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Abstract. A Lieb—Robinson bound gives every lattice system an emergent causal structure: a material constant
cLr outside whose light-cone all influence decays exponentially, now visible directly as the measured cone slopes of
quantum-gas and trapped-ion quenches. Taking that emergent-relativity reading seriously but honestly yields three
products. First, a census of cp,g across nine measured platforms spanning nine and a half orders of magnitude on
one axis, from the ~ 1.1 mm/s doublon-holon cone of a Bose-Hubbard gas to the ~ 3 x 10° m/s Dirac cone of
graphene — every number from a verified source, and the honest span, not the round eleven orders one is tempted
to claim. Second, a transfer theorem that classifies exactly which special-relativistic kinematic facts replay inside
a crystal: front-speed causality and effective causal order transfer exactly (with Klein tunneling, already measured
in graphene, the flagship of massless-cone kinematics); internal-clock time dilation yeg = (1 — v?/c2;)~/? transfers
with a computed band-curvature correction o (k/Acu)?; and boost invariance fails provably, because the lattice
is an ether that selects a frame. Third, the in-crystal Michelson—Morley: the ether drift is real and, in a flowing
medium, first-order and large, dc/c ~ v4/cet — the inverse of the historical null — yet an interferometer built entirely
of the emergent quasiparticles nulls anyway, its arms contracting by the same acoustic veg, so the lattice frame is
detectable only with an external clock and ruler. We confront one published dataset — the trapped-ion a-scan
cone exponents ¢(a) of Richerme et al. (2014) — against the long-range Lieb-Robinson thresholds: the measured
cones are super-linear as the theorems require and violate the nearest-neighbour bound, but the data lie below every
threshold (so they cannot discriminate between them) and one point, XY at o = 1.19, is explained by no known
theory. Finally, the crystal is the one place we know relativity is emergent, and its window quality (~ 1072) set next
to the vacuum’s Lorentz-violation bounds (~ 107!¢) makes the gap itself the argument: our vacuum’s window is at
least fourteen orders better than any crystal’s, a fact naive emergent-spacetime pictures must explain rather than
assume.
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1 A 1972 speed limit is now a
number you can read off a
graph

Lieb and Robinson proved in 1972 that local dynamics
on a lattice carry a finite group velocity: outside a cone
whose slope is set by that velocity, the commutator of
two observables — and with it any physical influence
one can exert on the other — decays exponentially in
distance [41]. Read as a bookkeeping bound this is a
locality theorem for quantum spin systems. Read as
physics it says something sharper: every lattice system
has its own speed of light. There is an emergent mate-
rial constant, which we write cpr, that plays inside the
crystal the causal role the vacuum speed ¢ plays outside
it — different for a cold-atom gas than for graphene, but
in each case a hard front past which nothing propagates.
The thesis of this paper is that the second reading is no

longer a metaphor. The cone is a slope in published data;
cLr is a measured quantity; and taking the emergent-
relativity reading seriously, but honestly, yields three
concrete products rather than one loose analogy.

For roughly three decades the theorem was almost un-
used outside mathematical physics [10]. The quantum-
information revival around the turn of the century
turned it into a workhorse: a nonvanishing gap forces ex-
ponential clustering of ground-state correlations [28, 46],
the bound limits how fast entanglement and topological
order can be generated [8], and a self-contained mod-
ern re-derivation now ties the short-range cone, its long-
range generalizations, and the bosonic subtleties into one
framework [14]. Then the bound became an experimen-
tal fact. Cheneau et al. watched a correlation cone open
at a few millimetres per second in a Bose-Hubbard gas
[11]; Jurcevic et al. and Richerme et al. mapped cones
in trapped-ion chains, including the long-range interac-
tions that bend the cone and, below a threshold, break



the linear picture altogether [31, 51]. A theorem about
the abstract propagation of operators had become a slope
one fits to a set of points.

We are careful about what in this paper is inherited
and what is ours. The bound is Lieb and Robinson’s;
its modern tightenings and information-theoretic mean-
ing belong to Hastings, to Nachtergaele and Sims, and
to the quantum-information community [14, 28, 46, 65].
The measured cones are Cheneau’s, Jurcevic’s, and
Richerme’s [11, 31, 51]. That a linear low-energy disper-
sion is an emergent Lorentz window is the commonplace
of the Dirac-materials community — the Fermi veloc-
ity of graphene, vy &~ ¢/300, is the standard example
[9, 48] — and Volovik’s program pushes the same read-
ing to full emergent gravity, which we cite but do not
endorse [63]. Klein tunneling is Katsnelson, Novoselov,
and Geim’s prediction and Young and Kim’s measure-
ment [32, 67]. The “emergent ether” framing has its own
literature: the acoustic Lorentz—FitzGerald contraction
is exact in Barcelé and Jannes [3], and Liberati’s Lorentz-
violation reviews supply the anisotropy formalism our
in-crystal Michelson-Morley section borrows [40].

The honesty is not decoration; it changes three of the
four results. The census is nine and a half orders, not
eleven, because the measured extremes do not reach the
round number. The confrontation is a threefold verdict
— a qualitative win, an inability to discriminate between
competing theories, and a point none of them explains
— not a headline agreement. And the ether experiment
is an inversion: we run Michelson—Morley in a medium
we already know has a rest frame, so the live question is
not whether it registers but what a registration means.
Stated carelessly each of these becomes an overclaim;
stated carefully each is a result, and the grading in each
sentence is what keeps the difference visible.

What we contribute is four things, and we state their
register plainly. First, a census of ¢y g across nine mea-
sured platforms under one extraction convention — the
cone-front group velocity at the relevant filling or state
— ours as a compilation. It spans nine and a half orders
of magnitude, from the ~ 1.1 mm/s doublon—holon cone
of a Bose-Hubbard gas to the ~ 3 x 10 m/s Dirac cone
of graphene. We flag at once that this is nine and a
half orders, not the round eleven the one-sentence thesis
first reached for: the verified numbers do not support
eleven, and we quote what they give (Section 3). Sec-
ond, a transfer theorem, ours as packaging with proofs
at a stated order: which special-relativistic kinematic
facts replay inside a crystal — front-speed causality and
effective causal order exactly, with Klein tunneling the
measured flagship of massless-cone kinematics; internal-
clock time dilation yeg = (1 — v?/c2;)~ /2 with a com-
puted band-curvature correction o< (k/Acury)? — and
which fail provably, boost invariance first among them,
because the lattice is an ether that selects a frame (Sec-
tion 4). Third, the in-crystal Michelson-Morley: its
design and its anisotropy sensitivity are ours, together

with the honest inversion that an interferometer built
entirely of the emergent quasiparticles nulls even though
the drift is real and first-order (Section 5). Fourth, a
confrontation, ours as analysis of published data: we set
Richerme’s a-scan cone exponents against the long-range
Lieb-Robinson thresholds and report agreement and its
limits as found, including one point no theory explains
(Section 5).

Two commitments govern the argument. Every ana-
logical step between crystal kinematics and special rela-
tivity is graded in the sentence where it is made — exact
where it follows from locality alone, structured where it
holds only inside the emergent window and carries a cor-
rection, speculative where it reaches toward fundamental
physics. And every number is attributed at the point of
use, with the paper’s own seeded computation reported
in Appendix C. Section 2 states the bound and narrates
the measured cones; the rest is the census, the transfer
theorem, the ether experiment, and the confrontation, in
that order.

2 The bound is a theorem about
operators; the cone is a slope in
data

The founding statement is unambiguous. For a finite-
range interaction on a lattice the time-evolved observ-
ables cannot correlate faster than a fixed velocity, and
the failure outside the cone is exponential.

