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Abstract 18 

A laboratory-scale pre-experiment is designed in which a stable giant quantum vortex in 19 

superfluid helium-4 produces, for the surface waves of the liquid, an effective Lorentz factor 20 

γeff = (1 − v²/cw²)−1/2, where v is the flow speed and cw the wave speed. For bulk sound the 21 

Landau critical velocity (≈58.8 m/s) limits γeff to 1.032, whereas capillary–gravity surface 22 

waves have a minimum phase speed of ≈9.89 cm/s, so that an analogue ergoregion and horizon 23 

form. For a draining vortex carrying N = 4×10⁴ circulation quanta in a 40 mm deep cell the 24 

ergoregion radius is 6.70 mm, the analogue-horizon radius 1.92 mm and the hollow-core radius 25 

0.75 mm; γeff reaches 1.67 at r = 1.25 re and 3.28 at r = 1.05 re. The cryostat, helium supply, 26 

purification, pumping and recovery system, flow loop, metrology and protocol are specified in 27 

detail; every design number is traceable to an open calculation model. The effective factor 28 

applies only to waves in the helium; it is not a real time dilation for clocks or living organisms. 29 

Optional installation of the module in the inner capsule of the author's dual-capsule apparatus 30 

(Stage 1) is analysed: standard general relativity predicts no measurable ON/OFF difference, 31 

and the attainable bound on the phenomenological parameter ξ (≈10³⁵–10⁴³) is weaker than 32 

existing clock bounds. Finally, the node-spacing function of the author's Börekci-2 metric is 33 

shown to equal the inverse effective Lorentz factor of the Painlevé–Gullstrand river flow, a 34 

known property re-expressed in analogue-gravity language. 35 

Keywords: analogue gravity; superfluid helium-4; quantum vortex; effective Lorentz factor; 36 

analogue horizon; cryogenic design 37 

1 Introduction 38 

Unruh [1] showed that sound waves in a moving fluid obey the same equations as fields 39 

propagating in a curved spacetime, founding the field of analogue gravity. Visser [2] showed 40 

that the analogy includes horizons and ergoregions, and Barceló, Liberati and Visser [3] 41 

reviewed the field. Experimentally, analogue Hawking radiation and its entanglement [4] and 42 

thermal Hawking radiation with its temperature [5] were observed in Bose–Einstein 43 

condensates; rotational superradiance [6] and quasinormal-mode oscillations [7] were measured 44 

in water vortices, and the associated spectroscopy was formalised in [8]. 45 

Superfluid helium occupies a special place among these platforms. The fluid–gravity analogy 46 

requires vanishing viscosity, which is realised naturally in liquid helium and in cold atomic 47 

clouds [9]. Owing to the large zero-point motion and weak attraction of its atoms, helium is the 48 

only substance that remains liquid down to absolute zero at pressures below about 25 bar; 49 
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hydrogen, although lighter, solidifies at ≈14 K. Molecules embedded in superfluid helium 50 

droplets rotate freely, as in vacuum [10], illustrating the "vacuum-like" behaviour of this 51 

medium. Room-temperature helium gas is therefore unsuitable for the present purpose; the 52 

required medium is superfluid liquid helium below 2.17 K. Švančara et al. [9] stabilised a giant 53 

vortex carrying thousands of circulation quanta in superfluid ⁴He and observed bound states 54 

and analogue black-hole ringdown signatures in the surface waves. The same group has since 55 

reported black-hole spectroscopy with several quasinormal modes extracted from the same 56 

platform [11], the origin of quasinormal modes in semi-open systems [12], a digital holographic 57 

method for imaging the free surface of superfluid helium [13] and, in September 2026, a 58 

laboratory realisation of the black-hole-bomb instability in a draining He II vortex, in which 59 

about 1.2×10⁵ circulation quanta are reported to contribute to the central vortex [14]. 60 

Desrochers, Marchand and Stamp [15] modelled the vacuum tunnelling of vortex pairs in thin 61 

He II films as an analogue of the Schwinger effect and proposed an experiment to test it. 62 

This work answers a question raised within the author's BEF (Börekci Energy Field) 63 

programme [16]: if superfluid helium were placed in the inner capsule of that apparatus, could 64 

an effective Lorentz factor be produced? The answer has two layers, and this dual framing is 65 

kept throughout: (i) an effective Lorentz factor for the waves in the helium can be produced and 66 

measured; (ii) this factor is not a real time dilation for the atoms, clocks or a living subject 67 

inside the capsule. The aims are to compute the accessible γeff, to design an independent 68 

laboratory pre-experiment (Stage 0) in sufficient detail to be built, to assess honestly its 69 

integration into the inner capsule (Stage 1), and to relate the result to the author's black-hole-70 

matter hypothesis [17]. 71 

2 Theoretical framework 72 

2.1 Acoustic (analogue) metric 73 

Small perturbations in an inviscid, irrotational fluid "see" the effective metric determined by 74 

the local wave speed c and flow velocity v [1, 2]: 75 

 ds² = (ρ/c) [ −(c² − v²) dt² − 2 v·dx dt + dx·dx ] (1) 76 

The wave speed c replaces the speed of light. The region where the flow exceeds the wave 77 

speed is the ergoregion; the surface where the radial flow exceeds the wave speed is the 78 

analogue horizon. 79 
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2.2 Effective Lorentz factor 80 

Two kinds of observer can be read from metric (1). For a point moving with the fluid, dτ ∝ dt: 81 

there is no analogue time dilation. For a point fixed in the laboratory past which the fluid flows 82 

at speed v (for example a detector), dτ ∝ √(1 − v²/c²) dt. The kinematic factor of motion relative 83 

to the medium is therefore the formal counterpart of the special-relativistic Lorentz factor: 84 

