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Abstract. Strain enters the low-energy action of a Dirac or Weyl material exactly as a gauge or metric perturbation,
so a machined strain profile is a designer spacetime for its electrons. The calling card is already on the bench: strained
graphene nanobubbles realise pseudo-magnetic fields above 300 T [50], an order of magnitude past any laboratory
magnet. We assemble the strain-to-geometry dictionary as a quantitative engineering table across named materials,
then design a concrete horizon device — a near-critical type-II Weyl slab (the WTey/MoTey family) whose bending-
beam strain gradient sweeps the cone tilt W through the type-I/type-II boundary, so the line where W =1 is an
electronic horizon with analog surface gravity keg = vp|0W/0x| and analog Hawking temperature T = hren/27kp.
At a fabricable design point (0.3% strain over 100 nm) 75 ~ 0.1 K, in the dilution-refrigerator range, spanning 0.04—
0.4 K across the design envelope. The honesty is in two places. First, no experiment has yet measured the tilt’s strain
derivative 9W/0Ou in any real type-II material [48]; every strain—tilt number here is computed (DFT/tight-binding),
and measuring it is the device’s first milestone. Second, the kill condition: horizon physics survives only where the
carrier stays ballistic across the horizon, pu > pmin(Th) = evp/krkpT}f, and at the design point the near-critical
type-II hosts that supply the tilt (u ~ 103-10* ¢cm?/Vs) sit two orders of magnitude below threshold, while the
crystals that clear it (CdsAsy, > 107; NbP, 5 x 10°) are type-I and carry no tilt — so no material today clears
both bars, and the program is a few-kelvin design in demonstrably cleaner type-II crystals. We give the signature
menu at the design point — a shot-noise thermal factor at T'%, a two-terminal conductance peak of order 2e?/h per
mode, and scanning thermometry at the SQUID-on-tip floor — each a kinematic-analog quantity, in the sense the
companion paper fixes [13]; the paper never claims gravity.
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1 Strain already bends electronic

spacetime by three hundred

theory placing the peak curvature regions at 200-400 T
— an order of magnitude past the ~ 85 T that the
strongest sustained laboratory magnet reached at the

tesla

Strain enters the low-energy action of a Dirac or Weyl
material as a gauge or metric perturbation of its elec-
trons, so a machined strain profile is a designer space-
time for the carriers that live in it. The correspondence
is exact at leading order in the k- p/tight-binding expan-
sion — a smooth deformation shifts and tilts the Dirac
cone in precisely the way a background vector potential
or an off-diagonal metric component would [42, 78, 83]
— and we grade it as exact only at that order: the full
tight-binding treatment carries additional terms that do
not couple as a standard gauge field and are of the same
order of magnitude as the ones that do [19], so every
analogical step in this paper is graded exact, structured,
or speculative in the sentence where the step is made.

The calling card is already on the bench. Scanning
tunnelling microscopy of strained graphene nanobubbles
reads pseudo-magnetic fields in excess of 300 T [50], with

time, and reached without a magnet at all. The record
is not a fragile one-off: architected nanopillar substrates
drive graphene to ~ 800 T at room temperature [33], and
heteroepitaxial nanoprism arrays produce a uniform 41 T
pseudo-field whose Landau levels are resolved by photoe-
mission at room temperature on a wafer scale [62]. When
the object of the analogy is the electron’s own dispersion,
“geometry” is not a metaphor and not small: it is the
largest effective field in condensed-matter physics.

This paper takes that fact seriously enough to build a
device from it, and it inherits an honest amount to do
so. The strain—gauge dictionary is the graphene commu-
nity’s [2, 27, 42, 78, 83]; the 300 T measurement is Levy
et al’s [50]; the type-II Weyl phase, whose over-tilted
cone is the geometry we exploit, is Soluyanov et al’s
[74]; and the idea that an over-tilted region reproduces
a black-hole horizon has a fifteen-year literature, from
Volovik’s ancestor claim [81] through the type-III/IV
classification [63], the junction mappings [43], the lattice-



model series [46, 56, 59, 71], and the transport-signature
work [18, 31], with the helium-3 program as its own older
root [36, 38]. The analog-gravity program that licenses
all of it is Unruh’s and its modern review is Barceld,
Liberati and Visser’s [5, 79].

We declare the grade of every “spacetime,” “horizon,”
and “Hawking” claim up front, because the honesty of
the whole construction depends on it. Following the par-
tition fixed by the companion paper [13], an analog ob-
servable is kinematic when it is a functional of the effec-
tive metric, the field’s quantum state, and the dispersion
relation alone, and dynamic when its black-hole counter-
part requires the Einstein field equations, their matter
sources, or the area—entropy law. Our device engineers
the electronic band-geometry, which is exactly the object
the analogy is kinematic about — the dispersion and the
null-cone structure it sets — and it is silent on everything
the analogy is not: there is no Bekenstein—Hawking en-
tropy here, no evaporation lifetime or Page curve, and
the “back-reaction” of the electrons is the crystal’s elas-
ticity and screening, not spacetime sourced by Einstein’s
equations [13]. Every signature in Section 5 is kinematic
in this precise sense, and we say so at each one. The
paper never claims gravity.

Against that inherited backdrop, four things are ours,
and a verified audit of eighteen horizon proposals span-
ning 1998-2023 found no prior paper combining even two
of them. We (i) assemble the strain-to-geometry dictio-
nary as a quantitative engineering table across named
materials, every entry sourced (Section 2); (ii) design a
concrete device — a flexure-strained near-critical type-II
Weyl slab whose tilt gradient sweeps the cone through
the type-I/type-II boundary — and compute its analog
surface gravity keg and analog Hawking temperature T
from real material parameters (Section 3); (iii) derive the
disorder kill condition, a mobility and mean-free-path
threshold below which the horizon physics is buried, and
state it as a number the field can aim at (Section 4);
and (iv) compute the magnitudes of three experimen-
tal signatures at the design point, each graded for its
analog-partition status (Section 5). The closest prior
work is De Beule et al’s heterostructure-interface hori-
zon, which pairs an abstract-model Tf with a genuine
conductance-peak signature but names no material and
derives no disorder threshold [18]; Huang, Jin and Liu
name a real compound (ZnsInySs) but compute neither a
temperature nor a signature [35]; and Volovik’s ancestor
gives only the symbolic relation Tg = (h/2mkg) dv/Or
with no material, no number, and no fabrication route
[81]. The four-part package, anchored to one strained
near-critical crystal, is unattempted.

Two admissions carry the paper’s weight, and both
appear before any device is drawn. First, the tilt’s
strain derivative 0W/Ou;; has never been measured:
no experiment from 2016 to 2026 reports a tilt pa-
rameter under strain in any real type-II material, and
the state of the art reaches only 0.34% operando

strain on Mog.91 Wg.goTes while reporting band and
transport changes without a tilt number [48]. Every
strain-to-tilt entry here is therefore computed (density-
functional /tight-binding), marked as such, and measur-
ing it directly is the device’s stated first milestone. Sec-
ond, the kill condition bites today: the near-critical type-
IT hosts that supply the tilt carry mobilities two orders
of magnitude below what a sub-kelvin horizon demands,
while the ultrahigh-mobility crystals that would resolve
it are type-I and carry no tilt to bend, so no material
now clears both bars at once. The dictionary is real, the
device geometry is fabricable, and the honest boundary
is the subject of Section 4 rather than a footnote to it.

2 Strain enters the low-energy ac-
tion as gauge and metric fields,
entry by entry

The dictionary that turns a deformation into a field has
two columns, one for the two-dimensional Dirac matter
where it was written and one for the three-dimensional
Weyl matter where this paper puts it to work. Both fol-
low from the same move: expand the lattice Hamiltonian
to leading order in a slowly varying strain field u,;(r) and
read off how the deformation dresses the Dirac operator.
We state the two columns as a single proposition, tran-
scribing the coupling forms from the sources that derived
them, and grade the correspondence exact at this order.

Proposition 1 (The strain-to-geometry dictionary; ex-
act within k - p/tight-binding order, attributed). For a
two-dimensional Dirac material (graphene), a strain field
couples to the low-energy electrons as a pseudo-gauge po-
tential

_ hBe
ps 2ea

with a the lattice constant and Bg the Grineisen-class
electron—phonon coupling, and its curl is a pseudo-
magnetic field Bps = V X Apg sourced by strain gradients;
the measured anchor is the nanobubble field Bps > 300 T
[50]. For a three-dimensional Weyl semimetal, the same
strain both displaces the nodes — a chiral (azial) gauge
field b(r) — and tilts the cones, so that the low-energy
Hamiltonian

(Umc — Uyy, _ZUzy) » ﬂG ~ 23, (1)

H=vpo - (k—b(r)) +vpW(r) kkF (2)

describes an electron in an effective metric of Painlevé—
Gullstrand form wherever the tilt W (r) varies, the type-IT
condition being |W| > 1 (Appendiz A, conventions fized).
The engineering table gives, per material, the measured or
computed OW/0u;;, Ob/0u;;, vr, and achievable elastic
strain, with sources.

Equation (1) is the closed form the graphene reviews
settle on: a strain-tensor combination scaled by the di-
mensionless coupling Sg = —d1Int/d1lna ~ 2, with ¢ the



nearest-neighbour hopping and a = 1.42 A [2, 11, 83].
The coupling is not perfectly pinned, and we carry the
spread honestly: full tight-binding fits to uniaxial strain
place the effective vector-potential coupling in the band
Be =~ 2.6-4.0 depending on strain direction and which
hopping term is tracked [66], a quantity that must be
kept separate from the phonon Griineisen parameter
v(E24) &~ 1.99 measured from the Raman G-peak split-
ting under strain [58], with which it is frequently con-
flated. That the map (1) is exact only at leading order
is itself a result: a systematic tight-binding derivation
finds an additional strain-induced term that does not
couple to the electrons as a standard gauge field and is
of the same order of magnitude as the ones in Eq. (1)
[19], which is why we grade the pseudo-gauge correspon-
dence structured rather than exact once strain gradients
are large.

The measured pseudo-field record is real, large,
and increasingly designed. The graphene column
is the one part of the dictionary with a decade of mea-
surements behind it, and they run from single bubbles
to wafers. Levy et al’s nanobubbles on Pt(111) set the
headline at B,s > 300 T over lateral sizes of 4-10 nm
[50]; architected nanopillar substrates push a strain-free
monolayer to ~ 800 T at room temperature over a scal-
able area [33]; and heteroepitaxial SiC nanoprisms de-
liver a uniform 41 T whose pseudo-Landau levels are
resolved by photoemission at room temperature [62].
The field can also be dialled: atomic-force-microscope-
programmable nanobubbles span 0-125.7 T with inde-
pendently tunable size and location [39], competing tip
and gate forces on a suspended drumhead confine carri-
ers into strain-defined quantum dots [45], an hBN moiré
“magnifying glass” calibrates the local strain that pro-
duces the field [41], and periodic strain arrays generate a
quantization distinct from the ordinary Landau ladder of
a single smooth bump [4]. This is the empirical warrant
for the whole paper: when the field acts on the electron’s
own dispersion, engineered strain routinely reaches hun-
dreds of tesla, so the question for a horizon device is not
whether strain-geometry is strong enough but whether
the three-dimensional tilt column of the dictionary can
be filled with the same confidence — and it cannot yet,
for the reason the next paragraph makes precise.

The Weyl column is where the honesty lives.
The chiral gauge field b(r) in Eq. (2) has an explicit
closed form on a tight-binding Weyl lattice, linear in
the strain tensor through a Griineisen coupling [14], and
its spatial variation acts as an axial vector potential
whose n=0 pseudo-Landau level reproduces the Fermi
arc [25, 68]. The tilt term vpW (r) is the one we exploit,
and it is the term the literature has never measured un-
der strain. The type-II phase itself is on firm ground: it
was predicted for WTey [74] and MoTes [77, 84] and ob-
served by photoemission in MoTe; [21, 34, 40] and WTes

[85], with the tilt criterion — constant-energy surfaces
opening from closed ellipsoids to hyperboloids once the
cone velocity offset exceeds the cone slope — set out in
the field review [3]. But the reading of an observed Fermi
arc as automatic proof of the type-II state is contested:
Bruno et al. showed that WTe, carries a large, topolog-
ically trivial surface Fermi arc that exists independently
of the bulk Weyl points [8], so the arc’s presence nei-
ther confirms nor rules out the tilt, and we treat WTes’s
near-critical status as computed rather than measured
on that account too.