Theorem 2.1 (Lieb-Robinson, 1972). For a finite-
range interaction ® on a v-dimensional lattice there exist
a finite group velocity Vo and a strictly positive increas-
ing function p(v) such that
lim eIt H[T?TQJ(A),B}H =0
[t] =00, |z|>v]|t|

for every v > Vg and all strictly local observables A, B;
the asymptotic cone is Cp = {(x,t) : || > Valt|} [41].

The theorem admits a two-body extension to interac-
tions decaying as e~ | which still gives an exponen-
tially clean cone; a slower-than-exponential decay gives
a commutator bound whose tail is linked to that of the
interaction rather than a hard front [41]. Three conse-
quences make the bound physical rather than formal. It
generates an effective light cone with exponentially de-
caying tails for any local Hamiltonian, so information
that leaks past the front is exponentially small [8]. A
nonvanishing spectral gap turns the bound into expo-
nential clustering of ground-state correlations, the stan-
dard companion result [28, 46]. And the velocity that
appears is an upper limit set by the couplings, not a
measured speed: the tightest short-range bounds make
it S-independent for the spin-S Heisenberg model and
scale it as v/N rather than N for the N-orbital Hub-
bard model [65], so a census of measured cone speeds is



reporting a different object from these worst-case con-
stants, and we keep the two apart throughout.

The bound’s reach is wider than correlation spreading.
It caps the rate at which quantum information scrambles:
for one-dimensional power-law interactions the operator-
growth speed between two isolated qubits stays finite
for sufficiently large «, so even the butterfly effect has
a front [13]. It bounds the simulatability of dynamics
and the growth of entanglement, and it fixes a minimum
time for state transfer across a chain — the same in-
equality read as a resource limit rather than a locality
guarantee [14, 59]. Improved power-law bounds sharpen
the constant without changing the structure [19], and
the pedagogical re-derivations make explicit that all of
it descends from the one 1972 estimate [27, 47]. The
early route to bosonic systems recovered a meaningful
analogue of the bound by restricting attention to quasi-
local, finite-energy observables [54], a foreshadowing of
the sharper bosonic results the census must respect.

One class of platforms carries a load-bearing caveat
before any number is quoted. The bosonic local
Hilbert space is unbounded, and a naive Lieb—Robinson
bound can fail because site occupations are not capped.
For Bose-Hubbard dynamics the rigorous guarantee is
weaker than the 1972 finite-dimensional theorem: under
the physically standard restriction to states of bounded
per-site occupation, the wavefront grows at most as
tlog?t — almost linear, only logarithmically worse than
a clean cone [35]. Independent routes confirm a finite
ballistic bound for macroscopic transport in the same
model [20] and a bound that scales linearly in the num-
ber density rather than staying a filling-independent con-
stant [66]. The Bose-Hubbard census entry is therefore
a measured quasiparticle velocity sitting on top of an
almost-linear, state-restricted theoretical floor, and we
say so where it appears.

2.1 What the cold-atom and ion-chain
quenches actually measured

Cheneau et al. prepared a one-dimensional Bose—
Hubbard chain of 8”Rb in an optical lattice of period
a1at = 532 nm, quenched from a deep Mott insula-
tor, and watched a correlation cone open [11]. The
measured propagation velocity is reported dimensionless:
vh/(Jaa) = 5.0(2), 5.6(5), and 5.0(2) at final ratios
U/J = 5.0, 7.0, and 9.0, with J/h = 691(23), 522(14),
and 422(11) s=! respectively [11]. Converted through
J/h and ajat these are & 1.84, 1.56, and 1.12 mm/s: the
cone is millimetres per second, not the “~ 6 mm/s” a di-
mensionless reading invites. The authors interpret their
analytic maximum vpyax =~ (6Jaja/h)[1—16J%/(9U2)] as
an effective Lieb—Robinson bound for this model, asymp-
toting to a doublon group velocity 4Jay../h faster than
the holon’s 2Jay,:/h through Bose-enhanced tunneling
[11] — so the “cone speed” here is specifically a doublon—
holon pair velocity at a chosen quench, which is exactly

the extraction convention the census fixes.

Trapped-ion chains put the same physics at metres per
second and, crucially, let the interaction range tune. Ju-
rcevic et al. encoded a long-range Ising model on 7-15
10Ca™ spins with couplings J;; ~ 1/]i—j|*, a adjustable
from O (infinite range) to ~ 3 (short range), and ex-
tracted the maximum magnon group velocity from the
fitted dispersion; for the shortest range it agrees with
the nearest-neighbour model, and as a decreases it is
consistent with divergence — no finite maximum group
velocity, the light-cone picture breaking down [31]. That
vy () is read from a figure rather than printed as a
number, a usability point we honour by treating it as
figure-extracted.

The cone has since been seen well beyond these first
two platforms. A quenched one-dimensional Bose gas
shows thermal correlations emerging locally and then
spreading in a light-cone pattern, rather than the whole
system relaxing at once [38]; the trapped-ion toolchain
has scaled to 53 spins with single-shot readout [68]; and
a nine-transmon superconducting lattice has mapped
an information cone through out-of-time-ordered correla-
tors, on a Manhattan-distance metric because its qubits
are wired rather than spatially extended [7]. Each con-
firms the front as a robust, platform-independent feature,
and each shows that “the cone speed” is only as sharp as
the extraction convention — which is exactly what the
census fixes next.

2.2 Below a threshold in the interac-
tion range, the cone bends and then
breaks

Richerme et al. made the breakdown quantitative on an
11-ion ' YDb* chain, fitting the light-cone boundary as
r ~ t¢ at fixed correlation contour for four interaction
ranges o € {0.63,0.83,1.00,1.19} in both an Ising and an
XY model, and comparing against the nearest-neighbour
bound vig = 12eJmax [51]. The propagation exceeds
that bound outright for @ < 1: the cone is not merely
bent but supersonic relative to any nearest-neighbour
sound speed. This is the dataset Section 5 confronts,
and its exponents are stated there; here it fixes the qual-
itative fact that a long-range crystal need not have a
finite ¢, at all.

Physically, cone-bending is the long tail of 1/r* reach-
ing across the chain faster than any local process could
carry a signal: below threshold, distant sites correlate be-
fore a nearest-neighbour front could arrive, so the bound-
ary of appreciable correlation is not a straight line r oc ¢
but a curve r ~ t¢ with ¢ > 1. The exponent, not
a velocity, is then the observable — which is why the
confrontation of Section 5 is framed in exponents rather
than in speeds.

The theory of where the cone survives is a hierarchy,
not a single threshold, and its conventions must not be
conflated. In one dimension, Tran et al. establish three



linear light cones at distinct thresholds: a genuine Lieb—
Robinson cone for arbitrary operators and all states at
a > 3, a Frobenius cone for typical states at o« > 5/2,
and a free cone governing single-particle propagation at
a > 2 [60]. Kuwahara and Saito prove a strictly linear
front for « > 2D + 1 (that is, & > 3 in one dimension)
and construct an explicit state-transfer protocol that vio-
lates linearity below it, making the threshold tight from
both sides [34]. Foss-Feig et al. bracket the intermedi-
ate regime: for a > 2D the cone is algebraic, becoming
linear only as a — oo, while for & > D the influence
time grows at least as (a/v) log 7, ruling out exponential-
in-time growth without yet delivering a hard cone [22].
And the threshold cuts the other way at small a: Eis-
ert et al. construct Hamiltonians with o < D in which
quasi-locality itself breaks down and correlations spread
with no causal region at all [17], a counterpoint that the
algebraic-cone theorems do not contradict because they
operate in the a-large regime where a supersonic but
bounded region still exists [25]. Richerme’s four ranges
all sit below o = 2, in the regime where every one of
these results agrees that no finite-velocity linear cone is
guaranteed — which is why the confrontation can be
decisive against a naive bound and, as we will see, inde-
cisive between the competing long-range theories.