 γeff = 1 / √(1 − β²),     β = v / cw (2) 85 

This is the analogue of the √(1 − rs/r) time-dilation factor of a static observer in Schwarzschild 86 

spacetime (Sect. 2.7). In the limit β → 1, γeff diverges: a laboratory-static observer is no longer 87 

possible there. That surface is the ergoregion boundary; it coincides with the analogue horizon 88 

only when the flow is purely radial. 89 

2.3 Bulk sound: the Landau limit 90 

In He II the first-sound velocity is c₁ ≈ 237 m/s [18]. Superflow cannot exceed the Landau 91 

critical velocity at which rotons are created: 92 

 vL = Δ / p₀ ≈ 58.8 m/s,     βmax = vL/c₁ = 0.248,     γeff,max = 1.032 (3) 93 

where Δ/kB ≈ 8.62 K is the roton gap and p₀/ħ ≈ 1.92 Å⁻¹ the roton momentum. The breakdown 94 

of superfluidity has been tested experimentally against Landau's theory [19]. The conclusion is 95 

clear: for bulk sound the largest attainable effective Lorentz factor is ≈1.032, so the main 96 

channel of the experiment is surface waves. 97 

2.4 Surface waves and the minimum phase speed 98 

The phase speed of capillary–gravity waves on deep liquid depends on the wavenumber k 99 

(dispersion): 100 

 c(k) = √( g/k + σk/ρ ),     k∗ = √(ρg/σ),     cmin = (4gσ/ρ)1/4 (4) 101 

With ρ ≈ 145 kg/m³ [18] and the zero-temperature surface tension σ ≈ 3.54×10⁻⁴ N/m [20, 18] 102 

one obtains k∗ ≈ 2005 m⁻¹, λ∗ ≈ 3.13 mm, cmin = cw ≈ 9.89 cm/s and f∗ ≈ 31.6 Hz. At the 103 

minimum phase speed the group velocity equals the phase velocity, so the dispersion is locally 104 

flat and the effective-metric description is best justified there [21]. The measurement waves are 105 

therefore chosen near λ∗ ≈ 3.13 mm. Two remarks on σ are needed. First, σ decreases with 106 

temperature: the adopted database of Donnelly and Barenghi [18] gives ≈3.3×10⁻⁴ N/m at 1.6 107 

K, i.e. about 7 % below the T → 0 value; since cw ∝ σ1/4 and λ∗ ∝ σ1/2, this lowers cw by ≈2 % 108 

(to ≈9.72 cm/s) and λ∗ by ≈4 % (to ≈3.03 mm), and raises re by ≈2 % (to ≈6.82 mm). Second, 109 

an independent capillary-wave determination [22] gave 3.75×10⁻⁴ N/m, 6 % above the value 110 

adopted here; the corresponding uncertainty in cw is 1.5 %. Neither effect changes the 111 
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conclusions, and the static calibration of Sect. 4.3 measures cw and λ∗ directly. Because the 112 

flow only needs to exceed ≈10 cm/s, the ergoregion and the horizon are produced at speeds far 113 

below the Landau limit. 114 

2.5 Draining vortex: ergoregion and analogue horizon 115 

For a vortex drained at its centre ("draining bathtub") the velocity field is 116 

 v = −(D/r) r̂ + (C/r) θ̂,     C = Γ/2π,     Γ = N κ,     κ = h/m₄ (5) 117 

where κ = 9.97×10⁻⁸ m²/s is the circulation quantum of helium-4 and N the number of quanta 118 

carried by the vortex. The ergoregion (total speed > cw) and analogue-horizon (radial speed > 119 

cw) radii are [2] 120 

 re = √(C² + D²) / cw,     rh = |D| / cw (6) 121 

so that the radial profile of the effective Lorentz factor is 122 

 γeff(r) = [ 1 − (re/r)² ]−1/2,     r > re (7) 123 

Bernoulli's relation gives the funnel shape of the free surface and the radius of the hollow core: 124 

 z(r) = h₀ − (C² + D²) / (2 g r²),     rcore = √(C² + D²) / √(2 g h₀) (8) 125 

The ergoregion must be larger than the measurement wavelength (re ≥ λ∗), otherwise the waves 126 

cannot resolve it. For the design ratio D/C = 0.3 this requires at least 127 

 N ≥ 2π cw λ∗ / ( κ √(1 + (D/C)²) ) ≈ 1.87×10⁴ (9) 128 

The design value is N = 4×10⁴ (Γ = 3.99×10⁻³ m²/s). Švančara et al. [9] reported "thousands" of 129 

quanta, and the September 2026 preprint of the same group [14] reports about 1.2×10⁵ quanta 130 

contributing to the central vortex of a draining flow; the design target therefore lies between the 131 

two published figures, and the associated risk is discussed in Sect. 9. Related theoretical and 132 

experimental studies of draining superfluid vortices are given in [23, 24, 25]. 133 

2.6 Distinction between effective and real time dilation 134 

The γeff of Eq. (2) applies only to the helium's own waves. Atomic clocks, biochemical 135 

processes and a living subject operate through electromagnetic interactions whose "speed limit" 136 

is the real speed of light c, relative to which the helium flow is entirely negligible. Real time 137 

dilation is fixed by the real metric alone. The mass of helium in the cell (V = 1.26 L, M = 0.18 138 

kg) produces at the cell scale a potential of only Φ/c² ≈ 1.4×10⁻²⁷. This value is static and cancels 139 

in every ON/OFF comparison. 140 
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2.7 River model and the Börekci-2 metric 141 

In Painlevé–Gullstrand coordinates the Schwarzschild spacetime can be written as a "river" of 142 

space flowing into the black hole at the escape velocity [26]: 143 

 ds² = −c² dt² + (dr + v dt)² + r² dΩ²,     v(r) = c √(rs/r) (10) 144 

This has the same form as an acoustic metric with constant c. The effective Lorentz factor of 145 

the river gives 146 

 1 − v²/c² = 1 − rs/r = ne²(r)     ⟹     ne(r) = 1 / γeff,river(r) (11) 147 

where ne(r) = √(1 − rs/r) is the node-spacing function of the Börekci-2 metric [17]. In the 148 

language of that hypothesis the contraction ratio of the node spacing equals the inverse effective 149 