What has never been measured is the derivative that
the device needs: O0W/0u;;, the rate at which strain
changes the tilt. The most recent operando-strain
photoemission study reaches 0.34% tensile strain on
Mog.91 Wq.09Tes, reversible below 0.17%, and measures
a ~ 30% increase in the density of states at Fr — but
reports no tilt parameter and locates no type-I/type-I1
crossing, validating its bands only against ab initio calcu-
lation [48], and the group reviews confirm no such deriva-
tive has been compiled for any type-II material [37]. Ev-
ery strain-to-tilt number in this paper is therefore com-
puted, and we mark it so. We anchor the computation
on the density-functional strain sensitivities of the type-
IT literature — a 0.5% compression that drives the WTes
Weyl-point separation from ~ 0.7% to ~ 2% of the recip-
rocal lattice vector [74], and the DFT-predicted strain-
driven type-II/type-I transitions of MoTey [77, 84] — to-
gether with a Griineisen estimate OW/0u ~ W ¢ using
Be =~ 2-3. Reading a boundary crossing AW ~ 0.1-
0.3 over ~ 0.5-2% strain, both routes land in the band
OW/Ou ~ 5-30, central value 15; this is a genuinely novel
contribution rather than a restatement of measured data,
and Appendix B gives its provenance entry by entry.
That 8-Pmmn borophene supplies a tilted-Dirac cross-
check model with a closed-form strain coupling of the
same family [89] is reassuring for the form, not for the
number.

The dictionary as an engineering table. Ta-
ble 1 collects the shortlist: the two untilted an-
chors that bracket the problem (graphene, the pseudo-
field champion and mobility benchmark; CdzAss and
NbP, the ultrahigh-mobility Dirac and Weyl crystals),
the near-critical type-II hosts that carry the tilt (the
WTey/MoTe, family), and the borophene-class model.
Figure 1 renders the two-column logic as a plate. The
reason no single row is both tilted and clean is the whole
content of Section 4; the table simply makes the trade-off
legible, with every measured number carrying a primary
source and every computed tilt sensitivity flagged as com-
puted. The Fermi velocity entered for the type-II hosts
is the design host value used throughout the device arith-
metic (vp ~ 2 x 10° m/s, the reduced along-tilt velocity
of a near-critical band; Appendix C), not a separately
measured constant, and we mark it as such.

The table is the paper’s ledger. It says, in one place,



Table 1: The material shortlist for a strain-engineered electronic horizon. Measured quantities carry primary sources;
the tilt sensitivity OW/du is computed (density-functional/tight-binding), never measured in any type-II material to
date [48], with provenance in Appendix B and the propagated range in Appendix C. “Host” v is the design host
value of the near-critical along-tilt band used in the device arithmetic, not a separate measurement.

Material Type vp (m/s) Measured p  Rest tilt OW/Ou (com- Achievable Sources
(cm?/Vs) w puted) strain

Graphene I (2D~ 106 > 2 x 10° 0 — (untilted) ~ 6% uniform; 7,10, 11, 49
Dirac, (susp.) ~ 25% local
untilted)

WTes I (near- ~ 2 x 10° ~ 103-10* >1 5-30 (central ~ 0.23% 1,32, 74
critical) (host) 15) (piezo)

MoTes / I (near- ~ 2 x 10° ~ 10% > 5-30 (central  0.34% 48, 77, 84

MoWTez critical) (host) 15) operando

Cd3As2 I (Dirac, ~1.5x10% > 107 0 — (untilted) ~ 3-8% (tor- 51,68
untilted) sion, modeled)

NbP I (Weyl, — 5 x 106 <1 — (untilted) — — 24, 73
untilted)

8-Pmmn tilted model — <1 coupling — 89

borophene Dirac form (model)
(model)

that the geometry knob is strong (the graphene row),
that the tilt exists in real crystals (the type-II rows), that
the tilt sensitivity is computed and not yet measured
(every dash and every 5-30), and that the crystals which
would let a horizon be seen are the ones without a tilt
to bend (the CdsAs; and NbP rows). The device of
Section 3 is built from the type-II rows; the verdict of
Section 4 is the arithmetic of why those rows, today, sit
on the wrong side of the disorder threshold.

3 A bent slab of near-critical
type-II Weyl is an electronic
horizon

The device is the dictionary’s Weyl column turned into
a fabrication drawing. Take a slab whose cones are just
over-tilted at rest, bend it so that a strain gradient runs
along a short channel, and the tilt falls smoothly through
the critical value; the line where it crosses is a place past
which one branch of carriers can only move one way,
which is what an electronic horizon is. The construc-
tion is ours, and we state it as a proposition with its
surface gravity fixed to the normalization derived in Ap-
pendix A.

Proposition 2 (The horizon device; ours). Take a sus-
pended or flexure-strained slab of a near-critical type-II
candidate — a material from Table 1 with rest tilt near
|[W| =1, the WTey/MoTey family leading — and deliver,
by bending-beam flexure, a uniazial strain gradient that
sweeps W through 1 across a channel of length L. The
crossing line is an electronic horizon with analog surface
gravity

Reff = VR

aw‘ , (3)
o |y

the O(1) normalization fized by the analog surface-gravity

definition in Appendix A, and analog Hawking tempera-

ture "
a Reff
= . 4
0= 5t (4)

With 0.1-1% strain delivered over 100 nm-1 um and the
shortlist’s computed OW/0u, FEgs. (3)—(4) place T§ in
the 0.1-10 K range (numerical values from the seeded
computation of Appendiz C, plotted in Fig. 2).

We grade the horizon claim exact on the kinematic
side and silent on the dynamic side, in the sense fixed in
Section 1 [13]: Eq. (2) with a varying tilt is, at leading
order, an electron propagating on a Painlevé—Gullstrand
effective metric whose go; components are the tilt [63, 81],
and the null-cone tipping at W = 1 is the same geometry
Unruh’s sonic horizon and its condensed-matter descen-
dants realize [5, 79]. The surface-gravity form keg =
vp|OW/0z| is Volovik’s tilt-gradient temperature [81]
and coincides with De Beule et al’s T = hvpa/27kp
once their tilt slope « is identified with OW/dz at the
crossing [18]; Appendix A shows the factor of order unity
between the raw gradient and the properly defined ana-
log surface gravity, so that no hidden normalization in-
flates T, .

Why the tilt must be near-critical, and why that
forces the material choice. The horizon needs W to
pass through 1 inside the achievable strain window. If
the rest tilt is far below 1, no laboratory strain reaches
the crossing — the elastic limit runs out first; if it is far
above 1, the crossing sits at a strain the crystal cannot
survive. Only a near-critical host, |W| already close to
1 at rest, brings the crossing within a fraction of a per-
cent of strain. That is exactly the WTey/MoTes family:
type-1I by prediction and photoemission [21, 34, 74, 77],
sitting so close to the boundary that density-functional
theory finds strain can drive them back across it [77, 84].
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Figure 1: The strain-to-geometry dictionary (Proposition 1). A single machined strain field enters the low-energy
action of a Dirac or Weyl material as a gauge or metric perturbation. In 2D Dirac matter it is a pseudo-gauge
potential Aps whose curl is a pseudo-magnetic field: strained graphene nanobubbles already realise B,s > 300 T [50],
an order of magnitude beyond any laboratory magnet. In a 3D Weyl semimetal the same strain both displaces the
nodes — a chiral (axial) gauge field b(r) [14] — and tilts the cones, so that a spatially varying tilt W (r) enters the
Hamiltonian exactly as the off-diagonal components of a Painlevé—Gullstrand metric (Appendix A). The engineering
table of Section 2 makes each entry quantitative, material by material; every strain—tilt figure is computed, not

measured [48, 74].

The ultrahigh-mobility crystals of Table 1 are disquali-
fied here not on cleanliness but on geometry: CdsAs,
and NbP are type-I, their cones untilted, so there is no
W — 1 crossing to engineer at all [51, 73], and sus-
pended graphene, for all its pseudo-field prowess, is a
two-dimensional Dirac system with no cone tilt to bend.
We adopt Mog.g1 Wo.09Tes as the concrete lead, because
it is the one near-critical type-II crystal on which cali-
brated operando strain has already been delivered and
its band response measured [48], even though that exper-
iment stopped short of a tilt parameter. We defend the
choice with the caveat attached: WTey’s type-1I status
was challenged on the grounds that its observed Fermi
arc is topologically trivial and tilt-independent [8], so
“near critical” is, for now, a computed property of these
hosts and the first thing an experiment must confirm.

The fabrication route is assembled from demon-
strated parts. Nothing in the device asks for a process
that has not been run. The strain is delivered by a piezo-
electric bending-beam cell of the Hicks—Mackenzie class,
which reaches continuously tunable, reversible strain up
to ~ 0.23% at cryogenic temperature with good homo-
geneity on a high-aspect-ratio sample [32]; the operando-
strain photoemission cell that took Mog 91 Wg.g9Tes to
0.34% shows the type-II family tolerates comparable
strain reversibly [48], and free-standing membranes of
the two-dimensional analogue sustain several percent
uniform elastic strain before fracture [10, 49]. The
slab itself follows the suspended-membrane route of the
graphene electromechanical-resonator lineage — exfolia-
tion over a trench, clamped at the contacts, released to
bend [9]; a boron-nitride substrate or encapsulation sup-
plies the atomically smooth, low-disorder support that

raised graphene mobility by nearly an order of magni-
tude [17, 55], which Section 4 will show is the bind-
ing constraint. Ohmic source and drain contacts to a
transition-metal ditelluride are available by laser phase-
patterning of a metallic 1T region into the semiconduct-
ing host, which raised MoTey transistor mobility about
50-fold while holding an on/off ratio of 10° [12]. Over
the channel sits a scanning SQUID-on-tip thermometer
of sub-50 nm diameter for the local-dissipation readout
of Section 5 [29]. The layout — cross-section, strain map,
contacts, and the engineered W (z) profile — is drawn in
Fig. 2.

The contact and readout layout follows the mea-
surement. The channel is two-terminal by design, be-
cause the cheapest decisive signature is a two-terminal
conductance peak (Section 5): source and drain bracket
the crossing, the number of transverse modes is set by
the channel width, and the phase-patterned 17" contacts
keep the injection ohmic [12]. The strain map is the
other half of the drawing and is fixed by beam mechan-
ics: bending a slab of thickness d to radius of curvature
R delivers a surface strain u ~ d/2R that varies along
the channel, so the tilt gradient OW/0x follows directly
from the beam geometry and the computed OW/0u, and
is uniform to the extent the curvature is. The choice of
local bending over the sample-wide routes that blanket
tens of micrometres by heterostructure lattice mismatch
[52] is deliberate: a horizon needs a controlled gradient
across a short channel, not a uniform field over a large
area, and the gradient is exactly the quantity Eq. (3)
turns into surface gravity. The scanning thermometer
sits above the channel for the local-dissipation image, so
the same device serves all three readouts of Section 5



without refabrication [29)].

The design point, and the envelope around it.
Fixing the arithmetic to one fabricable operating point
makes the claim checkable. We take a host along-tilt
Fermi velocity vp = 2 x 10° m/s and a strain of 0.3%
delivered over L = 100 nm; with the central com-
puted sensitivity OW/0u = 15 this gives a tilt gradi-
ent OW/dz = 0.45 ym~1, hence from Eq. (3) a surface
gravity Keg = 9.0 x 101% s71 and from Eq. (4) an analog
Hawking temperature 7% = 0.11 K (Appendix C; Fig. 2).
This is squarely in the dilution-refrigerator range, which
is the point: the temperature is low, but not fantas-
tically low, and every input is a number the shortlist
supplies. The envelope is wide enough to matter and
bounded enough to be honest. Sweeping strain over 0.1—
0.5%, channel length over 50 nm-1 pm, and the com-
puted sensitivity over its 5-30 band, T spans 3.6 mK-
0.36 K (Appendix C). Holding the design geometry and
sweeping only the sensitivity across its conservative, cen-
tral, and optimistic values gives T = 0.037, 0.109, and
0.219 K — a factor of six that propagates directly from
the one quantity the paper admits is computed rather
than measured, OW/du, which is why measuring it is
the program’s first milestone (Section 6).