3 Nine platforms, one convention,
nine and a half orders of magni-
tude

The bound and the measurements combine into a single
compilation. We state it as a proposition because both
halves are precise: the inequality is the standard Lieb—
Robinson form, and the span is a computed number, not
a rhetorical one.

Proposition 1 (The bound and the census). For local
lattice dynamics there are constants C,£ > 0 and a ve-
locity crr with

{4, (1), B,]|| < C e~ @em-crt/e

so that outside the cone d(x,y) > cLrt all influence de-
cays exponentially; crr is bounded above by the micro-
scopic couplings and read off empirically as a measured
cone slope. Under one extraction convention — the cone-
front group velocity at the relevant filling or state — the
empirical cpr of real measured systems spans nine and
a half orders of magnitude, from the ~ 1.1 mm/s Bose—
Hubbard doublon-holon cone [11] to the ~ 3 x 105 m/s
graphene Dirac cone [18, 48], every value from a verified
source.

Table 1 is the compilation and Figure 1 plots it on a
single logarithmic axis. The ratio of the two extremes
is 1094 — 3 x 10° m/s over 1.1 x 1072 m/s — so the
honest span is nine and a half orders, or nearly ten (Ap-
pendix C).

Remark 1. The one-sentence thesis of this series first
reached for eleven orders. The verified numbers do
not reach it. Eleven was the round figure a quick es-
timate suggests when the top of the range is pushed to
~ 107 m/s and the bottom to ~ 10~* m/s; the mea-
sured doublon—holon cone is 1.1 mm/s, not a tenth of
that, and the graphene value is a few x10° m/s, not 107.
We quote nine and a half and let the round number go.

The rows fall into two families with a gap between
them. The engineered quantum simulators — Bose—
Hubbard gases, trapped-ion and Rydberg spin chains —
live at 1073 to 3 x 1072 m/s, because their emergent
dynamics run on slow tunneling and spin-exchange rates
times micron-scale lattice constants [11, 31, 42, 51]. The
natural condensed-matter carriers — magnons, phonons,
spinons, and Dirac and Weyl electrons — live at 10 to
3 x 10 m/s, set by exchange energies and band widths
times sub-nanometre spacings [16, 36, 43, 48, 55]. Be-
tween ~ 3 x 1072 and ~ 2 x 10 m/s no platform in
the census sits — a genuine empty band, not an arte-
fact of sampling: it is the seam between systems slow
enough to watch atom-by-atom under a microscope and
systems fast enough to require spectroscopy, and noth-
ing yet measured is emergent-relativistic in that mid-
dle decade. Nothing forbids it in principle — a heav-
ily loaded magnonic or phononic device, or a simulator
driven faster than present tunneling rates allow, could
land there — so the gap is a statement about what has
been measured, not about what is possible, and it is the
census’s most obvious target for a future entry.

Every entry is one number extracted one way, and
the way matters as much as the number. For the Bose—
Hubbard row we quote the doublon—holon pair velocity
at the stated quench, 1.1-1.8 mm/s across U/J =9 to 5
[11]; for the trapped-ion row the magnon group velocity
from the fitted dispersion, which diverges as the inter-
action range grows [31, 51]. Two rows are derived con-
versions rather than printed velocities and are labelled
as such. The spinon value follows from the measured
exchange J = 33.5 meV through the lower two-spinon
boundary w;(k) = (w/2)J|sink|, whose small-k slope
(w/2)J is the spinon velocity; multiplied by the c-axis
spacing this is ~ 3 x 10* m/s, a verifier’s conversion, not
a number in the source [36]. The graphene row is deliber-
ately a range, not a constant: the Fermi velocity that sets
the Dirac cone runs from the conventional ~ 1 x 10 m/s
at ordinary density up to ~ 3 x 10° m/s near the neu-
trality point, where weakly screened electron—electron in-
teractions renormalize it [18, 48]. The Weyl/Dirac row
is carried from the sibling paper’s own pool rather than
re-derived here [16]. The superconducting-qubit row is
flagged in the table and the figure: it is a wired circuit
whose cone is a dimensionless slope in Manhattan dis-
tance, converted to a velocity only by assuming a chip
pitch [7], and it is included to show the platform’s place
in the ordering, not as a crystal speed on the same foot-
ing as the others. The full conventions and caveats —



Table 1: The census of emergent cone speeds cpr under one extraction convention: the cone-front group velocity at
the relevant filling or state. Ranges are where a platform tunes (dispersion regime, filling, or interaction range); single
values are quoted points. Per-row provenance and caveats are in Appendix B; the span is computed in Appendix C.

Platform System (convention) Cone speed [m/s] How extracted Source
Bose-Hubbard 87Rb 1D chain, quench 1.1 x 1073-1.8 x dimensionless vfi/(Jaj.;) = 5.0-5.6, [11]
cold atoms (doublon—holon pair) 103 with J/h and aj,¢ = 532 nm
Trapped-ion spin 171Ybt/40Cat, long- 2 x 10731 x 10~2 magnon group velocity from the fitted — [31, 51]
chains range Ising/XY dispersion; super-linear (divergent) as
a—0
Rydberg arrays 8TRb tweezers, Ising anti- 3 x 1073-3 x 10~2 correlation-growth delay, short-time [5, 42]
ferromagnet expansion
Magnons (YIG) yttrium iron garnet films 2 x 102-2 x 10% spin-wave group velocity, dipolar to  [6, 55]
and waveguides exchange regime
Acoustic phonons  crystalline silicon, longitu- 8.4 x 103 standard longitudinal sound speed  [43]
(Si) dinal v = 8.433 km/s
Superconducting 3 x 3 transmon hard-core 5 x 103-1.5 x 10% dimensionless OTOC cone, J/27 = [7]
qubitst Bose-Hubbard lattice 8.1 MHz converted by chip pitch
Spinons (KCuF3) 1D spin—% Heisenberg 3 x 10% v = (7/2)J, J = 33.5 meV, times c- [36]
chain axis spacing (derived conversion)
Weyl/Dirac TaAs-class nodal fermions 1 x 10°~1 x 106 node Fermi velocity (sibling reference  [16]
semimetals pool)
Graphene elec- monolayer Dirac carriers 1 x 10%-3 x 106 Dirac vp, running with density to- [18, 48]
trons ward the node

TA wired circuit, not a spatially extended crystal: its light cone is a dimensionless Manhattan-distance-versus-time slope, and the
metres-per-second figure is that slope converted with the chip pitch, not a directly comparable material velocity [7].

including the bosonic almost-linear floor under the cold-
atom row, the regime dependence of the YIG number,
and the state dependence of ion-chain cones under con-
finement [57] — are collected in Appendix B.

As a contribution the census is deliberately modest in
kind and specific in content: it is ours as a compilation,
not as a measurement, and its only methodological claim
is that one convention, applied to nine independently
published systems, orders them on a single axis without
special pleading. The ordering itself carries information.
That the engineered simulators sit nine orders below the
natural carriers is not an accident of units but a conse-
quence of energy scales — nano-electronvolt tunnelings
against electronvolt band widths — and that both fam-
ilies obey the same Lieb—Robinson inequality is why a
single axis is meaningful at all. The span is the headline;
the convention is what makes the span defensible.

4 Which of relativity’s kinematic
facts a crystal is allowed to keep

A census of speeds invites a category error: if a crystal
has a speed of light, does it have the rest of special rel-
ativity? The answer is not uniform, and the point of
the transfer theorem is that it is not. Some facts follow
from locality alone and transfer exactly; some hold only
inside the emergent-Lorentz window and carry a correc-
tion we can compute; some fail as a matter of proof. We
state the classification and then argue each register at
its own order, with the proofs and counterexamples in
Appendix A and the three columns drawn as Figure 2.