Lorentz factor of the inflowing "river of space". Because γeff(r) in the helium experiment is 150 

fixed by the measured flow profile v(r), the experiment offers a laboratory counterpart of this 151 

relation for waves. Two limits must be stated: in the two-dimensional draining vortex v ∝ 1/r 152 

whereas in the Schwarzschild river v ∝ r−1/2; and for constant-density flow the continuity 153 

condition prevents an exact Schwarzschild mapping [2]. The experiment therefore produces an 154 

analogue of the same mathematical structure, not a copy of ne(r). 155 

3 Materials and methods 156 

3.1 Design overview and philosophy 157 

The Stage 0 apparatus is a helium-bath cryostat containing a closed He II flow loop that sustains 158 

a stationary draining vortex in a cylindrical cell, with optical access from above and from the 159 

side for surface-wave metrology. All design values are engineering choices of the author, 160 

chosen so that (i) the ergoregion is resolved by the measurement waves (Eq. 9), (ii) the heat 161 

load is compatible with continuous operation at ≈1.6 K for at least 24 h from one liquid-helium 162 

fill, and (iii) every component can be procured or machined with standard low-temperature 163 

laboratory techniques [27]. Every number in this section is either a stated design choice or a 164 

quantity computed from it by the open calculation model (Sect. 3.12); none is a measured value. 165 

The apparatus is shown in isometric and side views in Figs. 1 and 2, the helium gas-handling 166 

and cryogenic circuit in Fig. 3 and the top view in Fig. 4; the part numbers are identical in Figs. 167 

1, 2, 4 and 5. 168 
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 169 
Fig. 1 (Color online) Isometric three-dimensional quarter-section view of the Stage 0 apparatus. (a) Complete 170 
cryostat with the front-right quarter removed to expose the layers. (b) Enlargement of the vortex cell; the colour 171 
of the free surface encodes γeff for surface waves and the red centre marks the ergoregion. Numbered parts 172 
(identical in Figs. 1, 2 and 4): 1 outer vacuum chamber (stainless steel, 300 K); 2 vapour-cooled copper radiation 173 
shield (≈50–80 K); 3 He II bath (vapour-pumped, ≈1.6 K); 4 vortex cell (200 mm inner diameter, 40 mm liquid 174 
depth); 5 free surface with vortex funnel (colour: γeff); 6 central drain tube (10 mm inner diameter); 7 propeller 175 
chamber, shaft and four-blade propeller; 8 return channel with twelve tangential inlet vanes; 9 wave generator 176 
(piezoelectric paddle, ≈32 Hz); 10 sapphire windows on the upper optical axis; 11 high-speed camera and fringe 177 
projector (Fourier-transform profilometry); 12 side observation window and shadowgraph camera; 13 vapour 178 
pumping line (to 1.6 K); 14 magnetically coupled propeller drive (motor at 300 K); 15 vibration-isolation platform 179 
(spring isolators); 16 RuO₂ thermometer and capacitive level sensor 180 
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3.2 Cryostat 181 

The cryostat (parts 1–3, 13 in Figs. 1, 2 and 4) is a conventional helium-bath design. The outer 182 

vacuum chamber (part 1) is a 304L stainless-steel cylinder of 600 mm inner diameter and 1.3 183 

m height, evacuated to below 10⁻⁵ mbar before cool-down by a turbomolecular pump and 184 

afterwards held by cryopumping. Inside it hangs a copper radiation shield (part 2) of 540 mm 185 

diameter, wrapped in 30 layers of multilayer insulation and cooled by the cold helium boil-off 186 

vapour flowing through its neck heat exchanger, which brings it to ≈50–80 K; a liquid-nitrogen 187 

jacket at 77 K is an acceptable alternative if a larger static heat load is accepted. The He II bath 188 

tank (part 3) is a 340 mm inner-diameter, 550 mm tall stainless-steel vessel holding ≈41 L of 189 

liquid at 4.2 K when full; it is suspended from the top plate by three thin-walled stainless-steel 190 

tubes that also serve as the fill, pumping and wiring ports. The vortex cell and its flow loop 191 

(Sect. 3.5) sit fully immersed in the bath, so that the whole loop is at the bath temperature and 192 

the cell walls are isothermal. 193 

Optical access is provided along the vertical axis by three coaxial windows: a borosilicate 194 

window in the room-temperature top flange, an aperture with an infrared-blocking cold filter in 195 

the shield, and a 100 mm sapphire window (part 10) in the bath-tank lid directly above the cell. 196 

A second, horizontal line of sight through a 20 mm sapphire side window (part 12) at the height 197 

of the liquid surface allows shadowgraph imaging of the funnel profile. Windows are the 198 

dominant radiative heat path; the cold filter and the small side aperture keep this contribution 199 

below ≈20 mW in the design budget of Sect. 3.4. 200 
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 201 
Fig. 2 (Color online) Side three-dimensional half-section of the Stage 0 apparatus (xz plane). (a) Cooling layers 202 
and the vertical optical axis. (b) Enlargement of the closed flow loop: propeller (7) → return channel (8) → cell 203 
(4) → vortex (5) → drain (6) → propeller. The red pointed funnel at the centre is the hollow vortex core. Part 204 
numbers as in Fig. 1 205 

3.3 Helium supply, purification and gas-handling system 206 

Figure 3a shows the helium circuit of Stage 0. Helium gas of 99.999 % purity (grade 5.0) is 207 

supplied from 50 L cylinders at 200 bar and passed through a liquid-nitrogen-cooled activated-208 

charcoal trap that removes residual air, water and hydrocarbons, which would otherwise freeze 209 

in the transfer line or in the pumping line. Liquid helium at 4.2 K is delivered from a 100 L 210 
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transport dewar through a vacuum-insulated transfer line into the bath tank; a full fill of ≈41 L 211 

corresponds to ≈5.1 kg of helium, i.e. ≈29 m³ of gas at standard conditions, and this inventory 212 

is recovered rather than lost. The boil-off and the pumped vapour are collected in a gas bag, 213 

compressed to 200 bar into storage cylinders and returned through the purifier for the next fill 214 