The arithmetic that produces a tenth of a kelvin is
the easy half of the design. It says the horizon is warm
enough to reach in a standard cryostat and cold enough
that its signatures live below the ordinary thermal floor.
What it does not say — what no earlier proposal in the
horizon literature said, because none carried a material
and a mobility — is whether a carrier in this particu-
lar slab survives long enough to feel the horizon before
disorder scatters it. A surface gravity of 9 x 1010 s~!
sets a Hawking time i/kpTy ~ 70 ps and, through the
host velocity, a horizon length of order ten micrometres;
whether the mean free path clears that length is the dif-
ference between a designer spacetime and a warm, disor-
dered resistor. That comparison is Section 4, and it is
where the design meets its verdict.

4 Disorder buries the horizon be-
fore any present material can
show it

A horizon is a coherent kinematic structure, and disor-
der is its solvent. For the tipping of the null cone to be
a physical fact for a carrier rather than a line on a band
diagram, the carrier must propagate ballistically across
the crossing for at least as long as the horizon takes to
act. That single requirement, turned into an inequality
on mobility, is the paper’s engineering teeth, and it is
where every prior proposal stopped. We state it, evalu-
ate it against measured mobilities, and give the verdict
without softening it.

Proposition 3 (The kill condition; ours). Horizon
physics requires the Hawking time h/kgTf to be shorter
than the transport scattering time T = um®*/e, equiva-
lently the mean free path { = vpT to exceed the horizon
length Ly = hop/(kpTg). With the Weyl transport mass
m* = hkp/vp this is a threshold on mobility,

evgp

= 5
kpkpTg’ (5)

H > Hmin (T?I)
a curve pmin(T5) per material. Against measured mobil-
ities the verdict follows: which shortlist materials clear
the bar today, which need cleaner growth, and by how
much.

The derivation is one line and it fixes the physics of
the bound. The horizon acts over the Hawking time
tg = h/kpTf; a carrier resolves it only if it survives bal-
listically for longer, 7 > tz. Writing the transport time
as 7 = pm*/e and the linear-band transport mass as
m* = hkp/vp turns 7 > h/kpT§ directly into Eq. (5),
while multiplying through by vp restates it as the ge-
ometric condition ¢ > £g: the mean free path must be
longer than the region over which the metric bends. The
two forms are the same statement, and both scale as
1/Tf — a colder horizon is a longer, more fragile one.
This is the threshold no paper in the horizon literature
derived: De Beule et al. came closest, citing TaAs’s mea-
sured mean free path of ~ 5.2 pum once as a plausibility
remark, but never turned it into a critical value [18], and
the group review states outright that a complete scatter-
ing theory in the presence of these pseudo-fields is still
absent [37].

Which lifetime enters, and at what density, decides
how the bound is read. Equation (5) is written in the
transport scattering time, and that choice is deliberate:
the horizon is a real-space structure a carrier must cross
ballistically, so it is the transport mean free path — not
the typically much shorter quantum lifetime that sets
the decay of quantum oscillations — that must clear {5
[16]. In the ultrahigh-mobility crystals the two differ by
orders of magnitude, the transport lifetime exceeding the
quantum lifetime by ~ 10* in Cd3Asy [51], which is why
those crystals clear the bar so comfortably despite non-
negligible single-particle scattering. The threshold also
turns on carrier density through kp: since pmin k;l,
running at higher density relaxes the mobility demand,
but only by pushing Er off the node and diluting the
tilt physics the device depends on, so we fix the repre-
sentative n ~ 10'® cm™3 used throughout rather than
buy margin that way. One further caveat sharpens the
target rather than softening it: near the node the carri-
ers can enter a hydrodynamic regime where momentum-
conserving collisions dominate [53], and a viscous elec-
tron fluid is not a ballistic carrier crossing a horizon, so
clearing Eq. (5) is the necessary condition, not the suffi-
cient one.

At the design point the number is severe. Evaluating
Eq. (5) at T% = 0.11 K, with kp set by a representative
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Figure 2: The horizon device (Proposition 2).

(a) A slab of a near-critical type-II Weyl semimetal (accent) is

bonded to a bending-beam flexure; the applied curvature delivers a uniaxial strain gradient du/dz along a channel
of length L ~ 100 nm between source and drain, with a scanning SQUID-on-tip thermometer over the channel. (b)
Through the computed tilt sensitivity OW/du (Section 2), the gradient sweeps the tilt W (z) from over-tilted (type-I1,
W > 1) to under-tilted (type-I, W < 1); the line where W = 1 is an electronic horizon with analog surface gravity
ket = vp|0W/0z| and analog Hawking temperature T = fikegr/27kp. At the design point (strain 0.3% over 100 nm,
central sensitivity) T'% ~ 0.11 K; the full envelope and the normalization of kg are in Appendices A and C.

carrier density n ~ 10'® cm ™3, gives a required mobility
Umin ~ 7% 105 cm? /Vs and a horizon length £z ~ 14 ym
(Appendix C; Fig. 3). A carrier must travel fourteen
micrometres without scattering to register a horizon a
tenth of a kelvin warm. Table 2 sets that demand against
what the shortlist crystals actually deliver.

The verdict is plain, and we state it plainly: today no
material offers both a near-critical type-II tilt and the
mobility to resolve a sub-kelvin horizon. The three near-
critical hosts that carry the tilt — WTey, MoTes, and
the strain-tunable Mog.g1 Wy g9Tes — sit at mobilities
of order 103-10* ¢cm?/Vs [1, 48], roughly two orders of
magnitude below their own thresholds; the crossing they
would show is buried under scattering long before a car-
rier reaches it. The crystals that clear the mobility bar
with room to spare, CdzAsy at g > 107 [51] and NbP at
5x 106 [73], are type-I: their cones are not tilted, so there
isno W =1 crossing to bend into a horizon. Suspended
graphene, the mobility champion of the two-dimensional
world at ~ 2 x 10° cm?/Vs [7], fails on both counts, be-
ing both short of its threshold and untilted. The gap
between the tilted column and the clean column is the
whole result: the two properties the device needs live in
different crystals.

The bound is not a wall, and its slope is the way
through. Because pimin falls as 1/T%, a warmer hori-
zon is a cheaper one to resolve: pushing the design to-
ward T ~ 10 K — by a larger tilt sensitivity, a shorter
channel, or a stiffer strain gradient — drops the required
mobility to ~ 10* cm? /Vs (Fig. 3; Appendix C), which is
within reach of the type-II hosts’ present growth rather
than two orders beyond it. The kill condition therefore
does not close the program; it aims it. It says that the
first demonstration will not be a sub-kelvin horizon in
today’s WTeq, but a few-kelvin horizon in a demonstra-

bly cleaner type-II crystal — and it says, as a number,
exactly how much cleaner: the mobility of a candidate
host must clear Eq. (5) at whatever T its strain enve-
lope allows. That is the target Section 6 hands to crystal
growth, and the verdict here is the reason the target is
stated in mobility rather than in hope.

5 Three measurements can see
the horizon, and one of them is
cheap

Suppose the kill condition of Section 4 is met, in a cleaner
crystal or a warmer design. Distinguishing the crossing
from an ordinary resistive smear then falls to three ob-
servables, at three very different costs, and we compute
the magnitude of each at the design point rather than
assert that it exists. Each is a kinematic-analog quantity
in the exact sense of Section 1, and we label it as such
where it is stated.

Proposition 4 (Signatures; ours as computation, par-
tition-graded). At the design point the horizon produces
three measurable signatures, each kinematic. (i) Two-
terminal shot noise across the crossing carries a thermal
factor set by Tf rather than the bath, so the excess noise
temperature is of order Tf and is resolved for a bath
temperature Toarn S Tiy. (i0) The two-terminal differen-
tial conductance shows a peak of order 2¢2/h per trans-
verse mode at the horizon, the Hawking-like transmission
Tio = 1/(1 + e*2™/®) integrated over modes, whose po-
sition tracks the tilt slope « = OW/0x [18]. (iii) Scan-
ning thermometry images the horizon dissipation, whose
power at the design point is set against the SQUID-on-tip
readout floor. Magnitudes are computed in Appendix C



Table 2: The verdict. Required mobility pmin from Eq. (5) at the Ty = 0.11 K design point, each evaluated with

the material’s own vy and a representative n ~ 10'® cm=3

(Appendix C), against measured mobilities: WTey from

magnetotransport of the family [1], the strain-tunable Mog.g1 Wo.goTes [48], CdsAsy [51], NbP [73], and suspended
graphene [7]. No material clears both the tilt requirement and the mobility bar.

Material Near-critical type- Measured © Required Wmin  Verdict
IT tilt? (cm?2/Vs) (cm?2/Vs)

WTez yes 5 x 103 6.9 x 10° fails mobility bar (~ 100x
short)

MoTez (Td) yes 1x 10% 8.6 x 10° fails mobility bar (~ 100X
short)

Moo.91 Wo.09Tea yes 8 x 103 6.9 x 10° fails mobility bar (~ 100x
short)

CdsAsg no (type-I) > 107 5.1 x 108 clears mobility; no tilt to
bend

NbP no (type-I) 5 x 108 1.0 x 106 clears mobility; no tilt to
bend

Graphene (suspended) no (untilted) 2 x 10° 5.9 x 108 fails; no tilt to bend

and plotted in Fig. 4; all three sit on the kinematic side
of the analog partition [13].

Shot noise is the thermometer of the emission,
and it is the expensive one. Charge quantization
makes current noisy, and the noise carries information
the average conductance does not — the potential pro-
file, the relevant energy scales, and, here, the tempera-
ture of the emission across the crossing [6]. The hori-
zon adds an excess noise temperature of order Tf: a
thermal factor set by the analog Hawking temperature
rather than by the bath, which is the transport read-
ing of Hawking-like emission across an electronic hori-
zon. This is the most direct of the three signatures and
the most demanding, because the excess is visible only
where it rises above the ordinary Johnson—Nyquist floor,
that is for Tha S TF ~ 0.11 K (Fig. 4; Appendix C)
— a dilution-refrigerator measurement, not a cryostat
one. The instrumentation exists: microwave Johnson-
noise thermometry resolves the electron temperature to
4 mK/vHz over an 80 MHz bandwidth [23], and the
same technique read the electron system of graphene di-
rectly to expose the Dirac fluid [15], so a 0.1 K excess is
well inside reach once the bath is cold enough. The signa-
ture has a distinctive shape: as the bath is cooled below
TF, the measured noise temperature stops tracking the
bath and saturates on a plateau near T (Fig. 4), and the
optimistic sensitivity T ~ 0.22 K widens that window
to temperatures a dilution refrigerator holds comfort-
ably. We grade this signature kinematic: Hawking-type
emission and its correlation functions are functionals of
the effective metric, the field’s state, and the dispersion
alone, and are proved to sit on the kinematic side of the
partition [13].

The conductance peak needs no cold bath, and
it is the cheap one. De Beule et al. showed that
a slowly varying tilt horizon transmits carriers through
Hawking-like thermal channels Ty o = 1/(1 4 e*2m/@),

and that the effect surfaces as a peak in the two-terminal
differential conductance whose position tracks the tilt
slope [18]. Summed over the transverse modes of the
channel, the peak is of order 2e?/h per mode — about
77 pS at the design geometry (Appendix C; Fig. 4) —
a conductance-scale feature that a standard lock-in mea-
sures. Its decisive practical virtue is that, unlike the shot
noise, it does not require cooling below T7;: the peak is
a property of the transmission through the tipped cone,
present as soon as the horizon exists, so it is the sig-
nature that a first, warmer device should target. We
grade it kinematic on the same footing — it is a func-
tional of the dispersion and the scattering geometry —
while noting that its interpretation as “Hawking-like” is
what the partition licenses, not the mere existence of a
conductance peak, which disorder can also produce; the
discriminating content is the peak’s tracking of the tilt
slope, which Section 6 makes the second milestone. De
Beule et al. give the position explicitly — for a slowly
varying horizon the peak sits at Er/w. = 0.7 a/2kg, sat-
urating at Er/w. ~ 0.6 for a sharp one [18] — so a peak
that shifts with the applied strain gradient in the way
the tilt slope a« = OW/0z predicts is exactly the content
a disorder-induced peak cannot reproduce.