Proposition 2 (The transfer theorem). Let a crystal
carry a Lieb—Robinson velocity crr and, in a low-energy
window, a linear dispersion e(k) = heogk. The special-
relativistic kinematic facts then partition into three reg-
isters. (i) Transfers exactly: front-speed causality (the
cLr cone), effective causal order for operations spacelike-
separated in the cLr metric, and massless-cone kine-
matics wherever the dispersion is linear. (ii) Trans-
fers with a stated correction: the internal clock of a
quasiparticle wavepacket at group velocity v < cCeg TUNS
slow by Yesr = (1 — v?/c2;)™ /2, with a leading correc-
tion < (k/Acury)? from band curvature. (iii) Fails prov-
ably: boost invariance, relativity of simultaneity beyond
the low-energy window, and universality of the energy—
momentum relation across bands.

4.1 What transfers exactly, because it is
only locality

The first register is exact in the strong sense: it needs
no emergent Lorentz symmetry at all, only the Lieb—
Robinson structure of Theorem 2.1. Front-speed causal-
ity is the bound itself — cpr is a hard limit and in-
fluence outside the cone is exponentially small [8, 41].
Effective causal order follows immediately: two opera-
tions whose supports are spacelike-separated in the cpr
metric commute up to the exponential tail, so a well-
defined partial order of “what can affect what” exists
inside the crystal exactly as a light-cone order exists in
Minkowski space [8]. These are graded exact because
they are theorems about commutators, not analogies; the
crystal keeps them for the same reason the vacuum does,
that signalling is capped by a finite speed. Massless-cone
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Figure 1: Every lattice has its own speed of light (Proposition 1). The emergent cone speed ceryss — the Lieb—
Robinson velocity, read off as a measured light-cone slope — across nine measured platforms, spanning nine and
a half orders of magnitude on one axis, from the mm/s doublon-holon cone of a Bose-Hubbard gas [11] to the
~ 10% m/s Dirac cone of graphene [18, 48]. Segments show the measured range where a platform tunes (dispersion
regime, filling, or interaction range); points are single quoted values. The engineered quantum simulators (mm/s—
cm/s) and the natural condensed-matter carriers (102-10° m/s) occupy two bands separated by a gap no present
platform fills. TThe superconducting-qubit entry is a wired circuit; its cone is dimensionless and is converted here
with the chip pitch, not a crystal velocity. Every number is from a verified source; values compiled in the seeded

computation of Appendix C.

kinematics is the third exact entry, but with a scope
condition: wherever the dispersion is genuinely linear,
e(k) = hcogrk, the low-energy excitations obey the mass-
less Dirac equation with ceg in place of ¢, and every kine-
matic consequence of that equation replays. The scope
condition is the whole content — it holds in the window
and nowhere else — but inside it the transfer is not ap-
proximate. One reads the emergent metric off directly:
the cone slope is cefr, and the causal order it induces is
the same partial order a Minkowski cone induces, so the
geometry is measured rather than borrowed by analogy.

4.2 Klein tunneling is the transfer al-
ready measured

The flagship of the massless-cone register is Klein tun-
neling, and it is a flagship precisely because it is the
crystal keeping a relativistic fact that is essentially un-
reachable in the vacuum. Katsnelson, Novoselov, and
Geim predicted that graphene’s chiral massless carriers,
governed by Hy = —ihvp o - V with vp ~ 10° m/s play-
ing the role of ¢, tunnel through an electrostatic barrier
with perfect transmission at normal incidence regardless
of the barrier’s height or width — the opposite of or-
dinary tunneling, which decays exponentially [32]. The
same paper makes the point that gives the transfer its
force: the genuine Klein paradox for real electrons needs
a potential drop of order mec? across a Compton wave-
length, hence fields above 106 V/cm, so the effect is a
tabletop phenomenon in graphene and almost nowhere

else [32]. Young and Kim measured it. In a graphene
p—n junction with top gates under 20 nm wide they re-
solved the phase-sensitive signature — a shift in the
conductance-oscillation fringe pattern at a characteris-
tic field B* =~ 0.3 T — that distinguishes perfect from
merely near-perfect transmission at normal incidence,
which a bulk-resistance measurement cannot [67]. Bulk-
resistance evidence corroborates it more weakly [56], and
two further platforms confirm the same physics indepen-
dently: a trapped-ion simulation of the Klein paradox
[24] and a quasirelativistic Bose-Einstein condensate in
a bichromatic lattice that transmits only in the linear-
dispersion case [53]. Three platforms, one relativistic
fact, transferred exactly into matter where the vacuum
forbids it — this is the strongest single entry in the the-
orem.

The window that makes such transfers possible is itself
an object one can engineer, not merely find. In a tunable
honeycomb optical lattice the Dirac points — the emer-
gent massless cones — can be created, moved through
the Brillouin zone, and, beyond a critical anisotropy,
merged and annihilated [58]: the designer’s inverse of
the census, in which the speed of light is dialled rather
than measured, and the programme the sibling paper
develops [16].



4.3 Time dilation transfers, but only in-
side a window we can size

The second register is where honesty about grading earns
its place. A quasiparticle wavepacket moving at group
velocity v in an emergent-Lorentz window has an inter-
nal oscillation — a zitterbewegung, a spinor phase —
that is a clock, and that clock runs slow. This is graded
structured, not exact: it holds only in the window, and
the window has an edge that band curvature sets.

Corollary 1 (Dilation window). In the emergent-
Lorentz window the internal clock of a wavepacket at
group velocity v dilates by veg = (1 — v?/c2q)"1/?
1.15 at v = 0.5 cep and 2.29 at 0.9 cog. Writing the cor-
rected dispersion (k) = hcegk [1 — (k/Acurv)? + -], the
fractional error in Yeg from band curvature stays below
one percent for k < 0.1 Acury. For graphene Acyry =
1.5 x 10° m~1, so the clean window is k < 1.5 x 108 m~1
(Appendices A and C).

The numbers are the point of the corollary. Dilation
is a real, testable effect where the dispersion is linear
to within a percent, and a computable artefact of band
structure where it is not; the correction oc (k/Acury)?
is the leading even term of the band’s departure from
linearity, derived in Appendix A in the standard k- p for-
malism [45]. Two adjacent effects sit in the same register
and inherit the same window condition. Zitterbewegung
itself has been imaged directly, in a trapped-ion Dirac
simulator [23] and in a spin-orbit-coupled condensate
[39], so the internal clock is not hypothetical. And the
velocity that defines the window is not even constant:
the graphene vp that fixes ceg runs by a factor of three
as the Dirac point is approached [18], so “the” dilation
factor is a slowly varying function of where in the band
the wavepacket sits. Structured, corrected, and window-
limited — but real, and the window is wide enough to
measure in.

Concretely, a dilation measurement compares the
internal-oscillation frequency of a moving wavepacket
against a stationary reference of the same species, both
timed by a clock external to the emergent world, and
asks whether the moving one is slow by veg. The window
condition is what makes that comparison clean: while
the packet is built from components with k£ < 0.1 Acyry
the band is linear to within a percent and ~.g is the
whole effect, whereas at larger k£ the reading is contam-
inated by curvature at a level Appendix A computes —
correctable, but not to be ignored.