(dashed line in Fig. 3a). All closed volumes carry spring-loaded relief valves and a burst disc 215 

rated well below the pressure that the vessel can withstand, and the laboratory is fitted with 216 

oxygen-deficiency monitors, because one litre of liquid helium expands to about 750 L of gas 217 

at room temperature. 218 

Every helium-carrying joint is leak-tested with a helium mass-spectrometer leak detector to 219 

better than 10⁻⁹ mbar L/s at room temperature before cool-down; indium seals are used on all 220 

cryogenic flanges and on the sapphire windows. The cell, the flow loop and the bath tank are 221 

pumped and flushed with pure helium three times before the first transfer, so that no air remains 222 

to freeze at the drain orifice. 223 
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 224 
Fig. 3 (Color online) Helium gas-handling and cryogenic circuit. (a) Stage 0 open cycle with recovery: gas supply, 225 
purifier, transport dewar, cryostat bath, DN63 pumping line, pressure-regulating butterfly valve, Roots and rotary-226 
vane pumps and the recovery loop (dashed); the line below the diagram gives the design boil-off and hold time. 227 
(b) Stage 1 closed-loop recondensing circuit (Option A) inside the dual-capsule apparatus: bath and vortex cell in 228 
the lower compartment of the inner capsule, DN100 vapour-return line through the inner-capsule wall and the 229 
outer sphere, room-temperature pump and buffer, and a pulse-tube cryocooler whose 4 K stage condenses the 230 
returned gas; the sealed alternative (Option B) is summarised below the diagram. All values are design numbers 231 
from the calculation model 232 
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3.4 Cooling to 1.6 K, vapour pumping and heat budget 233 

After the transfer the bath is at 4.2 K. It is then cooled below the λ point (2.17 K) by pumping 234 

on its own vapour through the DN63 pumping line (part 13): the saturated vapour pressure of 235 

⁴He at 1.6 K is ≈7.5 mbar [18], and the latent heat of vaporisation there is ≈91 J/mol (≈22 J/g) 236 

[18]. Evaporative cooling from 4.2 K to 1.6 K consumes roughly 35 % of the liquid, leaving 237 

≈27 L. The pumping system is a Roots blower of 250 m³/h backed by a rotary-vane pump of 65 238 

m³/h; the bath pressure, and hence the temperature, is regulated by a motorised butterfly valve 239 

in the line, controlled by a PID loop on a capacitance manometer (10 mbar full scale) mounted 240 

at the room-temperature end of the line. Temperature is thus set through the ITS-90 helium 241 

vapour-pressure scale and cross-checked with the RuO₂ thermometers (Sect. 3.7). 242 

The design heat-load budget for the bath at 1.6 K is Q = 0.15 W, allocated as ≈50 mW 243 

conduction and radiation through supports, wiring and the pumping line, ≈20 mW through the 244 

windows, ≈50 mW for the propeller drive (Sect. 3.5) and ≈30 mW of margin. The resulting 245 

boil-off is 246 

 ṁ = Q / Lvap ≈ 6.7 mg/s ≈ 0.40 g/min,     corresponding to ≈0.17 L/h of liquid (14) 247 

so that one fill supports more than 160 h of operation at 1.6 K. At the pump inlet (293 K) this 248 

mass flow is a throughput of ≈4.1 Pa·m³/s, which at 7.5 mbar requires a volumetric pumping 249 

speed of only ≈19 m³/h; the pumps are oversized by an order of magnitude so that the initial 250 

pump-down from 4.2 K is fast. The viscous-flow conductance of a 3 m, 63 mm line at the mean 251 

line pressure is ≈2.5 m³/s, giving a pressure drop of only ≈1.6 Pa (Eq. 15): 252 

 Cline = π d⁴ p̄ / (128 η L),     Δp = Qthroughput / Cline (15) 253 

with η = 1.96×10⁻⁵ Pa·s the viscosity of helium gas at 293 K. Bath pressure fluctuations 254 

produced by the pumps are recorded continuously (Sect. 7) because they modulate the surface 255 

tension and the liquid level. 256 

3.5 Vortex cell and flow loop 257 

The cell (part 4) is a cylinder of 200 mm inner diameter machined from oxygen-free copper and 258 

gold plated to avoid oxide layers; its floor is flat and its walls are polished to reduce nucleation 259 

of parasitic vortices. The design liquid depth is h₀ = 40 mm, more than ten times the 260 

measurement wavelength, so that the deep-liquid dispersion of Eq. (4) applies away from the 261 

funnel. The flow loop is the one of Švančara et al. [9] in its basic layout: a four-blade propeller 262 

of 60 mm diameter in a chamber below the cell (part 7) pushes liquid up an annular return 263 

channel around the cell (part 8); at the top of the channel twelve inlet vanes inject the liquid 264 
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tangentially into the cell, and the liquid leaves through the central drain tube (part 6) of 10 mm 265 

inner diameter back into the propeller chamber. The vane angle fixes the ratio of radial to 266 

azimuthal inflow; for the design ratio D/C = 0.3 the vanes are set at arctan(0.3) ≈ 17° from the 267 

tangent. In the ideal two-dimensional model the loop must circulate Q ≈ 2π D h₀ ≈ 48 mL/s, 268 

which at this depth corresponds to a mean drain velocity of a few centimetres per second; the 269 

ideal hydraulic power ρ g Δh Q for a head of 5 cm is only ≈3.4 mW. 270 

The propeller is driven without any rotating vacuum seal at the bath: the bath-tank floor carries 271 

a thin-walled (1 mm) stainless-steel re-entrant cup; inside the cup, in the insulating vacuum, 272 

sits a driving rotor with permanent magnets, and the propeller shaft carries the driven magnet 273 

ring inside the bath. The driving rotor is thermally anchored to the radiation shield by a flexible 274 

copper braid, so that it radiates at shield temperature rather than at 300 K, and it is turned 275 

through a thin-walled stainless-steel shaft by a motor mounted at room temperature under the 276 

cryostat (part 14). At the design speed of about one revolution per second the eddy-current 277 

heating in the 1 mm stainless cup is at the milliwatt level (≈3.7 mW for a 0.3 T coupling field, 278 