Scanning thermometry is the picture, and it sits
exactly at the floor. A SQUID-on-tip thermometer
of sub-50 nm diameter and sub-microkelvin sensitivity
images where power is dissipated [29, 30], which is what
a horizon does at the crossing. The computed horizon
dissipation at the design point is ~ 2 x 1071 W (Ap-
pendix C), against the instrument’s minimum detectable
continuous power of 40 fW = 4 x 10~'* W — the Lan-
dauer readout floor [29]. The signal is therefore about
half the floor: the hardest of the three, feasible only with
the design pushed toward larger dissipation (a warmer,
more strongly bent horizon) or with a lower-noise probe.
We report the ratio rather than round it away, because
it is the honest statement of where the imaging signature
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Figure 3: The kill condition, and why no material

clears it yet (Proposition 3). Horizon physics survives
only where the carrier stays ballistic across the hori-
zon, f > pmin(TH) = evp/(krkpT§) (red); the re-
gion above the curve is resolvable. At the device de-
sign point T ~ 0.11 K (dashed) the near-critical type-
IT hosts that supply the tilt — WTey, MoTe, and the
strain-tunable Mog g1 Wo.g9Tes of Lanz et al. [48], at
p ~ 103-10* em?/Vs — sit two orders of magnitude
below threshold (filled), while the crystals that clear it,
Cd3Asy (u > 107; 51) and NbP (5 x 105; 73), are type-I
and carry no tilt to bend (open). The bar relaxes as T'%
rises — a few-kelvin design brings the threshold down
to ~ 10* cm?/Vs, within reach of cleaner type-II growth
— which is the program of Section 6. Values from the
seeded computation of Appendix C.

stands. The precedent is demonstrated: the same probe
class has imaged resonant dissipation from individual
atomic defects in graphene [30], and Johnson-noise ther-
mometry supplies a complementary, contactless readout
of the electron temperature at 4 mK/v/Hz [23] should
the scanning route fall short. It, too, is kinematic: it im-
ages the effective geometry’s own dissipation structure,
not spacetime’s response to radiated energy.

The three together are the argument. No single
signature is decisive alone — a conductance peak can
be disorder, an excess noise temperature can be stray
heating, a dissipation hot-spot can be a contact — but
the three carry different systematics, and their mutual
agreement is the evidence. The conductance peak fixes
the horizon’s position and its tracking of the tilt slope;
the shot noise fixes the emission temperature and tests it
against the computed T7F;; the thermometry fixes where
the power is dissipated in real space. A device in which
the peak sits where the thermometer sees the dissipation,
at a strain the design predicts, while the noise saturates

at the T% that the same strain gradient sets through
Eq. (4), satisfies every kinematic test at once. That joint
measurement, not any one curve, is what Section 6 pro-
poses.

What “kinematic” buys, and what it forbids. All
three signatures are kinematic, and the partition is not a
hedge but a specification of exactly what the device does
and does not test [13]. It buys the emission spectrum
and its correlations, the transmission through the tipped
cone, and the dissipation image — each a functional of
the effective metric of Eq. (2), the carriers’ quantum
state, and the dispersion, and each therefore a genuine
analog of the corresponding black-hole quantity. It for-
bids everything the black-hole versions get from dynam-
ics: there is no Bekenstein—-Hawking entropy to measure
here, because that quantity descends from the area law
and the field equations; there is no evaporation lifetime
or Page curve, because those are dynamical histories;
and the device’s “back-reaction” is the response of the
crystal — its elasticity, its screening, its own electrody-
namics — not spacetime evolving under Einstein’s equa-
tions [13]. A measured agreement between the noise tem-
perature and TF; would confirm the emission is thermal
at the analog Hawking temperature; it would say noth-
ing about quantum gravity, and we do not let the sen-
tence drift toward implying otherwise. Other designed-
geometry platforms have already measured Hawking-like
emission on the kinematic side — sonic horizons in a
Bose-Einstein condensate [47], an optical-fibre horizon
[67], and a kelvin-scale polariton horizon [61] — and the
solid-state device proposed here would join them as a
transport-readable member of the same kinematic fam-
ily [5], not as a claim about the other side of the partition.

6 What else the dictionary buys,
and the two measurements that
decide

The horizon is one entry in a longer table. Once strain
is admitted as a geometry knob, the same dictionary
designs other curved-space effects for electrons, some
already measured, some only sketched, and the honest
thing is to grade them and fence the speculative ones off
from the device. We collect them as a proposition and
keep the grades in the sentences.

Proposition 5 (Beyond the horizon;  struc-
tured/speculative, graded). The strain-to-geometry
dictionary supports, beyond the horizon device: engi-

neered “gravitational lensing” channels — strain lenses
that deflect and split carriers by valley (structured, prior
art cited); pseudo-Landau-level flat bands as designed
quantizations (structured, with measured anchors); and
a speculative row, analog cosmology in time-modulated
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Figure 4: The signature window (Proposition 4). The
horizon adds an excess shot-noise temperature of order
T¢ (teal), a thermal factor set by the analog Hawk-
ing temperature rather than the bath — the transport
reading of Hawking-like emission across the electronic
horizon. It is resolved only where it rises above the
ordinary thermal floor Thatn (grey diagonal), i.e. below
Thath =~ 0.1-0.2 K| placing the measurement squarely in
the dilution-refrigerator range. The companion observ-
able is the two-terminal differential-conductance peak of
de Beule et al. [18], of order 2e?/h per transverse mode
(~ 77 pS), which does not require sub-T§, cooling; scan-
ning thermometry is the hardest of the three, since the
~ 2 x 107'* W horizon dissipation sits at the SQUID-
on-tip readout floor [29]. All magnitudes are kinematic-
analog quantities (the sense fixed in Section 1 following
13); values from the seeded computation of Appendix C.

strain, which we fence and label. The program that would
establish the horizon device itself is two measurements
(structured).

Strain lenses are the lensing analog, and they al-
ready work as valley optics. A smooth strain profile
bends carrier trajectories the way a gravitational poten-
tial bends light, and the effect is real enough to be a
device: graphene nanobubbles act as valley filters and
beamsplitters, sending K and K’ electrons along differ-
ent real-space paths with no external magnetic field [72].
In the tilted-Weyl setting the same idea is the “black-hole
mirage” — tilt profiles that guide electron flow along
paths analogous to gravitational lensing — and its au-
thors are careful, showing by comparison to lattice simu-
lation that the gravity analogy breaks down close to the
analog horizon [31], which is exactly the grading disci-
pline this paper adopts. A 2026 result reaches the same
emergent-metric lensing from a different knob entirely,
the Berry phase of a spatially varying spin texture, with
deflection angles estimated at the milliradian scale [65].
We grade this row structured: the lensing is a genuine
consequence of the effective geometry, the prior art is
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cited, and the analogy is kinematic and bounded, not a
claim about spacetime.

Flat bands are the designed quantization, and
here the anchors are measured. When the pseudo-
field is periodic rather than smooth, its pseudo-Landau
levels flatten the bands by design. Buckled mono-
layer graphene forms a periodically strained superlat-
tice whose flat bands host correlated states, an alter-
native to twisted bilayers requiring only one layer [54],
and the theory companion shows how the strain geom-
etry sets the flat-band width [57]. The measured an-
chors are strong: room-temperature pseudo-Landau lev-
els at a uniform 41 T [62], a superlattice quantization
distinct from the ordinary Landau ladder [4], and sample-
wide pseudo-fields over tens of micrometres from a het-
erostructure lattice mismatch [52]. That a strain-driven
topological-phase transition can be engineered into a
piezo-topological transistor [26] rounds out the point:
the dictionary’s non-horizon rows are, in several cases, al-
ready laboratory devices. We grade this row structured,
with the quantization measured and the “designed space-
time” framing kept as the organizing analogy rather than
a load-bearing claim.

The speculative row is analog cosmology, and
we fence it. If static strain is a static metric, time-
modulated strain is a time-dependent one, and a driven
metric is the kinematic setting for particle production
and analog cosmology. There is a real seed: an os-
cillating nano-deformation of a graphene bubble drives
a pseudo-electric field and pumps a valley current at
zero bias, in the sub-terahertz range [28], though its au-
thors frame it as an oscillating deformation rather than
a Floquet drive, and we keep that distinction. Engi-
neered magnetoelectric media offer yet another designed-
horizon platform in theory [20]. We grade this row spec-
ulative and fence it explicitly: no number in this paper
depends on it, and the analog-cosmology reading of time-
modulated strain is a direction we name, not a result we
claim.

The program is two measurements, in order.
The device’s fate turns on two experiments, and their
order matters. The first is to measure the one quan-
tity the paper admits is computed: 0W/du,;, the tilt’s
strain derivative. The state of the art applied calibrated
operando strain to 0.34% on Mog.91 Wo.09Tes and mea-
sured the band response, but stopped short of a tilt pa-
rameter and of locating the type-I/type-II crossing [48];
extracting OW/0u and the crossing from an operando-
strain photoemission sweep is the device’s first milestone,
and it would replace every computed entry in Table 1
with a measured one, collapsing the factor-of-six spread
that the 5-30 sensitivity band puts on TF. The sec-
ond is the conductance-peak measurement: the ~ 2¢2/h-
per-mode peak of Section 5, tracking the tilt slope [18],



measured in a near-critical type-II crystal grown clean
enough to clear Eq. (5). Because the mobility bar falls
as 1/T, the honest first target is not a sub-kelvin hori-
zon in today’s crystals but a few-kelvin one, where the
required mobility is ~ 10* ¢cm?/Vs rather than ~ 106 —
a growth problem, not a physics problem. The two mea-
surements are structured predictions: each follows from
the device geometry and the cited signature, and each is
a pass/fail test the field can run.

The dictionary that opens this paper is, in the end,
an engineering resource: strain writes gauge and metric
fields into a band structure at scales — hundreds of tesla,
tenths of a kelvin — that no external apparatus reaches,
and it does so reproducibly enough to design with [44].
We have made that resource quantitative across named
materials, drawn one concrete horizon device from it
with its temperature computed from measured parame-
ters, and stated the disorder threshold that today keeps
that device from being built, as a number the field can
aim at rather than a caveat it can wave away. Every
step across the analogy has been graded in the sentence
where it was taken, and the device lives entirely on the
kinematic side of the partition its companion paper fixes
[13]: it engineers the band-geometry the analogy is exact
about, and it claims nothing about gravity. A strained
crystal is a designer spacetime for its electrons — and
the two measurements above are how we would find out
whether the one we designed can be seen.

A The Painlevé—Gullstrand met-
ric from the tilted Weyl Hamil-
tonian

This appendix derives the effective metric of Eq. (2), lo-
cates the horizon, and fixes the normalization of the ana-
log surface gravity keg used throughout the paper and
in the seeded computation of Appendix C. The result is
a convention, stated explicitly so that no hidden factor
of order unity inflates the analog Hawking temperature.

From the Hamiltonian to a null cone. Start from
the low-energy Weyl Hamiltonian with a spatially vary-
ing node shift and tilt,

H=vpo-(k—b(r))+vprW(r)- k¥, (6)
where b(r) is the strain-induced chiral (axial) gauge field
[14] and W(r) the tilt vector, type-1I where |W| > 1
[3, 74]. The eigenvalues are

Ei(k,r)=vpW -k+ovp|k—b| (7)
The node shift b enters exactly as a vector potential and
can be gauged into the origin of k locally; it does not
affect the tilt geometry, so we set b = 0 in what follows
and restore it as a gauge field where needed. Squaring
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the tilt term to the other side, the dispersion is the null
condition of a quadratic form,

(E—vpW -k)? —vik>=0 = ¢"p.p, =0, (8)

with p, = (E,k), which reads off an effective inverse
metric
goo =1, gOi = —vp VVi7 gij = v%(Win — (5”) .

(9)
The carriers are massless fermions propagating on the
null cones of Eq. (9); this is the exact, kinematic content
of the strain-to-geometry analogy [5, 63, 81].

Painlevé—Gullstrand form. The device delivers a
uniaxial strain gradient, so the tilt is along the channel,
W(r) = W(x)%. Inverting Eq. (9) for this case gives,
up to an overall conformal factor that affects neither the
null structure nor the surface gravity, the line element

ds? = — (v% — v(z)z) dt* — 2v(x) dt dx
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+da® + dy? +d2%,  v(x) = v W(2), (10)
which is the Painlevé—Gullstrand metric with “light
speed” vp and “flow velocity” v(z) [5, 36]. The radial
null rays follow from ds? = 0 with dy = dz = 0,

dzx

T =v(z) vp =vp (W(z)£1), (11)
the same two characteristics carried by the tilted cone
directly. The outgoing ray dz/dt = vp(W — 1) changes
sign where W(z) = 1: for W > 1 (type-II) both rays
are dragged forward and nothing escapes upstream, a
trapped region; for W < 1 (type-I) upstream escape is
allowed. The surface W = 1, where v(z) = vp and g
changes sign, is the electronic horizon [43, 63].