4.4 Boost invariance fails, and the failure
is the rest of the paper

The third register fails provably, and the failures are
not marginal. Boost invariance is the first and the deep-
est: a crystal has a ground state and a lattice, and both
select a rest frame, so there is no continuous symme-
try carrying one inertial description into another. The

counterexample is constructive — the lattice Hamilto-
nian is manifestly not invariant under a Lorentz boost
with ceg — and it is exactly the fact that makes the
crystal an ether. That is not a defect to apologize for;
it is the object Section 5 measures, because an ether is
detectable and the paper computes the experiment that
detects it. Relativity of simultaneity fails with it, beyond
the low-energy window: the notion of a boost-dependent
simultaneity slicing requires the boost symmetry that
the lattice lacks, and outside the linear window there is
not even an approximate one. The universality of the
energy—momentum relation fails for a separate reason:
a crystal has many bands, each with its own dispersion
and its own ceg, so there is no single invariant speed
for all excitations the way c is single for all massless
fields in the vacuum [17]. A magnon, a phonon, and a
Dirac electron in the same material do not share a light
cone. The census makes this concrete in a single table:
co-existing excitations of one crystal can differ in cone
speed by orders of magnitude, so “the” speed of light
of a material is a category error — there are as many
as there are bands. These three are graded exact-as-
failures: each has a proof or an explicit counterexample
in Appendix A, and together they draw the boundary of
how far the census’s speeds are allowed to be taken as a
relativity. The crystal keeps causality and, in a window,
kinematics; it does not keep the principle of relativity,
and the next section turns that loss into a measurement.

5 Running Michelson—Morley
where you already know it fails

The lattice is an ether. Boost invariance failed provably
in Section 4, which means the crystal has a rest frame,
which means — unlike the vacuum of 1887 — there is re-
ally something for an interferometer to find. The honest
way to use that fact is to invert the historical experiment:
Michelson and Morley looked for an ether and, correctly,
found nothing; we build the experiment inside a medium
we know has a preferred frame and ask not whether we
detect it but what detecting it measures.

Proposition 3 (The in-crystal Michelson-Morley). A
quasiparticle interferometer that compares cone speeds
along and transverse to a medium drift vq registers a first-
order anisotropy dc/c ~ vg/cog — large, and the inverse
of the historical null. Yet an interferometer built entirely
of the emergent quasiparticles nulls: its arms contract by
the acoustic factor veg = (1 — Uﬁ/cgﬂ)’lp, ezactly the
factor that shifts its timing. The lattice rest frame is
therefore detectable only with a clock and ruler external
to the emergent world, and a positive result measures
the quality of the emergent window, not anything about
fundamental relativity.

The magnitude is the first surprise and it is genuine.
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Figure 2: The transfer theorem (Proposition 2): which special-relativistic kinematic facts replay inside a crystal, and
which cannot. The left column transfers exactly because it follows from locality alone (the Lieb-Robinson structure),
with Klein tunneling the measured flagship; the middle column transfers only inside the emergent-Lorentz window,
carrying a band-curvature correction the paper computes; the right column fails as a matter of proof, because a
lattice has a rest frame that a relativistic vacuum does not. Each entry is argued at its stated order in Appendix A.

In a flowing or driven medium the cone speed along the
drift is ceg + vq one way and ceg — vq the other, so the
along-versus-transverse anisotropy is dc/c ~ vq/cCet —
first order in the drift, not the second-order v?/c? ~ 1078
that made the original signal so punishing to chase. At
a tenth of the cone speed the anisotropy is ten percent
(Appendix C). Figure 3 is the schematic: a source, a
splitter, an along-drift arm and a transverse arm, and
a first-order fringe shift. As a device this is not exotic
— ultrasonic measurements already resolve a field-angle
dependence of the sound velocity in the Weyl semimetal
TaAs, a real anisotropic cone speed in exactly the ma-
terial class the census uses for its Weyl row [37], and
the general emergent-metric formalism that licenses the
whole construction is standard analogue gravity [4].

The design is platform-agnostic, and three realizations
are within reach. Cold-atom quench interferometry can
compare correlation-cone slopes along two lattice axes
in a drifting condensate; magnon interferometry in a
YIG film can race spin-wave packets along and across
an imposed drift; and an electronic Fabry—Pérot cavity
in graphene can compare Dirac-cone transit times across
a biased junction. Each measures the same quantity —
the along-versus-transverse cone anisotropy — and each
supplies its own external clock and ruler, the laboratory
apparatus that, as we are about to see, is precisely what
a fully-emergent version would lack.

The second surprise is the correction, and it is where
the honesty of the inversion lives. Barcel6 and Jannes
proved the exact result: a Michelson—Morley interfer-
ometer built out of the same quasiparticles whose sig-
nals it times cannot detect uniform motion through the
medium, because the binding fields of its own arms obey
the acoustic metric and the arms contract by exactly the
acoustic Lorentz factor vegr = (1 — v2/c%;)~1/2 needed
to cancel the timing shift [3]. The contraction is real
— a dynamical effect of the field equations, not an ap-
pearance — and it is graded exact, because it is a theo-

rem. Its consequence is precise: internal observers, con-
fined to apparatus built from the emergent world, run
the same null Michelson and Morley did, even though
their medium has a rest frame. The lattice frame be-
comes visible only when the clock and ruler are external
to the emergent physics — a laboratory clock, a crystallo-
graphic length — which in a real crystal they always are.
This is why a positive in-crystal result carries the mod-
est meaning we assign it: it does not bear on whether
fundamental relativity is exact, only on how good the
crystal’s emergent window is, because a window with a
first-order drift anisotropy is a window with a detectable
frame. Run where it is known to fail, the experiment is
a window-quality meter, and that is the only thing we
claim it is.

The moving-medium half of the design already has
measured cousins, which fix the scale of a real drift sig-
nal even though none is a Michelson—Morley. A stirred
sodium condensate has a critical velocity v. ~ 1.6 mm/s
against a Bogoliubov sound speed ¢ ~ 6.2 mm/s — a
factor of four apart, because the dissipation is set by
vortex-pair nucleation, not by the Landau criterion alone
[50]. Exciton-polariton fluids show the same velocity-
dependent onset of dissipation, suppressed scattering be-
low a critical flow and a Cerenkov-like wake or oblique
solitons above it [1, 2]. These are the drift regimes an in-
crystal Michelson—-Morley would run in, and they make
the governing distinction concrete: an absolute labora-
tory time coexists with an emergent quasiparticle time
[29], and only an apparatus that can read the former
ever detects the drift.

5.1 One dataset, three verdicts, and a
point no theory explains

The transfer theorem makes predictions about cone
shapes; one published dataset is sharp enough to con-
front. We take Richerme et al’s trapped-ion a-scan —



eight error-barred light-cone exponents, printed in the
text, not buried in a supplement — and set them against
the long-range Lieb—Robinson thresholds, declaring the
convention we compare under and reporting what we

find.

Proposition 4 (The confrontation). Re-analyzed
against the long-range Lieb—Robinson thresholds, the
trapped-ion light-cone exponents ((a) of Richerme et al.
[51], with couplings x 1/r® and boundary fit r ~ t¢,
satisfy three statements at once: (i) all four ranges
a € {0.63,0.83,1.00,1.19} lie below every threshold,
where a linear cone ¢ = 1 is not guaranteed and super-
linear growth is required, which the data show, violating
the nearest-neighbour bound vir = 12eJyax for a < 1;
(i) the data cannot discriminate between the three thresh-
olds, which agree throughout this range; (iii) the XY point
at a =1.19 (¢ = 1.67£0.08, super-linear despite a > 1)
1s explained by no known theory.

The convention is Richerme’s own: the light-cone
boundary is the fixed contour C;; = 0.04CH4,, fit as
r ~ t¢ for both an Ising and an XY Hamiltonian
[51]. The measured exponents are (iging = 1.70 = 0.11,
1.55+0.07, 1.57£0.07, 0.97 £0.17 and (xy = 1.5+ 0.3,
2.84+0.2,22+0.2, 1.67 £ 0.08 at « = 0.63, 0.83, 1.00,
1.19 respectively [51], plotted in Figure 4 against the free
(a > 2), Frobenius (o > 5/2), and worst-case (o > 3)
thresholds [22, 34, 61, 62].

We use this dataset because its eight exponents and
their error bars are printed in the main text, requiring
no digitization, and because it matches the proposition’s
own fallback language exactly [52]. A short-range al-
ternative exists: Cheneau’s Bose-Hubbard cone is even
more self-contained, carrying both its measured veloci-
ties and its own closed-form vy, prediction in one table
[12], but it tests the bosonic short-range bound rather
than the long-range thresholds Proposition 2 is framed
around, so we keep it as the secondary angle and confront
the ion data here.