Eq. 16), and the conduction along the shaft is intercepted at the shield; the 50 mW allocated to 279 

the drive in Sect. 3.4 is therefore a conservative envelope: 280 

 Peddy ≈ (σe E² Vcup),     E ≈ ω a B / 2 (16) 281 

where σe ≈ 1.4×10⁶ S/m is the low-temperature conductivity of stainless steel, ω the angular 282 

velocity, a the cup radius and Vcup the volume of the cup wall. The propeller speed is ramped 283 

in steps by the motor controller and the circulation Γ is not assumed but measured from the 284 

azimuthal velocity profile (Sect. 4). 285 
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 286 
Fig. 4 (Color online) Top three-dimensional view. (a) Horizontal section 90 mm above the cell floor, viewed 20° 287 
from the vertical. (b) Three-dimensional view of the vortex centre, 30° from the vertical, field of view ≈ ±16 mm, 288 
with a 5 mm scale bar: the white circle marks the ergoregion boundary (re = 6.70 mm) and the black circle the 289 
analogue horizon (rh = 1.92 mm). The colour scale is γeff; in the red region the flow exceeds the wave speed. Part 290 
numbers as in Fig. 1 291 

3.6 Wave excitation and surface-wave metrology 292 

Surface waves are excited by a piezoelectric paddle (part 9) mounted at the cell wall and driven 293 

by a function generator; the drive frequency is scanned between 10 and 100 Hz for the 294 

dispersion calibration and set near f∗ ≈ 31.6 Hz (λ∗ ≈ 3.13 mm) for the mapping runs, with 295 
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amplitudes of 10–50 µm so that the waves remain linear. Short wave packets (three to five 296 

cycles) are used for the ringdown measurements of Sect. 4.2. The free-surface height field η(x, 297 

y, t) is measured through the top window by Fourier-transform profilometry [28]: a sinusoidal 298 

fringe pattern is projected obliquely onto the surface by an LED projector (part 11) and imaged 299 

by a high-speed camera (2048 × 2048 pixels, 500 frames per second, i.e. 16 frames per period 300 

at f∗), covering a field of view of 60 mm × 60 mm at ≈30 µm per pixel; the phase of the 301 

deformed fringes gives η with micrometre-level height resolution after unwrapping. Two 302 

alternatives used in the analogue-gravity community can be substituted without changing the 303 

analysis: fast checkerboard demodulation [29] and digital holographic imaging of the superfluid 304 

surface [13]. The side window (part 12) provides a shadowgraph of the funnel and a direct, 305 

model-independent measurement of the hollow-core radius. 306 

3.7 Thermometry, level, pressure and control 307 

Temperature is measured by two calibrated ruthenium-oxide resistance thermometers (part 16), 308 

one in the bath and one in the cell wall, read by a four-wire AC resistance bridge; the bath 309 

vapour pressure gives an independent temperature through the vapour-pressure scale. A 310 

capacitive level sensor in the bath and a second one in the cell monitor the liquid heights; the 311 

cell level is kept at h₀ = 40 mm by the loop itself, whose return flow is limited by an overflow 312 

weir at the top of the return channel. A 0–1 W resistive heater in the bath allows controlled 313 

temperature scans between 1.4 and 2.1 K to study the damping of the surface waves as a 314 

function of the normal-fluid fraction. All sensors, the motor controller, the wave generator and 315 

the camera trigger are synchronised by a common data-acquisition clock so that every image is 316 

tagged with the instantaneous temperature, pressure, level and propeller speed. 317 

3.8 Vibration and acoustic isolation 318 

Micrometre-level surface metrology is vulnerable to vibration. The cryostat stands on a passive 319 

vibration-isolation platform (part 15) with spring isolators of ≈1.5 Hz natural frequency; the 320 

pumps are placed in an adjacent room on their own foundation and connected to the pumping 321 

line through two flexible bellows sections and a heavy inertial block; the camera and projector 322 

are mounted on the same isolated platform as the cryostat so that they share its motion. Three-323 

axis accelerometers on the cryostat top plate and on the pump line, and a microphone in the 324 

laboratory, are recorded synchronously with every run and are used as veto channels in the 325 

analysis (Sect. 7). 326 
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3.9 Data analysis pipeline 327 

The analysis follows the procedure of the water-vortex and helium-vortex experiments [6, 7, 328 

9]: (i) η(x, y, t) is reconstructed from the fringe images; (ii) it is resampled onto polar 329 

coordinates centred on the vortex axis, which is located from the shadowgraph; (iii) for each 330 

radius a two-dimensional Fourier transform in azimuthal angle and time gives the dispersion 331 

ω(m) of co- and counter-rotating waves, from which c₊ and c₋ and hence vθ(r) and cw follow by 332 

Eq. (12); (iv) the same is done in the radial direction for vr(r); (v) γeff(r), re and rh are computed 333 

by Eqs. (6) and (7), with the uncertainty of Eq. (13); (vi) the ringdown signals are fitted with 334 

sums of damped sinusoids and compared with the quasinormal-mode frequencies predicted 335 

from the measured flow [8, 12, 30]. All scripts will be released with the data (Sect. 3.12). 336 

3.10 The dual-capsule (BEF-2026/M) apparatus 337 

Stage 1 concerns the optional installation of the He II module inside the inner capsule of the 338 

author's dual-capsule apparatus, whose concept is described in [16] and whose current 339 

configuration ("BEF-2026/M", unpublished design documents of the author) is summarised 340 

here only to the extent needed to specify the interfaces of the helium module; its physics claims 341 

are not part of this paper. The apparatus consists of three nested capsules (Fig. 5a): an outermost 342 

"extra" capsule of ≈30 m inner diameter, an outer capsule of ≈18 m inner diameter, and a 343 

stationary inner capsule shaped as a vertical prolate ellipsoid 12 m from pole to pole. The inner-344 

capsule wall is layered (90 cm SiC–SiC composite, 90 cm tungsten–steel, 100 cm lead, 30 cm 345 

circulating water); its interior is at 1 atm of air and houses, in the upper compartment, a live test 346 

subject (a 9 kg pig in a protective suit) for a 24 h run, and two 2 T superconducting pole magnets 347 

at the top (N) and bottom (S) of the cavity. In the gap between the inner and outer capsules two 348 

relativistic energy shells are generated: a 50 MV electron arc between rotating tungsten–349 

rhenium pole electrodes (electron Lorentz factor γe = 98.8) and a ring-laser shell; two 10 T 350 

toroidal superconducting rings above and below the outer capsule provide the guide field. The 351 