The surface-gravity normalization, with its O(1)
factor shown. The analog surface gravity of a
Painlevé—Gullstrand horizon is defined from the gradi-
ent of the lapse combination at the horizon [5],

1 1d, 4 9
of = — | — — 12
Keff p |dr (UF v ) - (12)
With v = wvpW one has d(wi — v?)/dz =
—20% W (dW/dz), which at the crossing W = 1 is

—2v% (dW/dz). The factor 3, the division by vp, and
the factor of 2 from differentiating v? combine to unity,
leaving

ow

o (13)

Reff = UF

w=1

with no residual numerical prefactor. The same value
follows from the independent definition of the surface
gravity as the peeling rate of the outgoing null ray,
Keff = |d(dz/dt)ous/dz|w=1 = vr|OW/Oz| from Eq. (11),



so the result is robust to the choice among the stan-
dard, physically equivalent O(1) definitions. Equa-
tion (13) is the convention this paper adopts, and it
coincides with Volovik’s tilt-gradient temperature 77 =
(h/2mkp) Ov/Ox [81] and with De Beule et al’s T

hvpa/2rkp under the identification o = OW/0x [18].
The analog Hawking temperature is then
T8 = hkew _ hvp |OW . (14)
27T]€B 27‘(‘]{33 ox W=1

Every numerical value of keg and T in Section 3, the
kill threshold of Section 4, the signature magnitudes of
Section 5, and each figure that plots them uses Eq. (13)
as written; the seeded computation of Appendix C car-
ries the same normalization, and this is the only place
the O(1) factor is set. The construction is exact on the
kinematic side of the analog partition and silent on the
dynamic side, as fixed in Section 1 [13]: Eq. (10) is a real
effective metric for the carriers’ dispersion, and it is not
a solution of any field equation.

B Shortlist parameter

nance, entry by entry

prove-

Every number in Table 1 is either a measured value with
a primary source or a computed value flagged as com-
puted. This appendix gives the provenance row by row,
and states for each entry whether it is a measurement
or a calculation, so that the kill-condition verdict of Sec-
tion 4 rests on traceable inputs.

Graphene. The Fermi velocity vp ~ 1 x 10° m/s,
the hopping t ~ 2.7-3 eV, and the lattice constant
a = 1.42 A are the standard Dirac parameters [11, 83].
The mobility entry g > 2 x 105 ¢cm?/Vs is the measured
suspended-graphene value [7], with boron-nitride encap-
sulation delivering comparable or better mobility and
micrometre-scale ballistic transport at room tempera-
ture [17, 55]. The achievable strain has two measured
anchors: sample-wide uniform elastic strain to ~ 6%
(peak ~ 5.8%) in in-situ tensile testing [10], and an in-
trinsic elastic limit near ~ 25% inferred from the nanoin-
dentation strength (42 N/m, Young’s modulus 1.0 TPa)
[49]. Graphene is a two-dimensional Dirac system with
no cone tilt, so its rest tilt is 0 and OW/0u is unde-
fined; it enters the shortlist as the pseudo-field cham-
pion and mobility benchmark, not as a horizon host. Its
pseudo-gauge coupling f¢ ~ 2 [2, 83], with the tight-
binding spread 8g = 2.6-4.0 [66] and the distinct phonon
Griineisen parameter v(Eay) ~ 1.99 [58], anchors the
Griineisen estimate used for the tilt sensitivity below.

WTe,. Type-II Weyl by prediction [74] and by laser-
photoemission observation of Fermi arcs [85], with the
caveat that the arc’s topological triviality was shown
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not to confirm the tilt by itself [8]; the rest tilt > 1
is therefore computed, not measured. The Fermi ve-
locity entered is the design host value ~ 2 x 10° m/s
(Appendix C), not a separate measurement. The mo-
bility ~ 103-10* ¢cm?/Vs is the order of magnitude for
the compound from its magnetotransport [1]; we do not
attribute a single-digit mobility to that paper, whose
two-carrier fit sits in its paywalled extended data, and
the kill-condition table uses the compiled representative
value of Appendix C. The achievable strain ~ 0.23%
is the demonstrated cryogenic ceiling of a piezoelectric
strain cell of the relevant class [32].

MoTe; and Moy g1 Wy g9Tes. Type-II Weyl by pre-
diction [77, 84] and by photoemission [21, 34, 40]; four
type-I1 Weyl points sit ~ 6 meV above Er with a Weyl-
pair spacing ~ 4% of the reciprocal lattice vector [77].
The strain-tunable alloy Mog.91 Wg.09Tes is adopted as
the concrete lead because calibrated operando strain to
0.34% (reversible below 0.17%) has been delivered on
it, driving a ~ 30% increase in the density of states at
Er — but reporting no tilt parameter and locating no
type-1/type-II crossing [48], so the achievable-strain en-
try 0.34% is measured while the rest tilt = 1 is computed.
Ambient-pressure superconductivity at T, = 0.10 K [69]
and ohmic contacts by laser phase-patterning [12] are
the process anchors for the device rather than shortlist
parameters.

CdsAs;. Included as an untilted ultrahigh-mobility
anchor. The measured mobility exceeds 107 cm?/Vs be-
low 4 K [51], and the Fermi velocity ~ 1.5 x 10° m/s and
lattice/torsion parameters are those used in the strain-
gauge modelling of the compound [68], which also gives
the modelled torsion strain window (~ 3% unidirectional,
up to ~ 8% before lattice breakdown). It is a type-
I Dirac semimetal: rest tilt 0, no OW/du, no horizon
crossing to engineer.

NbP. Included as an untilted ultrahigh-mobility Weyl
anchor of the TaAs class. The measured mobility is
5 x 10 ¢cm?/Vs at 1.85 K, with a magnetoresistance of
850,000% at 1.85 K falling to 250% at room tempera-
ture [73]; the compound also carries the mixed axial-
gravitational anomaly signature [24]. Tt is type-I: rest
tilt < 1, no tilt to bend.

8-Pmmn borophene (model). A tilted-Dirac cross-
check rather than a fabricable host. The tight-binding
model gives closed-form strain couplings for both a
pseudo-magnetic vector potential and a scalar potential
of the same family as the Weyl case [89]; there is no
measured mobility, and the entries are marked “model.”

The tilt sensitivity 0WW/0u (computed, all type-II
rows). This is the one quantity the paper computes



rather than cites, because no experiment has measured it
in any type-II material [37, 48]. Two independent routes
fix its range. The density-functional strain sensitivities
of the type-II literature give the first: a 0.5% compres-
sion drives the WTey, Weyl-point separation from ~ 0.7%
to ~ 2% of the reciprocal lattice vector [74], and MoTes
is predicted to cross the type-1I/type-I boundary under
strain [77, 84]. Reading a boundary crossing AW ~ 0.1-
0.3 over ~ 0.5-2% strain places OW/0u ~ 5-30. The
second route is a Griineisen estimate OW/0u ~ W B
with Sg &~ 2-3 (from the graphene electronic and phonon
Griineisen values above), which lands in the same band.
The seeded computation of Appendix C propagates the
conservative, central, and optimistic values 5, 15, 30
throughout; the factor-of-six spread they induce in T'f
is the direct cost of this being computed rather than
measured, and closing it by direct measurement is the
program’s first milestone (Section 6).

C The seeded computation

The design envelope, the analog Hawking temperatures,
the kill-condition thresholds, and the signature magni-
tudes come from one script, sim_weyl.py, whose source
and outputs (sim_weyl_output.txt/.json) ship with
the paper. The computation is analytic; the seed
recorded in the source (20260919) exists only for prove-
nance.

The tilt sensitivity is computed, not mea-
sured

Every strain—tilt number in this paper rests on the
derivative 0W/0u, and no experiment has measured it:
the most recent operando-strain study reaches 0.34%
strain on Mog.g1 Wog.g9Tes but reports band and trans-
port changes without a tilt parameter [48]. We there-
fore compute it and carry a range. The anchors are
the density-functional strain sensitivities of the type-II
literature — a 0.5% compression that drives the WTey
Weyl-point separation from ~ 0.7% to ~ 2% of the recip-
rocal lattice vector [74], and the DFT-predicted strain-
driven type-II/type-1 transitions of Sun et al. [77] and
Wang et al. [84] — together with a Griineisen estimate
OW/0u ~ W g with g =~ 2-3. Reading a bound-
ary crossing AW ~ 0.1-0.3 over ~ 0.5-2% strain, both
routes land in the band OW/0u ~ 5-30; the script prop-
agates the conservative, central, and optimistic values

5,15, 30 throughout.

Device, kill, and signatures

With a host Fermi velocity vp = 2x10° m/s and a strain
of 0.3% delivered over L = 100 nm, the central sensitiv-
ity gives OW/0x = 0.45 pm™!, keg = 9.0 x 1010 s~ 1
and T = 0.11 K (Propositions 2; Fig. 2); across the en-
velope (0.1-0.5% strain, 50 nm—1 pm, sensitivity 5-30)

13

T¢ spans 3.6 mK—0.36 K, with keg carrying the O(1)
normalization fixed in Appendix A. The kill threshold is
Pmin(T) = evp/(kpkpTs), evaluated with kp from a
representative n ~ 10'® cm~3: at the 0.11 K design point
fmin & 7% 10° ecm? /Vs, so the near-critical type-II hosts
(n ~ 103-10%) fall two orders short while CdzAsy and
NDbP clear it but carry no tilt (Fig. 3); the threshold falls
as 1/T%, reaching ~ 10* ¢cm?/Vs only near T% ~ 10 K.
The signatures (Fig. 4) are the shot-noise thermal fac-
tor at T (observable for a bath below ~ 0.1 K), the
~ 2¢?/h-per-mode conductance peak of de Beule et al.
[18], and a horizon dissipation of ~ 2 x 10~!* W, at the
SQUID-on-tip readout floor [29] — which is why ther-
mometry is the hardest of the three.

References

[1] M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gib-
son, L. M. Schoop, T. Liang, N. Haldolaarachchige,
et al. (2014). Large, non-saturating magnetoresis-
tance in WTey. Nature, wvol. 514, pp. 205-208.
https://arxiv.org/abs/1405.0973. DOL
10.1038 /naturel13763.

B. Amorim, A. Cortijo, F. de Juan, A. G. Grushin,
F. Guinea, A. Gutiérrez-Rubio, H. Ochoa, V. Par-
ente, et al. (2016). Novel effects of strains in
graphene and other two dimensional materials.
Physics Reports, vol. 617, pp. 1-54. https://ar
xiv.org/abs/1503.00747.

N. P. Armitage, E. J. Mele, and A. Vishwanath
(2018). Weyl and Dirac semimetals in three-
dimensional solids. Reviews of Modern Physics, vol.
90, article 015001. https://arxiv.org/abs/17
05.01111. DOI: 10.1103/RevModPhys.90.015001.

R. Banerjee, V.-H. Nguyen, T. Granzier-Nakajima,
L. Pabbi, A. Lherbier, A. R. Binion, J.-C. Char-
lier, M. Terrones, et al. (2020). Strain Modulated
Superlattices in Graphene. Nano Letters, vol. 20,
no. 5, pp. 8113-3121. https://arxiv.org/abs/
1903.10468. DOI: 10.1021/acs.nanolett.9b05108.

C. Barceld, S. Liberati, and M. Visser (2011). Ana-
logue Gravity. Living Reviews in Relativity, vol. 14,
article 3. https://arxiv.org/abs/gr-qc/0505
065. DOI: 10.12942/1rr-2011-3.

Ya. M. Blanter and M. Biittiker (2000). Shot noise
in mesoscopic conductors. Physics Reports, wvol.
336, no. 1-2, pp. 1-166. https://arxiv.org/
abs/cond-mat/9910158. DOIL: 10.1016/S0370-
1573(99)00123-4.

