growing linearly in �tcg and quadratically in
the mode frequency—which is precisely why the fast micro-
scopic oscillations, rather than the slow hydrodynamic modes,
are converted into friction. The imaginary parts, however, are
identical for all three schemes, Im(λ) = sin(ω�tcg)/�tcg =
ω sinc(ω�tcg), uniformly suppressed below the true frequency
ω; consequently the elasticity c2, which derives from this
reactive part of the spectrum, is degraded by the same sinc
factor in every scheme, since the time symmetry of the central

difference protects the dissipative, time-antisymmetric coeffi-
cients γ and ν but not the reactive, time-symmetric c2—the
frequency reduction being itself a time-symmetric error.

Figure 12 confirms this picture for the actual 20-qubit data.
The backward-difference friction and viscosity mirror the
forward-difference results, γbwd ≈ −γfwd and νbwd ≈ −νfwd,
over the entire range of �tcg; this antidissipative branch is
the time-reversed counterpart of the emergent friction, as re-
quired by the reversibility of the underlying dynamics. The
central-difference values remain close to the exact-derivative
reference throughout. The elasticity c2, in contrast, is common

FIG. 13. Time-resolved friction γ (t ) for the different estimators
(bulk median, sliding window τ = 1.0, 500-trajectory ensemble).
The exact-derivative estimator (purple) and the central differences
at �tcg = 0.04 (green dashed) and 0.20 (gray dotted) all oscillate
around zero (shaded band: mean ± one standard deviation of the
exact-derivative trace), whereas the forward difference at �tcg = 0.04
(red) yields a stable, strictly positive friction.
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to all three difference schemes, degrading only through the
sinc-filter suppression at large �tcg.

The time-resolved analysis of Fig. 13 makes the sta-
tistical statement precise. Within the stable window t =
1.0 ∼ 2.5, the bulk-median friction of the exact-derivative es-
timator averages to γ̄ = −0.035 with a standard deviation
of 0.185, and the central-difference estimator at �tcg = 0.04
is nearly indistinguishable from it, both pointwise in time
and statistically (γ̄ = −0.035 ± 0.183); even at �tcg = 0.20,
the central difference remains consistent with zero (γ̄ =
−0.022 ± 0.177). The forward difference at �tcg = 0.04, in
contrast, yields γ̄ = +0.759 with a fluctuation of only 0.037.
The emergent friction reported in the main text is thus entirely

carried by the time-directed component of the coarse-grained
inference.

The collapse of c2 at large �tcg is thus a property of
the finite-difference estimator itself, not a physical effect: It
stems from the sinc suppression of the reactive part of the
spectrum and vanishes in the exact-derivative limit �tcg → 0.
We employ the forward difference in the main text because it
is the operational estimator of an observer with finite tempo-
ral resolution who predicts the future from the present—the
physical situation whose consequences this work sets out to
isolate—and because, as shown above, its dissipative compo-
nent isolates the causal, forward-in-time contribution to the
emergent friction.
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