/M variant additionally carries nano-gap Casimir panels and an interferometric mirror layer, 352 

neither of which interacts with the helium module. The whole assembly is sited in a sealed 353 

underground cavern. 354 
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 355 
Fig. 5 (Color online) Optional integration of the He II module into the inner capsule of the dual-capsule apparatus 356 
(Stage 1), isometric three-dimensional quarter section; capsule and shell proportions are schematic, the cryostat 357 
module is drawn to scale. (a) Three capsules, two energy shells, pole electrodes and toroidal magnets. (b) 358 
Enlargement of the lower compartment of the inner capsule. Numbered parts: 1 inner-capsule wall (layered SiC–359 
SiC / tungsten–steel / lead / water); 2 live-subject compartment (1 atm air, pig); 3 gas-tight partition floor between 360 
subject and cryogenic compartments; 4 He II vortex cryostat module (Figs. 1, 2 and 4, true size); 5 vibration-361 
isolation platform; 6 first energy shell (electron arc); 7 second energy shell (ring laser); 8 outer capsule; 9 extra 362 
(outermost) capsule; 10 tungsten–rhenium pole electrodes (top/bottom); 11 toroidal superconducting magnets 363 
(top/bottom); 12 cryogenic feed and vapour-return lines through the inner-capsule wall; 13 shielded service conduit 364 
through the gap and the outer sphere to the external gas-handling plant 365 
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3.11 Integration of the helium module (Stage 1) 366 

The complete Stage 0 cryostat (0.62 m × 1.3 m) is installed on its isolation platform in the lower 367 

compartment of the inner capsule, on the axis, below a gas-tight partition floor (Fig. 5b, parts 368 

3–5); the compartment is ≈4 m in diameter and ≈1.8 m tall. A liquid at 1.6 K cannot share a 369 

volume with a living subject in 1 atm of air, so the separation is mandatory, and the cryogenic 370 

compartment carries its own oxygen monitors and is vented to the service conduit. Helium 371 

cannot be liquefied inside the capsule during a run; the module must therefore be connected to 372 

an external plant. Two options are specified (Fig. 3b and Table 1). 373 

Option A, closed-loop recondensing circuit (baseline). The bath vapour is returned through 374 

a DN100 line of ≈15 m length, which passes through the inner-capsule wall (part 12), crosses 375 

the gap inside a water-cooled, lead-shielded service conduit that follows the mechanical support 376 

of the inner capsule (part 13), and exits through the outer sphere to a room-temperature pump, 377 

purifier and gas buffer outside the apparatus. The purified gas is returned at ≈20 bar to a two-378 

stage pulse-tube cryocooler cold head (≈1.5 W at 4.2 K class) mounted next to the bath inside 379 

the module, where it is condensed at the 4 K stage and dripped back into the bath; the cryocooler 380 

compressor (7–9 kW, water cooled) also stays outside the outer sphere and is connected by 381 

flexible high-pressure lines through the same conduit. The viscous conductance of the 15 m 382 

return line is ≈3.1 m³/s, i.e. a pressure drop of only ≈1.3 Pa at the design throughput, so the line 383 

length is not a limitation. The circuit is closed and the helium inventory is conserved over the 384 

24 h run; the cryocooler, however, is a vibration source and must be mounted on its own 385 

isolators with a flexible thermal link to the bath. 386 

Option B, sealed autonomous module. If no line may cross the gap during a run, the module 387 

operates on its own liquid inventory: at the design heat load the 24 h boil-off is ≈576 g of helium 388 

(≈4.0 L of liquid, ≈3.2 m³ of gas at standard conditions), well within the 27 L available after 389 

pump-down, and the vapour is either compressed by a small oil-free diaphragm compressor into 390 

a ≈215 L buffer at 15 bar or adsorbed on an activated-charcoal sorption pump cooled by the 4 391 

K stage; the capacity of such a pump must be measured, not assumed. Option B avoids all 392 

penetrations but gives up continuous pressure regulation and requires the pumping to 1.6 K to 393 

be completed before the capsule is sealed. 394 

Three interface constraints follow from the apparatus itself. (i) Magnetic field: the lower pole 395 

magnet (2 T) is close to the module; helium-4 is unaffected, but the magnetically coupled drive, 396 

the camera and the electronics are not, so that for Stage 1 the propeller is replaced by a 397 

piezoelectrically driven bellows pump and all electronics are placed in a shielded enclosure 398 



Börekci — Effective Lorentz factor in a He II giant vortex  ·  19 

outside the strong-field region; ruthenium-oxide thermometers have a small, calibrated 399 

magnetoresistance. (ii) Radiation and heat: the 50 MV arc produces bremsstrahlung; the 3.1 m 400 

layered wall of the inner capsule is the only shielding, and the boil-off rate during ON periods 401 

is itself a measure of the additional heat load. (iii) Vibration: the rotating electrodes and the 402 

external plant are decoupled by the platform and the bellows sections as in Stage 0, and every 403 

run is vetoed by the accelerometer channels. 404 

Table 1 Interface parameters of the He II module inside the inner capsule (Stage 1); design values, not 405 
measurements 406 

Item Value Note 

Location lower compartment, on axis, below 
partition floor 

≈4 m diameter, ≈1.8 m tall 

Module envelope / mass 0.62 m × 1.3 m; ≈250 kg with 
platform 

Stage 0 cryostat unchanged 

Helium inventory ≈27 L He II after pump-down ≈29 m³ STP total 

Design heat load 0.15 W at 1.6 K boil-off 0.40 g/min 

Option A: vapour-return line DN100, ≈15 m, Δp ≈ 1.3 Pa closed loop, cryocooler 
recondenser 

Option A: cryocooler 2-stage pulse tube, ≈1.5 W at 4.2 K 
class 

compressor 7–9 kW outside outer 
sphere 

Option B: 24 h boil-off ≈576 g, ≈4.0 L liquid, ≈3.2 m³ STP 215 L buffer at 15 bar or sorption 
pump 

Penetrations 2 × DN100 + electrical, through 
inner wall and outer sphere 

water-cooled, lead-shielded 
conduit 

Magnetic field at module up to ≈2 T (lower pole magnet) non-magnetic bellows drive; 
shielded electronics 