K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G.
Fudenberg, J. Hone, P. Kim, and H. L. Stormer
(2008). Ultrahigh electron mobility in suspended
graphene. Solid State Communications, vol. 146,


https://arxiv.org/abs/1405.0973
https://arxiv.org/abs/1503.00747
https://arxiv.org/abs/1503.00747
https://arxiv.org/abs/1705.01111
https://arxiv.org/abs/1705.01111
https://arxiv.org/abs/1903.10468
https://arxiv.org/abs/1903.10468
https://arxiv.org/abs/gr-qc/0505065
https://arxiv.org/abs/gr-qc/0505065
https://arxiv.org/abs/cond-mat/9910158
https://arxiv.org/abs/cond-mat/9910158

[11]

[15]

pp. 851-355. https://arxiv.org/abs/0802.238
9. DOI: 10.1016/j.ss¢.2008.02.024.

F. Y. Bruno, A. Tamai, Q. S. Wu, I. Cucchi, C.
Barreteau, A. de la Torre, S. McKeown Walker, S.
Ricco, et al. (2016). Observation of large topolog-
ically trivial Fermi arcs in the candidate type-11
Weyl semimetal WTes. Physical Review B, vol. 94,
article 121112. https://arxiv.org/abs/1604.0
2411. DOI: 10.1103/PhysRevB.94.121112.

J. S. Bunch, A. M. van der Zande, S. S. Verbridge,
I. W. Frank, D. M. Tanenbaum, J. M. Parpia,
H. G. Craighead, and P. L. McEuen (2007). Elec-
tromechanical Resonators from Graphene Sheets.
Science, vol. 815, no. 5811, pp. 490-493. https:
//experts.illinois.edu/en/publications/e
lectromechanical-resonators-from-graphen

e-sheets. DOI: 10.1126/science.1136836.

K. Cao, S. Feng, Y. Han, L. Gao, T. H. Ly, Z. Xu,
and Y. Lu (2020). Elastic straining of free-standing
monolayer graphene. Nature Communications, vol.
11, article 284. https://pmc.ncbi.nlm.nih.gov
/articles/PMC6962388/. DOI: 10.1038/s41467-
019-14130-0.

A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov, and A. K. Geim (2009). The electronic
properties of graphene. Reviews of Modern Physics,
vol. 81, pp. 109-162. https://arxiv.org/abs/07
09.1163. DOI: 10.1103/RevModPhys.81.109.

S. Cho, S. Kim, J. H. Kim, J. Zhao, J. Seok, D. H.
Keum, J. Baik, D.-H. Choe, et al. (2015). Phase
Patterning for Ohmic Homojunction Contact in
MoTes. Science, vol. 849, no. 6248, pp. 625-628.
https://pure.kaist.ac.kr/en/publications
/phase-patterning-for-ohmic-homojunctio
n-contact-in-motesub2sub/. DOI: 10.1126/sci-
ence.aab3175.

B. Corbeel (2026). What a Bathtub Can and Can-
not Know About a Black Hole. The Quantum-—
Relativity Papers, No. 7, Absolute Digital Publish-
ers. https://absolutedigitalpublishers.com/
papers/quantum-relativity-07-analog-parti
tion.pdf.

A. Cortijo, Y. Ferreirés, K. Landsteiner, and M.
A. H. Vozmediano (2015). Elastic gauge fields in
Weyl semimetals. Physical Review Letters, vol. 115,
article 177202. https://arxiv.org/abs/1603.0
2674. DOI: 10.1103/PhysRevLett.115.177202.

J. Crossno, J. K. Shi, K. Wang, X. Liu, A.
Harzheim, A. Lucas, S. Sachdev, P. Kim, et
al. (2016). Observation of the Dirac fluid and
the breakdown of the Wiedemann-Franz law in

14

[16]

[17]

[18]

[20]

[21]

[23]

[24]

graphene. Science, vol. 851, no. 6277, pp. 1058-
1061. https://arxiv.org/abs/1509.04713. DOI:
10.1126/science.aad0343.

S. Das Sarma, S. Adam, E. H. Hwang, and E. Rossi
(2011). Electronic transport in two-dimensional
graphene. Reviews of Modern Physics, vol. 83, pp.
407-470. https://arxiv.org/abs/1003.4731.
DOI: 10.1103/RevModPhys.83.407.

C.R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang,
S. Sorgenfrei, K. Watanabe, T. Taniguchi, et al.
(2010). Boron nitride substrates for high-quality
graphene electronics. Nature Nanotechnology, vol.
5, pp. 722-726. https://arxiv.org/abs/1005.4
917. DOI: 10.1038 /nnano.2010.172.

C. de Beule, S. Groenendijk, T. Meng, and T.
L. Schmidt (2021). Artificial event horizons in
Weyl semimetal heterostructures and their non-
equilibrium signatures. SciPost Physics, vol. 11,
article 095. https://arxiv.org/abs/2106.14595.
DOLI: 10.21468/SciPostPhys.11.5.095.

F. de Juan, J. L. Mafies, and M. A. H. Vozmediano
(2013). Gauge fields from strain in graphene. Phys-
ical Review B, wvol. 87, article 165131. https://
arxiv.org/abs/1212.0924. DOI: 10.1103/Phys-
RevB.87.165131.

V. A. de Lorenci, L. T. de Paula, and C. C.
Holanda Ribeiro (2022). Analog Event Horizons
from Magnetoelectric Materials. arXiv:2205.05149
[gr-qc]. https://arxiv.org/abs/2205.05149.

K. Deng, G. Wan, P. Deng, K. Zhang, S. Ding, E.
Wang, M. Yan, H. Huang, et al. (2016). Experimen-
tal observation of topological Fermi arcs in type-II
Weyl semimetal MoTey. Nature Physics, vol. 12,
pp. 1105-1110. https://arxiv.org/abs/1603.0
8508. DOI: 10.1038/nphys3871.

L. Ella, A. Rozen, J. Birkbeck, M. Ben-Shalom,
D. Perello, J. Zultak, T. Taniguchi, K. Watanabe,
et al. (2019). Simultaneous voltage and current
density imaging of flowing electrons in two dimen-
sions. Nature Nanotechnology, vol. 14, pp. 480—487.
https://doi.org/10.1038/s41565-019-0398-x.
DOTI: 10.1038/s41565-019-0398-x.

K. C. Fong and K. Schwab (2012). Ultrasensi-
tive and wide-bandwidth thermal measurements of
graphene at low temperatures. Physical Review X,
vol. 2, article 031006. https://arxiv.org/abs/
1202.5737. DOI: 10.1103/PhysRevX.2.031006.

J. Gooth, A. C. Niemann, T. Meng, A. G. Grushin,
K. Landsteiner, B. Gotsmann, F. Menges, M.
Schmidt, et al. (2017). Experimental signatures
of the mixed axial-gravitational anomaly in the


https://arxiv.org/abs/0802.2389
https://arxiv.org/abs/0802.2389
https://arxiv.org/abs/1604.02411
https://arxiv.org/abs/1604.02411
https://experts.illinois.edu/en/publications/electromechanical-resonators-from-graphene-sheets
https://experts.illinois.edu/en/publications/electromechanical-resonators-from-graphene-sheets
https://experts.illinois.edu/en/publications/electromechanical-resonators-from-graphene-sheets
https://experts.illinois.edu/en/publications/electromechanical-resonators-from-graphene-sheets
https://pmc.ncbi.nlm.nih.gov/articles/PMC6962388/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6962388/
https://arxiv.org/abs/0709.1163
https://arxiv.org/abs/0709.1163
https://pure.kaist.ac.kr/en/publications/phase-patterning-for-ohmic-homojunction-contact-in-motesub2sub/
https://pure.kaist.ac.kr/en/publications/phase-patterning-for-ohmic-homojunction-contact-in-motesub2sub/
https://pure.kaist.ac.kr/en/publications/phase-patterning-for-ohmic-homojunction-contact-in-motesub2sub/
https://absolutedigitalpublishers.com/papers/quantum-relativity-07-analog-partition.pdf
https://absolutedigitalpublishers.com/papers/quantum-relativity-07-analog-partition.pdf
https://absolutedigitalpublishers.com/papers/quantum-relativity-07-analog-partition.pdf
https://arxiv.org/abs/1603.02674
https://arxiv.org/abs/1603.02674
https://arxiv.org/abs/1509.04713
https://arxiv.org/abs/1003.4731
https://arxiv.org/abs/1005.4917
https://arxiv.org/abs/1005.4917
https://arxiv.org/abs/2106.14595
https://arxiv.org/abs/1212.0924
https://arxiv.org/abs/1212.0924
https://arxiv.org/abs/2205.05149
https://arxiv.org/abs/1603.08508
https://arxiv.org/abs/1603.08508
https://doi.org/10.1038/s41565-019-0398-x
https://arxiv.org/abs/1202.5737
https://arxiv.org/abs/1202.5737

[25]

[26]

[27]

[28]

[29]

[31]

[32]

Weyl semimetal NbP. Nature, vol. 547, pp. 324—
327 https://arxiv.org/abs/1703.10682. DOIL:
10.1038 /nature23005.

A. G. Grushin, J. W. F. Venderbos, A. Vish-
wanath, and R. Ilan (2016). Inhomogeneous Weyl
and Dirac semimetals: Transport in axial magnetic
fields and Fermi arc surface states from pseudo-
Landau levels. Physical Review X, vol. 6, article
041046. https://arxiv.org/abs/1607.04268.
DOTI: 10.1103/PhysRevX.6.041046.

S. Guan, Z.-M. Yu, Y. Liu, G.-B. Liu, L. Dong,
Y. Lu, Y. Yao, and S. A. Yang (2017). Artificial
gravity field, astrophysical analogues, and topo-
logical phase transitions in strained topological
semimetals. npj Quantum Materials, vol. 2, article
23. https://arxiv.org/abs/1609.00615. DOI:
10.1038/s41535-017-0026-7.

F. Guinea, M. I. Katsnelson, and A. K. Geim
(2010). Energy gaps and a zero-field quantum Hall
effect in graphene by strain engineering. Nature
Physics, vol. 6, pp. 30-33. https://arxiv.org/
abs/0909.1787. DOI: 10.1038 /nphys1420.

N. Hadadi, A. Belayadi, A. AlRabiah, O. Ly, C.
A. Akosa, M. Vogl, H. Bahlouli, A. Manchon, et
al. (2023). Pseudo Electric Field and Pumping
Valley Current in Graphene Nano-bubbles. Phys-
ical Review B, wvol. 108, article 195418. https:
//arxiv.org/abs/2310.11904.

D. Halbertal, J. Cuppens, M. Ben Shalom, L. Em-
bon, N. Shadmi, Y. Anahory, H. R. Naren, J.
Sarkar, et al. (2016). Nanoscale thermal imaging of
dissipation in quantum systems. Nature, vol. 539,
pp. 407-410. https://arxiv.org/abs/1609.014
87. DOIL: 10.1038/nature19843.

D. Halbertal, M. Ben Shalom, A. Uri, K. Bagani,
A. Y. Meltzer, 1. Marcus, Y. Myasoedov, J. Birk-
beck, et al. (2017). Imaging resonant dissipation
from individual atomic defects in graphene. Sci-
ence, vol. 358, pp. 1303-1306. https://ar
xiv.org/abs/1710.01486. DOI: 10.1126/sci-
ence.aan0877.

A. Haller, S. Hegde, C. Xu, C. de Beule, T. L.
Schmidt, and T. Meng (2023). Black hole mi-
rages: electron lensing and Berry curvature effects
in inhomogeneously tilted Weyl semimetals. Sci-
Post Physics, vol. 14, article 119. https://arxi
v.org/abs/2210.16254. DOI: 10.21468/SciPost-
Phys.14.5.119.

C. W. Hicks, M. E. Barber, S. D. Edkins,
D. O. Brodsky, and A. P. Mackenzie (2014).
Piezoelectric-based apparatus for strain tuning.
Review of Scientific Instruments, vol. 85, article

15

[35]

[40]

[41]

065003. https://arxiv.org/abs/1403.4368.
DOI: 10.1063/1.4881611.

C.-C. Hsu, M. L. Teague, J.-Q. Wang, and N.-
C. Yeh (2020). Nanoscale strain engineering of
giant pseudo-magnetic fields, valley polarization,
and topological channels in graphene. Science Ad-
vances, vol. 6, no. 19, article eaat9488. https:
//arxiv.org/abs/2005.05532. DOI: 10.1126/sci-
adv.aat9488.