The first verdict is a clean win for the theorems in
their qualitative form. Every a measured falls below ev-
ery threshold, in the regime where no finite-velocity lin-
ear cone is guaranteed and the theory instead requires
faster-than-linear growth; the exponents are super-linear
(¢ > 1) at seven of the eight points, and the nearest-
neighbour bound vp,r = 12eJyax is violated outright for
a < 1 [51]. Read against a naive short-range bound the
data are decisive: the cone is genuinely non-local. The
second verdict is the honest limit on that win. The three
thresholds — worst-case, typical-state, and free — all lie
above a = 2, and Richerme’s range stops at o = 1.19, so
the data sit where all three theories predict the same non-
linear behaviour and cannot say which is being tested
[22, 61]. Discriminating between them would need an
a-scan crossing a threshold, from perhaps 1 to 4, which
this experiment does not provide. The third verdict is
the one that resists resolution. The XY point at o = 1.19
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Figure 3: The in-crystal Michelson—-Morley (Proposi-
tion 3). A quasiparticle interferometer compares cone
speeds along and transverse to a medium drift vg; the
first-order anisotropy dc/c =~ wvgq/cesr is linear in the
drift and therefore large — the opposite of the van-
ishing signal Michelson and Morley chased. The sub-
tlety Barcelé and Jannes [3] make exact is that an inter-
ferometer built entirely of the emergent quasiparticles
nulls, because its arms contract by the same acoustic
Yt = (1 — v2/c2;)71/? that shifts the timing; the crys-
tal experiment detects the lattice rest frame only because
the experimenter’s clock and ruler are external to the
emergent world. Running the experiment where it is
known to “fail” measures the emergent window’s qual-
ity, not fundamental relativity. Drift magnitudes in Ap-
pendix C.

grows super-linearly, ( = 1.67 £ 0.08, even though o > 1
and a naive counting would call the interaction effec-
tively short-ranged; the original authors already flagged
that no known analytic theory predicts it, and numerics
confirm it persists to larger systems [51]. The confronta-
tion names this tension rather than dissolving it.

We hedge the novelty deliberately. To our knowl-
edge this explicit numeric confrontation of Richerme’s
eight exponents against a specific threshold prediction
has not been published: the theory papers cite the ion
data as motivation without re-analyzing its numbers,
and the most recent work in the area does the same,
citing Richerme and Jurcevic only as prior evidence of
deviations from light-cone propagation [26]. That is “not
found in a live search,” not a proof of absence, and we
state it as such. The tabulation, thresholds, and ver-
dict logic are the paper’s own seeded computation (Ap-
pendix C); the dataset is Richerme’s, and the analysis
convention is declared above so the comparison can be
reproduced or disputed.

6 The gap between the crystal’s
window and the vacuum’s is the
argument

The crystal is the one system in which we know, rather
than suppose, that relativity is emergent. That makes
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Figure 4: The confrontation (Proposition 4). The mea-
sured light-cone exponents ((«) of the trapped-ion long-
range quench of Richerme et al. [51] — eight error-barred
numbers, Ising and XY — against the long-range Lieb—
Robinson threshold theory. All four interaction ranges
(e« = 0.63-1.19) fall in the shaded regime below ev-
ery threshold (a0 > 2 free, > 5/2 typical-state, > 3
worst-case; 22, 34, 61, 62), where no finite-velocity lin-
ear cone (¢ = 1) is guaranteed and the theorems require
super-linear growth — which the data show, and where
the nearest-neighbour bound vy g = 12eJ,.x is violated.
Two honest limits follow: the data cannot discriminate
between the three thresholds (all agree here), and the
XY point at a = 1.19 (¢ = 1.67 £ 0.08, super-linear de-
spite a > 1) is explained by no known theory. To our
knowledge this explicit numeric confrontation has not
been published. Values in Appendix C.

it a calibrated instrument for a question fundamental
physics can only ask indirectly: if our own vacuum’s
Lorentz symmetry were emergent from some deeper
structure with a preferred frame, how good would its
window have to be, and how good is it? The crystal sup-
plies a measured floor for “how good an emergent win-
dow can look,” and the comparison with the vacuum’s
Lorentz-violation bounds is not close.

Proposition 5 (What the ether teaches; graded struc-
tured). Read as a template, the crystal’s emergent-
Lorentz window has a size, a breaking pattern, and
preferred-frame observables. Its best window quality is
of order dc/c ~ 1072, The best measured vacuum elec-
tron Lorentz-violation bound is ~ 10715, against a natu-
ral size ~ 10722, A naive Planck-frame quantum gravity
would generically induce percent-level, ~ 1072, violations
— the crystal’s own level — unless fine-tuned by some
twenty orders of magnitude or protected by a symmetry.
Our vacuum’s window is therefore at least ~ 14 orders
better than any crystal’s, and that gap is the argument,
graded structured: a fact an emergent-spacetime proposal
must explain, not a coincidence it may assume away.

The numbers are worth setting side by side because
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their distance is the content. The best crystal window
we can point to sits in the dc/c ~ 1072 class — a first-
order drift anisotropy is a ten-percent effect, and even
the cleanest Dirac window runs its own vg by a factor
of three near the node. The vacuum is another matter.
Liberati’s review gives the best measured constraint on
a rotationally-invariant dimension-four electron Lorentz-
violation coefficient as of order 10716, while the “natural”
size such a coefficient would take from a term suppressed
only by m./Mp is of order 10722 [40]. Both numbers
matter and they must not be conflated: 107'¢ is a very
strong bound, and it still leaves six orders of room above
the natural expectation. The photon sector is bounded
even more tightly by astrophysical baselines — a 31 GeV
photon from a gamma-ray burst at redshift 0.903 ar-
riving with no energy-dependent delay constrains linear
Lorentz violation to beyond the Planck energy [21] —
and the full sector-by-sector compendium is Kostelecky
and Russell’s living tables [33], with the framework’s his-
tory in Mattingly’s earlier review [44]. Against any of
these, the crystal’s 1072 window is crude by fourteen
orders or more.

The reason that gap is an argument and not a curiosity
is a naturalness result the paper imports as a cautionary
parallel, not as a bound on crystals. Collins, Perez, Su-
darsky, Urrutia, and Vucetich showed that naively com-
bining Standard Model particle physics with a Planck-
scale preferred frame generically produces Lorentz vio-
lation about twenty orders of magnitude larger than di-
mensional analysis suggests — percent-level, ~ 1072, in
the low-energy theory — because loop corrections drag
high-energy violation down into dimension-four opera-
tors with no natural suppression, unless the bare parame-
ters are fine-tuned to implausible precision [15]. Polchin-
ski defended the argument against a published attempt
to evade it and identified supersymmetry as the one
broadly recognized way to protect small violations from
being radiatively enhanced [49]. The parallel to our cen-
sus is exact in structure and must be stated carefully:
the crystal is the “preferred-frame emergent world” made
concrete, and its window sits precisely at the ~ 1072
level the naive quantum-gravity estimate predicts for an
unprotected emergent Lorentz symmetry. The vacuum’s
window is fourteen orders better. So either the vacuum
is fine-tuned, or its Lorentz symmetry is protected by
something the crystal’s is not — and a serious emergent-
spacetime proposal owes an account of which. That is
the template the crystal provides: not a model of the
vacuum, but a measured example of how bad an unpro-
tected emergent window looks, against which the vac-
uum'’s suspiciously good one stands out.