Radiation bremsstrahlung from 50 MV arc 3.1 m layered wall; boil-off 
monitored 

Run duration 24 h matches subject run 

Safety O₂ monitors, relief valves, gas-
tight partition 

cryogenic compartment vented to 
conduit 

 407 

3.12 Calculation model and use of AI tools 408 

All numbers in this paper are produced by an open Python calculation model (calc.py, 409 

results.json) and checked by an independent script (verify.py) that recomputes every quantity 410 

from the primary constants; the figure scripts read the same results file. In accordance with the 411 

journal's policy, the author declares that large-language-model tools were used for the literature 412 

search, for checking the calculations and for page layout; they were not used to generate 413 

scientific claims, data or figures of results, and the author takes full responsibility for the 414 

content. 415 
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4 Measurement method and protocol 416 

4.1 Mapping γeff(r) by Doppler separation 417 

Because the dispersion is flat near λ∗, the laboratory-frame phase speeds of waves travelling 418 

with and against the flow simply add and subtract: 419 

 c± = cw ± vθ,     vθ = (c₊ − c₋) / 2,     cw = (c₊ + c₋) / 2 (12) 420 

The same procedure in the radial direction gives vr, and at each radius γeff = [1 − (vθ² + 421 

vr²)/cw²]−1/2. Error propagation gives 422 

 δγ/γ = β γ² δβ (13) 423 

With v and c each measured to 1 %, δγ/γ ≈ 0.47 % at β = 0.5. As β → 1 the γ² term makes the 424 

uncertainty grow rapidly, so the ergoregion boundary is additionally determined directly: the 425 

radius at which counter-propagating azimuthal waves are brought to rest in the laboratory is 426 

C/cw ≈ 6.42 mm, and adding the measured radial component gives re = 6.70 mm. 427 

4.2 Bound states and ringdown 428 

A vortex excited by a short wave packet performs damped oscillations analogous to the 429 

quasinormal modes of black holes, as observed in a water vortex [7] and in superfluid helium 430 

[9, 11]. The frequencies and damping times are compared with the values computed from the 431 

measured velocity profile [8, 12]; this comparison is an independent check of the γeff(r) map. 432 

4.3 Protocol 433 

1. Cool-down: the bath is filled at 4.2 K and pumped to ≈1.6 K; the λ transition is confirmed 434 

by the thermometers and by the jump in the vapour-pressure–heat-input relation. 435 

2. Static calibration: with the propeller off, the wave generator is scanned from 10 to 100 436 

Hz and the dispersion curve is measured; cw and λ∗ are determined experimentally 437 

(expected ≈9.89 cm/s and ≈3.13 mm at T → 0 values, ≈9.72 cm/s and ≈3.03 mm at 1.6 438 

K). 439 

3. Vortex formation: the propeller speed is increased in steps; the side camera records the 440 

threshold at which the surface dimple becomes a hollow core; the circulation is obtained 441 

from the velocity profile as Γ = 2π r vθ. 442 

4. Mapping: Doppler separation is performed for r = 1–30 mm; γeff(r), re and rh are obtained. 443 

5. Ringdown: wave-packet excitation; frequencies and damping of the damped oscillations 444 

are measured. 445 
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6. Parity and repeatability: all measurements are repeated with the propeller rotation 446 

reversed (Sect. 7). 447 

7. Control records: accelerometers, microphone, bath pressure, level and temperature are 448 

recorded synchronously throughout every run. 449 

5 Calculated results 450 

Table 2 collects the He II properties, the design values and the calculated quantities; Table 3 451 

gives the radial profile of the effective Lorentz factor for surface waves. 452 

Table 2 Properties of He II, design values and calculated quantities (T → 0 surface tension; see Sect. 2.4 for the 453 
1.6 K values) 454 

Quantity Value Source / equation 

Density ρ (≈1.6 K) ≈145 kg/m³ [18] 

Surface tension σ (T → 0) ≈3.54×10⁻⁴ N/m [20, 18] 

First-sound velocity c₁ ≈237 m/s [18] 

Landau critical velocity vL 58.8 m/s Eq. (3) 

γeff,max for bulk sound 1.032 Eq. (3) 

Minimum surface-wave speed cw 9.89 cm/s Eq. (4) 

Measurement wavelength λ∗ / frequency f∗ 3.13 mm / 31.6 Hz Eq. (4) 

Circulation quantum κ 9.97×10⁻⁸ m²/s h/m₄ 

Design number of quanta N 4×10⁴ design 

Minimum N (re ≥ λ∗) 1.87×10⁴ Eq. (9) 

Ergoregion radius re 6.70 mm Eq. (6) 

Analogue-horizon radius rh 1.92 mm Eq. (6), D/C = 0.3 

Hollow-core radius 0.75 mm Eq. (8) 

Surface depression at re 0.50 mm cw²/2g 

Flow speed at the core edge 0.89 m/s (≪ vL) √(2gh₀) 

Ideal drain flow rate ≈48 mL/s 2π D h₀ 

Φ/c² of the helium mass in the cell 1.4×10⁻²⁷ GM/(R c²) 

Design heat load / boil-off 0.15 W / 0.40 g/min Eq. (14) 

Required pumping speed at 7.5 mbar ≈19 m³/h Sect. 3.4 

 455 

Table 3 Radial profile of the effective Lorentz factor for surface waves (Eq. 7) 456 

Radius Absolute value (mm) γeff 

1.05 re 7.03 3.28 

1.25 re 8.37 1.67 

1.50 re 10.05 1.34 

2.00 re 13.40 1.15 
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Radius Absolute value (mm) γeff 

3.00 re 20.09 1.06 

5.00 re 33.49 1.02 

re (ergoregion boundary) 6.70 → ∞ 

 457 

Figure 6 summarises the calculations. Panel (a) shows that bulk sound is confined to γeff ≤ 1.032 458 

by the Landau limit, whereas surface waves reach the whole range. In panel (b) the flow speed 459 

decreases as 1/r and crosses the surface-wave speed at re = 6.70 mm, where γeff diverges. Panel 460 

(c) gives the free-surface profile to scale: outside the ergoregion the surface is almost flat (the 461 

depression at re is only 0.50 mm), the funnel deepens towards the core and reaches the floor at 462 

0.75 mm. Panel (d) shows why the measurement wavelength is chosen at λ∗ ≈ 3.13 mm. 463 