L. Huang, T. M. McCormick, M. Ochi, Z. Zhao,
M. Suzuki, R. Arita, Y. Wu, D. Mou, et al.
(2016). Spectroscopic evidence for a type IT Weyl
semimetallic state in MoTes. Nature Materials, vol.
15, pp. 1155-1160. https://arxiv.org/abs/16
03.06482. DOI: 10.1038 /nmat4685.

H. Huang, K.-H. Jin, and F. Liu (2018). Black Hole
Horizon in a Type-III Dirac Semimetal ZnyInsSs.
Physical Review B, wol. 98, article 121110(R).
https://arxiv.org/abs/1711.07096. DOL:
10.1103/PhysRevB.98.121110.

P. Huhtala and G. E. Volovik (2002). Fermionic
microstates within Painlevé-Gullstrand black hole.
Journal of Experimental and Theoretical Physics,
vol. 94, no. 5, pp. 853-861. https://arxiv.org/
abs/gr-qc/0111055. DOI: 10.1134/1.1484981.

R. Hlan, A. G. Grushin, and D. 1. Pikulin (2020).
Pseudo-electromagnetic fields in 3D topological
semimetals. Nature Reviews Physics, vol. 2, pp. 29—
41. https://arxiv.org/abs/1903.11088. DOI:
10.1038/s42254-019-0121-8.

T. A. Jacobson and G. E. Volovik (1998). Event
horizons and ergoregions in *He. Physical Review
D, wvol. 58, article 064021. https://arxiv.or
g/abs/cond-mat/9801308. DOI: 10.1103/Phys-
RevD.58.064021.

P. Jia, W. Chen, J. Qiao, M. Zhang, X. Zheng,
Z. Xue, R. Liang, C. Tian, et al. (2019). Pro-
grammable graphene nanobubbles with three-fold
symmetric pseudo-magnetic fields. Nature Commu-
nications, vol. 10, article 3127 https://pmc.nc
bi.nlm.nih.gov/articles/PMC6635427/. DOI:
10.1038/s41467-019-11038-7.

J. Jiang, Z. K. Liu, Y. Sun, H. F. Yang, R. Ra-
jamathi, Y. P. Qi, L. X. Yang, C. Chen, et al.
(2016). Signature of type-II Weyl semimetal phase
in MoTes. Nature Communications, vol. 7, arti-
cle 13973. https://arxiv.org/abs/1604.00139.
DOI: 10.1038/ncomms13973.

Y. Jiang, J. Mao, J. Duan, X. Lai, K. Watan-
abe, T. Taniguchi, and E. Y. Andrei (2017). Vi-
sualizing Strain-Induced Pseudomagnetic Fields


https://arxiv.org/abs/1703.10682
https://arxiv.org/abs/1607.04268
https://arxiv.org/abs/1609.00615
https://arxiv.org/abs/0909.1787
https://arxiv.org/abs/0909.1787
https://arxiv.org/abs/2310.11904
https://arxiv.org/abs/2310.11904
https://arxiv.org/abs/1609.01487
https://arxiv.org/abs/1609.01487
https://arxiv.org/abs/1710.01486
https://arxiv.org/abs/1710.01486
https://arxiv.org/abs/2210.16254
https://arxiv.org/abs/2210.16254
https://arxiv.org/abs/1403.4368
https://arxiv.org/abs/2005.05532
https://arxiv.org/abs/2005.05532
https://arxiv.org/abs/1603.06482
https://arxiv.org/abs/1603.06482
https://arxiv.org/abs/1711.07096
https://arxiv.org/abs/gr-qc/0111055
https://arxiv.org/abs/gr-qc/0111055
https://arxiv.org/abs/1903.11088
https://arxiv.org/abs/cond-mat/9801308
https://arxiv.org/abs/cond-mat/9801308
https://pmc.ncbi.nlm.nih.gov/articles/PMC6635427/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6635427/
https://arxiv.org/abs/1604.00139

[42]

[44]

[45]

[47]

[48]

[49]

in Graphene through an hBN Magnifying Glass.
Nano Letters, vol. 17, no. 5, pp. 2839-2843. https:
//arxiv.org/abs/1703.00550.

C. L. Kane and E. J. Mele (1997). Size, Shape,
and Low Energy Electronic Structure of Carbon
Nanotubes. Physical Review Letters, vol. 78, pp.
1932-1935. https://arxiv.org/abs/cond-mat
/9608146. DOI: 10.1103/PhysRevLett.78.1932.

Y. Kedem, E. J. Bergholtz, and F. Wilczek (2020).
Black and White Holes at Material Junctions.
Physical Review Research, vol. 2, article 043285.
https://arxiv.org/abs/2001.02625. DOIL:
10.1103 /PhysRevResearch.2.043285.

B. Keimer and J. E. Moore (2017). The Physics
of Quantum Materials. Nature Physics, vol. 13,
pp. 1045-1055. https://physics.berkeley.e
du/sites/default/files/quantum_materials
_review_nphys4302_keimer_moore.pdf. DOL
10.1038 /nphys4302.

N. N. Klimov, S. Jung, S. Zhu, T. Li, C. A. Wright,
S. D. Solares, D. B. Newell, N. B. Zhitenev, et al.
(2012). Electromechanical Properties of Graphene
Drumheads. Science, vol. 336, no. 6088, pp. 1557-
1561. https://wuw.sciencedaily.com/release
$/2012/06/120621151514 . htm. DOI: 10.1126/sci-
ence.1220335.

V. Koénye, C. Morice, D. Chernyavsky, A. G.
Moghaddam, J. van den Brink, and J. van Wezel
(2022). Horizon physics of quasi-one-dimensional
tilted Weyl cones on a lattice. Physical Review Re-
search, vol. 4, article 033237. https://arxiv.
org/abs/2206.04138. DOI: 10.1103/PhysRevRe-
search.4.033237.

O. Lahav, A. Itah, A. Blumkin, C. Gordon, S.
Rinott, A. Zayats, and J. Steinhauer (2010). Re-
alization of a Sonic Black Hole Analog in a Bose-
Einstein Condensate. Physical Review Letters, vol.
105, article 240401. https://arxiv.org/abs/09
06.1337. DOI: 10.1103/PhysRevLett.105.240401.

A. Lanz, O. Tkach, Y. Lytvynenko, F. Diekmann,
H. Agarwal, S. M. Souliou, M. Frachet, M. Merz,
et al. (2026). Strain tuning the occupation of can-
didate topological Weyl states in W-doped MoTes.
Adwvanced Science, vol. 13, no. 50, article e76006.
https://doi.org/10.1002/advs.76064. DOI:
10.1002/advs.76064.

C. Lee, X. Wei, J. W. Kysar, and J. Hone (2008).
Measurement of the Elastic Properties and Intrin-
sic Strength of Monolayer Graphene. Science, vol.
321, no. 5887, pp. 885-388. https://doi.org/
10.1126/science.1157996. DOIL: 10.1126/sci-
ence.1157996.

16

[50]

[54]

[56]

N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui,
A. Zettl, F. Guinea, A. H. Castro Neto, and M. F.
Crommie (2010). Strain-Induced Pseudo-Magnetic
Fields Greater Than 300 Tesla in Graphene
Nanobubbles. Science, vol. 329, no. 5991, pp. 544—
547. https://doi.org/10.1126/science.1191
700. DOI: 10.1126/science.1191700.

T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. J. Cava,
and N. P. Ong (2015). Ultrahigh mobility and
giant magnetoresistance in the Dirac semimetal
CdsAso. Nature Materials, vol. 14, pp. 280-284.
https://arxiv.org/abs/1404.7794. DOL
10.1038/nmat4143.

Y. Liu, J. N. B. Rodrigues, Y. Z. Luo, L. Li, A. Car-
valho, M. Yang, E. Laksono, J. Lu, et al. (2018).
Tailoring Sample-Wide Pseudo-Magnetic Fields
on a Graphene-Black Phosphorus Heterostructure.
Nature Nanotechnology, vol. 18, pp. 828-834. ht
tps://pubmed.ncbi.nlm.nih.gov/29941889/.
DOLI: 10.1038/s41565-018-0178-z.

A. Lucas and K. C. Fong (2018). Hydrodynamics
of electrons in graphene. Journal of Physics: Con-
densed Matter, vol. 30, article 053001. https://
arxiv.org/abs/1710.08425. DOI: 10.1088/1361-
648X /aaa274.

J. Mao, S. P. Milovanovié¢, M. Andelkovié¢, X. Lali,
Y. Cao, K. Watanabe, T. Taniguchi, L. Covaci, et
al. (2020). Evidence of Flat Bands and Correlated
States in Buckled Graphene Superlattices. Nature,
vol. 584, pp. 215-220. https://arxiv.org/abs/
1904.10147. DOI: 10.1038/s41586-020-2567-3.

A. S. Mayorov, R. V. Gorbachev, S. V. Moro-
zov, L. Britnell, R. Jalil, L. A. Ponomarenko, P.
Blake, K. S. Novoselov, et al. (2011). Micrometer-
scale ballistic transport in encapsulated graphene
at room temperature. Nano Letters, vol. 11, pp.
2396-2399. https://arxiv.org/abs/1103.4510.
DOT: 10.1021/n1200758b.

L. Mertens, A. G. Moghaddam, D. Chernyavsky,
C. Morice, J. van den Brink, and J. van Wezel
(2022). Thermalization by a synthetic horizon.
Physical Review Research, wvol. 4, article 043084.
https://arxiv.org/abs/2206.08041. DOIL:
10.1103/PhysRevResearch.4.043084.

S. P. Milovanovi¢, M. Andelkovié¢, L. Covaci, and
F. M. Peeters (2020). Band Flattening in Buckled
Monolayer Graphene. Physical Review B, vol. 102,
article 245427. https://arxiv.org/abs/1910.1
1752.

T. M. G. Mohiuddin, A. Lombardo, R. R. Nair,
A. Bonetti, G. Savini, R. Jalil, N. Bonini, D. M.
Basko, et al. (2009). Uniaxial strain in graphene by


https://arxiv.org/abs/1703.00550
https://arxiv.org/abs/1703.00550
https://arxiv.org/abs/cond-mat/9608146
https://arxiv.org/abs/cond-mat/9608146
https://arxiv.org/abs/2001.02625
https://physics.berkeley.edu/sites/default/files/quantum_materials_review_nphys4302_keimer_moore.pdf
https://physics.berkeley.edu/sites/default/files/quantum_materials_review_nphys4302_keimer_moore.pdf
https://physics.berkeley.edu/sites/default/files/quantum_materials_review_nphys4302_keimer_moore.pdf
https://www.sciencedaily.com/releases/2012/06/120621151514.htm
https://www.sciencedaily.com/releases/2012/06/120621151514.htm
https://arxiv.org/abs/2206.04138
https://arxiv.org/abs/2206.04138
https://arxiv.org/abs/0906.1337
https://arxiv.org/abs/0906.1337
https://doi.org/10.1002/advs.76064
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://arxiv.org/abs/1404.7794
https://pubmed.ncbi.nlm.nih.gov/29941889/
https://pubmed.ncbi.nlm.nih.gov/29941889/
https://arxiv.org/abs/1710.08425
https://arxiv.org/abs/1710.08425
https://arxiv.org/abs/1904.10147
https://arxiv.org/abs/1904.10147
https://arxiv.org/abs/1103.4510
https://arxiv.org/abs/2206.08041
https://arxiv.org/abs/1910.11752
https://arxiv.org/abs/1910.11752

[60]

[61]

[62]

[64]

Raman spectroscopy: G peak splitting, Grineisen
parameters, and sample orientation. Physical Re-
view B, wol. 79, article 205/33. https://ar
xiv.org/abs/0812.1538. DOIL: 10.1103/Phys-
RevB.79.205433.

C. Morice, A. G. Moghaddam, D. Chernyavsky, J.
van Wezel, and J. van den Brink (2021). Synthetic
gravitational horizons in low-dimensional quantum
matter. Physical Review Research, vol. 3, article
L022022. https://arxiv.org/abs/2104.03875.
DOI: 10.1103/PhysRevResearch.3.1.022022.

C. Morice, D. Chernyavsky, J. van Wezel, J. van
den Brink, and A. G. Moghaddam (2022). Quan-
tum dynamics in 1D lattice models with synthetic
horizons. SciPost Physics Core, vol. 5, article 042.
https://arxiv.org/abs/2112.12827. DOIL:
10.21468/SciPostPhysCore.5.3.042.