We are explicit about the register of this last claim,
because it is the paper’s most speculative. Reading the
crystal window as a template for constraining fundamen-
tal physics is graded structured, not exact: the crystal
and the vacuum share the logical form of an emergent
Lorentz symmetry over a preferred frame, and they share



the naturalness estimate, but the crystal is not a model
of the vacuum and we do not treat it as one. Volovik’s
program does treat a condensed-matter ground state as
a working model of an emergent gravitating vacuum —
emergent Weyl fermions, emergent gauge fields, and an
emergent metric all at once, with the cosmological con-
stant nullified by the same mechanism [30, 64]. That is
the strong form, and we cite it as the strong form we
do not endorse. Our claim is narrower and, we think,
harder to dispute: the crystal fixes the scale of an un-
protected emergent window, and the vacuum beats it
by fourteen orders, and that number is a datum any
emergent-spacetime picture has to meet.

What the paper delivers, then, is four things at their
stated registers. A census of ¢ g across nine measured
platforms spanning nine and a half orders of magni-
tude — the honest span, not the round eleven — un-
der one extraction convention. A transfer theorem that
sorts special-relativistic kinematics into what a crystal
keeps exactly (causality, causal order, and massless-cone
physics, with Klein tunneling the flagship already mea-
sured on three platforms), what it keeps with a com-
puted correction (internal-clock dilation, clean where
k < 0.1Acuv), and what it loses by proof (boost in-
variance, and with it the principle of relativity). An in-
crystal Michelson—Morley whose drift signal is real and
first-order yet nulls for a fully-emergent apparatus, so
that a positive result grades the window and says noth-
ing about fundamental relativity. And a confrontation
of Richerme’s a-scan that the theorems win qualitatively,
cannot resolve between competing thresholds, and leave
with one point unexplained. Each claim states where it
would break: the census by a measurement in the empty
1072-10% m/s band, the dilation corollary by curvature
beyond its window, the ether inversion by an apparatus
that is secretly external to the emergent world, the con-
frontation by an a-scan that crosses a threshold. Every
crystal has its own speed of light; what it does not have,
and our vacuum apparently does, is a reason for that
speed to be as good as light.

A The transfer theorem at its

stated order

This appendix argues Proposition 2 register by register,
at the order claimed in Section 4, and derives the band-
curvature correction of Corollary 1.

A.1 Transfers exactly: proofs from local-
ity

Front-speed causality. This is Theorem 2.1 restated. The

exponential-tail form ||[A,(t), B,]|| < C e~ (d@v)—eLrt)/¢

gives, for any pair of strictly local observables, a com-

mutator that is exponentially small once d(z,y) > cLrt;
the front speed crr is a property of the couplings alone
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[8, 41]. No emergent Lorentz symmetry is used, which
is why the entry is graded exact rather than window-
limited.

Effective causal order. Let two operations act on re-
gions X and Y at times separated so that X and Y are
spacelike in the cpr metric, d(X,Y) > cLr At. Then
I[Ax (t), By]| is exponentially small, so the two oper-
ations commute up to that tail and their order is im-
material to any observable to the same accuracy. The
set of such relations is a partial order — reflexive, an-
tisymmetric up to the tail, and transitive because com-
mutator bounds compose — so a light-cone causal order
exists inside the crystal exactly as in Minkowski space
[8]. The generation of correlations and topological order
across the cone obeys the same bound, so the order is
not merely kinematic bookkeeping but constrains what
dynamics can build [8].

Massless-cone kinematics. Where the low-energy dis-
persion is linear, (k) = ficeqk, the effective Hamiltonian
is the massless Dirac operator fIO = hcegg o - k with ceg
in the role of ¢ [9, 32]. Every kinematic consequence of
that operator — chirality, pseudospin—-momentum lock-
ing, and the perfect normal-incidence transmission of
Klein tunneling — follows algebraically and is therefore
exact within the linear window. The measured flagship
is the phase-resolved Klein signature of Young and Kim
[67]; the scope condition (linearity of the band) is the en-
tire qualification and is checked, not assumed, for each
material.

A.2 Transfers with a correction: the di-
lation window

Inside the window a wavepacket at group velocity v =
Coft 3 carries an internal phase — the spinor precession
that appears macroscopically as zitterbewegung [23, 39].
Treating that phase as a clock and boosting with the
emergent metric of velocity ceg gives the proper-time
relation dr = dt /veg with veg = (1 — 32)~'/2, evaluated
in Corollary 1 at veg = 1.005, 1.048, 1.155, 1.400, 2.294
for $=0.1, 0.3, 0.5, 0.7, 0.9 (Appendix C). This is exact
only for a strictly linear band; a real band curves, and
the curvature is the correction.

Expand the dispersion about the node in the standard
k-p form [45]. Isotropy and inversion symmetry forbid a
linear-in-k correction to the slope, so the leading depar-

ture is even:
2
) L

which defines the band-curvature scale Ay as the
wavenumber at which the cubic term reaches the linear
one. The group velocity is
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so the effective cone speed the wavepacket actually expe-
riences is reduced from ceg by 3(k/Acury)?. Propagating
this into Yes () with 8 = vy/cer, the fractional error in-
curred by using the uncorrected g is, to leading order,

o)) o

which for wavepackets that are not ultra-relativistic
in the emergent sense is of order (k/Acurv)?. Requir-
ing this below one percent gives k < 0.1 Acyy. For
graphene the curvature scale is set by the crossover from
the linear Dirac cone to the full tight-binding band,
Acury = 1.5 x 10° m™!, so the clean dilation window
is k < 1.5 x 108 m~! (Appendix C). The velocity renor-
malization of Elias et al. [18] enters the same window:
since cog = vp runs with density, the dilation factor is
a slowly varying function of the operating point, and a
precise dilation measurement must fix the density as well
as k.

k
Acurv

k
Acurv

576&

Veft

=263 (

A.3 Fails provably: counterexamples

Boost invariance. The lattice Hamiltonian H
Z<ij> tijcjcj + .-+ is invariant under the lattice space
group and under time translation, but not under any
boost * — = — ut, t — ¢ with a finite u: the hopping
graph and the ground state both single out the rest frame
in which the ions are at rest. There is no continuous
one-parameter family of symmetries connecting inertial
descriptions, so boost invariance fails by construction
— the explicit counterexample is the Hamiltonian itself.
This is the ether: the failure is not a looseness of the
bound but the existence of a preferred frame, which Sec-
tion 5 measures.

Relativity of simultaneity. A boost-dependent simul-
taneity slicing is defined only where a boost symmetry
exists to define it. Within the linear window one may
construct an approximate emergent slicing, but it inher-
its the window’s edge from Eq. (1); beyond the window,
and for any excitation whose band is not linear, there is
not even an approximate boost, so simultaneity has no
emergent meaning to be relative.

Universality of £(k) across bands. A crystal carries
many bands, each with its own dispersion and its own
low-energy ceg; a magnon, an acoustic phonon, and a
Dirac electron in one material have different cone speeds,
as the census’s own spread across co-existing excitations
shows. There is thus no single invariant speed for all
excitations, unlike the vacuum where ¢ is common to
all massless fields. At small interaction-range exponent
the situation is worse than non-universal: quasi-locality
itself can break down and no bounded cone exists at all
[17], the provable end of the register.
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B How each census number was
extracted

The census of Table 1 uses one convention, and the value
of a compilation is that the convention is applied visibly
and its failures are declared. This appendix states the
convention and then walks the nine rows, giving for each
the source number, the extraction step, and the caveat
that keeps the row honest.

The convention. For every platform we report the
cone-front group velocity — the slope of the measured or
dispersion-derived light cone — at the relevant filling or
state, in metres per second. Where a platform tunes (by
interaction range, filling, or dispersion regime) we report
the measured range rather than a single value; where
a source reports a dimensionless cone we convert once,
with the conversion named in the row and here. Three
conversions are the verifier’s, not the source’s, and are la-
belled “derived”; one platform (superconducting qubits)
is not a spatial crystal at all and is flagged wherever it
appears.