H. S. Nguyen, D. Gerace, I. Carusotto, D. San-
vitto, E. Galopin, A. Lemaitre, I. Sagnes, J. Bloch,
et al. (2015). Acoustic Black Hole in a Station-
ary Hydrodynamic Flow of Microcavity Polaritons.
Physical Review Letters, vol. 114, article 036402.
https://journals.aps.org/prl/abstrac
t/10.1103/PhysRevlett.114.036402. DOIL:
10.1103/PhysRevLett.114.036402.

P. Nigge, A. C. Qu, E. Lantagne-Hurtubise, E.
Marsell, S. Link, G. Tom, M. Zonno, M. Michiardi,
et al. (2019). Room temperature strain-induced
Landau levels in graphene on a wafer-scale plat-
form. Science Advances, wvol. 5, no. 11, article
eaawd593. https://arxiv.org/abs/1902.00514.
DOI: 10.1126/sciadv.aaw5593.

J. Nissinen and G. E. Volovik (2017). Type-III and
IV interacting Weyl points. JETP Letters, vol. 105,
Dp. 447-452. https://arxiv.org/abs/1702.046
24. DOI: 10.1134/50021364017070013.

J. Nissinen and G. E. Volovik (2018). Tetrads
in solids: from elasticity theory to topological
quantum Hall systems and Weyl fermions. Jour-
nal of Experimental and Theoretical Physics. ht
tps://arxiv.org/abs/1803.09234. DOL:
10.48550/arXiv.1803.09234.

Y. Onishi, N. Paul, and L. Fu (2026). Emergent
Curved Space and Gravitational Lensing in Quan-
tum Materials. Physical Review B, vol. 113, article
024401. https://arxiv.org/abs/2506.04335.
DOI: 10.1103/qxnw-8qdy.

V. M. Pereira, A. H. Castro Neto, and N. M. R.
Peres (2009). Tight-binding approach to uniaxial
strain in graphene. Physical Review B, vol. 80, arti-
cle 045401. https://arxiv.org/abs/0811.4396.
DOLI: 10.1103/PhysRevB.80.045401.

17

[67]

[68]

[69]

[74]

[75]

T. G. Philbin, C. Kuklewicz, S. Robertson, S. Hill,
F. Konig, and U. Leonhardt (2008). Fiber-Optical
Analog of the Event Horizon. Science, vol. 319, no.
5868, pp. 1367-1370. https://arxiv.org/abs/
0711.4796. DOI: 10.1126/science.1153625.

D.I. Pikulin, A. Chen, and M. Franz (2016). Chiral
anomaly from strain-induced gauge fields in Dirac
and Weyl semimetals. Physical Review X, wvol. 6,
article 041021. https://arxiv.org/abs/1607.0
1810. DOI: 10.1103/PhysRevX.6.041021.

Y. Qi, P. G. Naumov, M. N. Ali, C. R. Rajamathi,
0. Barkalov, M. Hanfland, S.-C. Wu, C. Shekhar,
et al. (2016). Superconductivity in Weyl semimetal
candidate MoTey. Nature Communications, vol. 7,
article 11038. https://arxiv.org/abs/1508.035
02. DOT: 10.1038 /ncomms11038.

Y. Rosenberg (2020). Optical Analogues of Black-
Hole Horizons. Philosophical Transactions of the
Royal Society A, wol. 378, mo. 2177, article
20190232. https://arxiv.org/abs/2002.04216.
DOLI: 10.1098/rsta.2019.0232.

D. Sabsovich, P. Wunderlich, V. Fleurov, D. I
Pikulin, R. Ilan, and T. Meng (2022). Hawking
fragmentation and Hawking attenuation in Weyl
semimetals. Physical Review Research, vol. 4, arti-
cle 013055. https://arxiv.org/abs/2106.14553.
DOI: 10.1103/PhysRevResearch.4.013055.

M. Settnes, S. R. Power, M. Brandbyge, and A.-
P. Jauho (2016). Graphene Nanobubbles as Val-
ley Filters and Beamsplitters. Physical Review Let-
ters, wvol. 117, article 276801. https://arxi
v.org/abs/1608.04569. DOI: 10.1103/Phys-
RevLett.117.276801.

C. Shekhar, A. K. Nayak, Y. Sun, M. Schmidt, M.
Nicklas, I. Leermakers, U. Zeitler, Z. Liu, et al.
(2015). Extremely large magnetoresistance and ul-
trahigh mobility in the topological Weyl semimetal
candidate NbP. Nature Physics, vol. 11, pp. 645-
649. https://arxiv.org/abs/1502.04361. DOI:
10.1038 /nphys3372.

A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M.
Troyer, X. Dai, and B. A. Bernevig (2015). Type-
IT Weyl semimetals. Nature, vol. 527, pp. 495-
498. https://arxiv.org/abs/1507.01603. DOI:
10.1038/naturel5768.

M. Stalhammar, J. Larana-Aragon, L. Rgdland,
and F. K. Kunst (2021). PT symmetry-protected
exceptional cones and analogue Hawking radiation.
New Journal of Physics, vol. 25, article 043012
(2023). https://arxiv.org/abs/2106.05030.
DOI: 10.1088/1367-2630/acc6eb.


https://arxiv.org/abs/0812.1538
https://arxiv.org/abs/0812.1538
https://arxiv.org/abs/2104.03875
https://arxiv.org/abs/2112.12827
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.036402
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.036402
https://arxiv.org/abs/1902.00514
https://arxiv.org/abs/1702.04624
https://arxiv.org/abs/1702.04624
https://arxiv.org/abs/1803.09234
https://arxiv.org/abs/1803.09234
https://arxiv.org/abs/2506.04335
https://arxiv.org/abs/0811.4396
https://arxiv.org/abs/0711.4796
https://arxiv.org/abs/0711.4796
https://arxiv.org/abs/1607.01810
https://arxiv.org/abs/1607.01810
https://arxiv.org/abs/1508.03502
https://arxiv.org/abs/1508.03502
https://arxiv.org/abs/2002.04216
https://arxiv.org/abs/2106.14553
https://arxiv.org/abs/1608.04569
https://arxiv.org/abs/1608.04569
https://arxiv.org/abs/1502.04361
https://arxiv.org/abs/1507.01603
https://arxiv.org/abs/2106.05030

[76]

[77]

[79]

[81]

[82]

[83]

[84]

[85]

J. A. Sulpizio, L. Ella, A. Rozen, J. Birkbeck, D. J.
Perello, D. Dutta, M. Ben-Shalom, T. Taniguchi,
et al. (2019). Visualizing Poiseuille flow of hydro-
dynamic electrons. Nature, vol. 576, pp. 75-79.
https://arxiv.org/abs/1905.11662. DOIL:
10.1038/s41586-019-1788-9.

Y. Sun, S.-C. Wu, M. N. Ali, C. Felser, and B.
Yan (2015). Prediction of Weyl semimetal in or-
thorhombic MoTey. Physical Review B, wvol. 92,
article 161107(R). https://arxiv.org/abs/15
08.03501. DOI: 10.1103/PhysRevB.92.161107.

H. Suzuura and T. Ando (2002). Phonons and
electron-phonon scattering in carbon nanotubes.
Physical Review B, vol. 65, article 235412. https:
//journals.aps.org/prb/abstract/10.1
103/PhysRevB.65.235412. DOL: 10.1103/Phys-
RevB.65.235412.

W. G. Unruh (1981). Experimental Black-Hole
Evaporation? Physical Review Letters, vol. 46, no.
21, pp. 1351-1353. https://journals.aps.org
/prl/abstract/10.1103/PhysRevLett.46.1351.
DOI: 10.1103/PhysRevLett.46.1351.

G. E. Volovik (2002). Black-hole horizon and met-
ric singularity at the brane separating two sliding
superfluids. JETP Letters, vol. 76, pp. 240-244.
https://arxiv.org/abs/gr-qc/0208020. DOI:
10.48550/arXiv.gr-qc/0208020.

G. E. Volovik (2016). Black hole and Hawking radi-
ation by type-II Weyl fermions. JETP Letters, vol.
104, no. 9, pp. 645-648. https://arxiv.org/abs/
1610.00521. DOI: 10.1134/50021364016210050.

G. E. Volovik (2003). The Universe in a Helium
Droplet, Chapter 32, “Analogs of event horizon.”
Oxford University Press. https://archive.org/
details/Grigori_Volovik__The_Universe_in
_a_Helium_Droplet.

M. A. H. Vozmediano, M. I. Katsnelson, and F.
Guinea (2010). Gauge fields in graphene. Physics
Reports, vol. 496, pp. 109-148. https://arxiv.
org/abs/1003.5179.

Z. Wang, D. Gresch, A. A. Soluyanov, W. Xie, S.
Kushwaha, X. Dai, M. Troyer, R. J. Cava, et al.
(2016). MoTea: A type-II Weyl topological metal.
Physical Review Letters, vol. 117, article 056805.
https://arxiv.org/abs/1511.07440. DOIL
10.1103/PhysRevLett.117.056805.

Y. Wu, N. H. Jo, D. Mou, L. Huang, S. L. Bud’ko,
P. C. Canfield, and A. Kaminski (2016). Observa-
tion of Fermi arcs in the type-II Weyl semimetal
candidate WTey. Physical Review B, vol. 94, arti-
cle 121113(R). https://arxiv.org/abs/1604.0
5176. DOI: 10.1103/PhysRevB.94.121113.

18

[36]

[88]

J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan,
M. Hirschberger, W. Wang, R. J. Cava, and N.
P. Ong (2015). Evidence for the chiral anomaly in
the Dirac semimetal NagBi. Science, vol. 350, no.
6259, pp. 413-416. https://arxiv.org/abs/15
03.08179. DOI: 10.1126/science.aac6089.

S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane,
G. Bian, C. Zhang, R. Sankar, G. Chang, et al.
(2015). Discovery of a Weyl fermion semimetal and
topological Fermi arcs. Science, vol. 349, pp. 613—
617. https://arxiv.org/abs/1502.03807. DOI:
10.1126/science.aaa9297.

B. Yan and C. Felser (2017). Topological materials:
Weyl semimetals. Annual Review of Condensed
Matter Physics, vol. 8, pp. 337-354. https://arxi
v.org/abs/1611.04182. DOI: 10.1146/annurev-
conmatphys-031016-025458.

A. D. Zabolotskiy and Yu. E. Lozovik (2016).
Strain-induced pseudomagnetic field in the Dirac
semimetal borophene. Physical Review B, vol. 94,
article 165403. https://arxiv.org/abs/1607.0
2530. DOI: 10.1103/PhysRevB.94.165403.


https://arxiv.org/abs/1905.11662
https://arxiv.org/abs/1508.03501
https://arxiv.org/abs/1508.03501
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.65.235412
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.65.235412
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.65.235412
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.46.1351
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.46.1351
https://arxiv.org/abs/gr-qc/0208020
https://arxiv.org/abs/1610.00521
https://arxiv.org/abs/1610.00521
https://archive.org/details/Grigori_Volovik__The_Universe_in_a_Helium_Droplet
https://archive.org/details/Grigori_Volovik__The_Universe_in_a_Helium_Droplet
https://archive.org/details/Grigori_Volovik__The_Universe_in_a_Helium_Droplet
https://arxiv.org/abs/1003.5179
https://arxiv.org/abs/1003.5179
https://arxiv.org/abs/1511.07440
https://arxiv.org/abs/1604.05176
https://arxiv.org/abs/1604.05176
https://arxiv.org/abs/1503.08179
https://arxiv.org/abs/1503.08179
https://arxiv.org/abs/1502.03807
https://arxiv.org/abs/1611.04182
https://arxiv.org/abs/1611.04182
https://arxiv.org/abs/1607.02530
https://arxiv.org/abs/1607.02530

	Strain already bends electronic spacetime by three hundred tesla
	Strain enters the low-energy action as gauge and metric fields, entry by entry
	A bent slab of near-critical type-II Weyl is an electronic horizon
	Disorder buries the horizon before any present material can show it
	Three measurements can see the horizon, and one of them is cheap
	What else the dictionary buys, and the two measurements that decide
	The Painlevé–Gullstrand metric from the tilted Weyl Hamiltonian
	Shortlist parameter provenance, entry by entry
	The seeded computation