Bose—-Hubbard cold atoms. Cheneau et al.
[11] report the dimensionless propagation veloc-
ity vh/(Jas) = 5.0(2), 5.6(5), 5.0(2) for U/J
5.0, 7.0, 9.0, with J/h = 691(23), 522(14), 422(11) s~ !
and lattice period apy = 532 nm. Multiplying, the
physical doublon—holon cone is ~ 1.84, 1.56, 1.12 mm/s,
so the row is 1.1-1.8 x 1072 m/s. Caveat: this is a
quasiparticle-pair group velocity at a specific quench,
and the rigorous bound beneath it is not the clean
1972 cone but the bosonic almost-linear (tlog®t),
state-restricted result [20, 35, 66].

Trapped-ion spin chains. Jurcevic et al. [31] ex-
tract the maximum magnon group velocity from the fit-
ted long-range dispersion of 7-15 4°Cat spins; for the
shortest range it matches the nearest-neighbour model
and it is consistent with divergence as the range grows.
Richerme et al. [51] give the light-cone exponents on 11
T1yb+ jons used in the confrontation. The metres-per-
second row, 2 x 1073-1 x 1072, is the group-velocity class
these chains occupy at Jyax ~ 400 Hz over micron-scale
ion spacings. Caveat: v;***(a) is figure-extracted in the
source [31], and the cone speed is not a fixed material con-
stant — confinement can suppress it substantially [57].

Rydberg arrays. Lienhard et al. [42] observe the
finite-speed delay in correlation build-up in a short-range
Ising antiferromagnet of up to 36 spins, matched to a
short-time expansion; Bernien et al. [5] establish the 51-
atom platform. The row 3 x 1073-3 x 1072 m/s is the
blockade-radius-times-Rabi-rate class expected for these
arrays. Caveat: the sources report the qualitative de-
lay rather than a single printed velocity, so the row is a



platform-class estimate, wider than a single quoted num-
ber.

Magnons (YIG). The spin-wave group velocity of
yttrium iron garnet spans the dipolar (magnetostatic)
regime at long wavelength through the exchange regime
at short wavelength [55]; Béttcher et al. [6] measure the
exchange stiffness and report velocity ratios in gallium-
substituted films. The row 2 x 102-2 x 10* m/s brackets
the two regimes. Caveat: the review is paywalled and
reports no single velocity, and the Ga:YIG paper reports
ratios, not absolute values, so the row is a cross-literature
range with the regime named, not a single-source num-

ber.

Acoustic phonons (Si). MacCabe et al. [43] state the
longitudinal sound velocity of crystalline silicon, v;
8.433 km/s, in the appendix of a nanomechanics paper.
The row is the point 8.4 x 10% m/s. Caveat: this is a
standard materials constant restated for the paper’s own
purposes, not a new measurement; it anchors the phonon
band of the census at a value no one disputes.

Superconducting qubits. Braumiiller et al. [7] build
a 3 x 3 hard-core Bose-Hubbard lattice of transmons
with J/27 = 8.1 MHz and measure information propaga-
tion via out-of-time-ordered correlators on a Manhattan-
distance metric. The row 5 x 103-1.5 x 10* m/s is J/27
times an assumed chip pitch of a few millimetres. Caveat:
this is the one row that is not a crystal velocity. The
device is a wired circuit, its cone is dimensionless, and
the conversion is explicit and unavoidable; the row is
marked with a dagger in Table 1 and carries the same
flag in Figure 1. It shows the platform’s ordinal place,
not a velocity on the same footing as the others.

Spinons (KCuFs3). Lake et al. [36] give
two-spinon continuum’s lower boundary w;(k)
(w/2)J|sin k| with J = 33.5 meV, so the small-k spinon
velocity is (w/2)J in energy—wavevector units. Con-
verting with the c-axis chain spacing ~ 3.9 A gives
~ 3 x 10* m/s. Caveat: derived. The velocity in metres
per second is the verifier’s conversion using a crystal-
lographic spacing not printed in the source; the source
prints the exchange and the dispersion boundary, and
the 98% sum-rule agreement of the two- and four-
spinon continuum supports the dispersion, but the m/s
figure is ours.

the

~
~

Weyl/Dirac semimetals. The node Fermi velocity of
TaAs-class semimetals, 1 x 1051 x 10% m/s, is carried
from the sibling paper’s own verified pool rather than re-
derived here [16]. Caveat: this is a pre-authorized site-
internal source; the primary Weyl papers report node
separations and Fermi-arc structure but not a single

13

printed vr in metres per second, which is why the value
is taken from the series pool by design.

Graphene electrons. Novoselov et al. [48] give the
headline Dirac velocity ~ 1 x 10° m/s (~ ¢/300); Elias
et al. [18] measure it running up to ~ 3 x 10 m/s near
the neutrality point through interaction-driven renormal-
ization. The row is the range 1-3 x 10° m/s. Caveat:
the row is deliberately a range because there is no sin-
gle graphene vg; the low-density renormalized value and
the conventional value are both correct at their densities
and must not be quoted as one constant — the same run-
ning that sets the top of this row sets the operating-point
dependence of the dilation window in Appendix A.

The extremes are the Bose—Hubbard 1.1 x
09.44:

The span.
1073 m/s and the graphene 3 x 10° m/s, a ratio of 1
nine and a half orders of magnitude, the number Sec-
tion 3 quotes in place of the rounder eleven, computed
in Appendix C.

C The seeded computation

The census, the confrontation, the dilation window, the
in-crystal Michelson—Morley magnitudes, and the closing
gap all come from one script, sim_1lr.py, whose source
and outputs (sim_lr_output.txt/.json) ship with the
paper. The computation is analytic; the seed recorded
in the source (20260919) is for provenance only.

The census and its honest span

The script collects the measured cone speeds of Section 3
and reports the span (Fig. 1). The verified extremes are
the 1.1-1.8 mm/s Bose-Hubbard doublon-holon cone
[11] and the 1-3 x 10 m/s graphene Dirac cone [18, 48],
a ratio of 10944 — nine and a half orders of magnitude,
which the paper quotes in place of the rounder “eleven”
the thesis first reached for. The engineered simulators
(mm/s—cm/s) and the natural condensed-matter carri-
ers (10-10° m/s) sit in two bands with a gap between
~3x 1072 and ~ 2 x 10? m/s that no present platform
fills.

The confrontation, the dilation window,
the drift, and the gap

For the confrontation (Fig. 4) the script tabulates the
eight Richerme exponents ((«) against the linear-cone
value ¢ =1 and the long-range thresholds o > 2, 5/2, 3;
all four a € [0.63,1.19] lie below every threshold, the
cones are super-linear, and the XY point at = 1.19
(¢ = 1.67 £ 0.08) exceeds what any threshold theory
explains. For the dilation corollary the script evalu-
ates Yot = (1 —v?/c2s)""/? (e.g. 1.15 at v = 0.5 cesr,
2.29 at 0.9ce) and the band-curvature scale Ay =



1.5 x 10° m~! for graphene, so the correction (k/Acury)?
stays below one percent for k < 1.5 x 10% m™t —
the window where the dilation is a clean, testable ef-
fect (Appendix A). The in-crystal Michelson-Morley
drift anisotropy is first order, dc/c ~ vgq/cexr (Fig. 3);
the acoustic Lorentz—FitzGerald contraction that nulls
a fully-emergent interferometer is the exact result of
Barcelé and Jannes [3]. Finally the gap: the crystal’s
emergent-window quality is of order 1072, the best vac-
uum electron Lorentz-violation bound is ~ 10716 [40],
and the naive Planck-frame expectation of Collins et al.
[15] sits at the crystal’s 1072 level unless the vacuum is
fine-tuned by some fourteen to twenty orders — the gap
the paper reads as its argument.
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