 464 
Fig. 6 (Color online) Calculated quantities. (a) Effective Lorentz factor versus β and the ranges accessible to bulk 465 
sound (Landau limit) and to surface waves. (b) Vortex velocity profile, radial component and γeff(r); the vertical 466 
lines mark the core, the analogue horizon and the ergoregion. (c) Free-surface profile to scale. (d) Dispersion of 467 
He II surface waves and the chosen measurement point 468 
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6 Expected outcome of Stage 1 in the dual framing 469 

The energy shells of the apparatus do not act directly on the effective metric in the helium: 470 

helium-4 is neutral and its magnetic interaction is very weak, so the effective metric is fixed by 471 

the helium flow alone. The only question that Stage 1 can ask is therefore: does the wave speed 472 

or the ringdown frequency in the helium change while the shells are ON? 473 

Standard general relativity (ξ = 1). By the equivalence principle, wave and ringdown 474 

frequencies measured with a local clock inside the capsule do not change at all, because the 475 

clock and the helium slow down together in the same potential. Measured against a reference 476 

clock outside the capsule, the shift is at most the shell potential |Φs/c²|, which is ≈3.8×10⁻⁴⁷ for 477 

the two-shell 50 MV design (BEF-2026/M) and ≈8.3×10⁻³⁹ for the stored-E-layer design R2 478 

[16]. No measurable difference is expected. 479 

BEF hypothesis (ξ ≫ 1). The effect scales as ξ|Φs/c²|. If the ringdown frequency is measured 480 

against the external reference to ≈10⁻³, a null result gives ξ < 2.6×10⁴³ (BEF-2026/M) or ξ < 481 

1.2×10³⁵ (R2). These bounds are far weaker than the ≈10¹⁸–10²⁸ bounds obtained with optical 482 

and nuclear clocks in the author's earlier work [16]. 483 

Table 4 summarises the ON/OFF expectation for the two apparatus designs. 484 

Table 4 ON/OFF expectation for Stage 1 (ringdown-frequency precision 10⁻³ assumed) 485 

Apparatus design |Φs/c²| (GR, ξ = 1) Expected difference 

(GR) 
ξ bound with He II 

BEF-2026/M (two shells, 50 MV) 3.8×10⁻⁴⁷ not measurable < 2.6×10⁴³ 

BEF-2026-R2 (stored E-layer) 8.3×10⁻³⁹ not measurable < 1.2×10³⁵ 

 486 

Recommendation. Stage 1 adds no meaningful sensitivity to the ξ test. Stage 0 should therefore 487 

be carried out first in an independent low-temperature laboratory; Stage 1 should be considered 488 

only if Stage 0 succeeds, and only as a second demonstration channel. 489 

7 Systematic errors and a warning from the literature 490 

The risk of spurious signals in rotating cryogenic systems is well documented. Tajmar et al. 491 

reported anomalous signals in mechanically independent gyroscopes above rings spinning at 492 

low temperature [31] and subsequently performed similar measurements close to rotating liquid 493 

helium [32]. An independent measurement by Graham et al. with a lead disc and a ring-laser 494 

gyroscope was consistent with zero within 1σ [33], and Tajmar later measured signals about 495 

two orders of magnitude smaller with a modified set-up, attributing the earlier anomalies most 496 
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probably to acoustic vibration [34]. The following precautions are taken here: sensors are placed 497 

outside the cryostat on a separate isolation platform; every measurement is repeated for both 498 

rotation senses; pressure fluctuations from helium evaporation are recorded; and, if Stage 1 is 499 

performed, the ON/OFF labels are kept blind until the analysis is complete. 500 

8 Relation to the black-hole-matter hypothesis 501 

Volovik [35] showed that the low-energy excitations of superfluid helium-3 behave like an 502 

effective spacetime metric, gauge fields and particles. This is the best-established counterpart 503 

in the literature of proposition Ö1 of the author's hypothesis [17], that the excitations of a single 504 

condensed substance appear as "particles". The proposed experiment is a concrete laboratory 505 

demonstration of this idea: the flow of a single quantum liquid produces, for its own waves, a 506 

geometry with a horizon. 507 

As shown in Sect. 2.7, the node-spacing function ne(r) of the Börekci-2 metric is the inverse of 508 

the effective Lorentz factor of the Schwarzschild river. This equality is a known property of the 509 

Painlevé–Gullstrand form; the contribution here is to interpret it in the "node compression" 510 

language of the hypothesis and to connect it with the "flow" language of analogue gravity. An 511 

honest limit must be stated: analogue experiments mimic how waves propagate in a curved 512 

geometry (kinematics), not how geometry arises from matter through Einstein's equations 513 

(dynamics) [3]. The experiment therefore supports that spacetime can be a medium; it does not 514 

prove that spacetime is a medium made of black-hole matter. 515 

9 Discussion and limitations 516 

• Circulation target. The design requires N = 4×10⁴ quanta; the minimum is ≈1.87×10⁴. 517 

Švančara et al. [9] reported "thousands" of quanta; the September 2026 preprint of the 518 

same group [14] reports about 1.2×10⁵ quanta contributing to the central vortex of a 519 

draining flow above a 10 mm orifice, part of which is distributed around the hollow core. 520 

The design target therefore appears reachable, but the preprint has not yet been peer-521 

reviewed and the quanta actually concentrated in the giant core must be measured. Should 522 

only N = 10⁴ be reached, re ≈ 1.67 mm, smaller than λ∗, the waves cannot resolve the 523 

ergoregion, and reliable measurement is limited to r ≥ λ∗, where γeff ≈ 1.18. 524 

• Idealisation. The draining-vortex model is two-dimensional; the real flow is three-525 

dimensional with a vertical component near the drain [23, 24]. The velocity profile must 526 

therefore be measured, not assumed. 527 
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• Dispersion. The effective metric is well defined only near λ∗; at shorter and longer 528 

wavelengths the results require dispersion corrections [30]. 529 

• Damping. At 1.6 K the normal-fluid fraction damps the surface waves; lower temperature 530 

reduces the damping at the cost of pumping capacity (Sect. 3.4). 531 

• Surface tension. The 6 % spread between published values of σ [20, 22] and its 532 

temperature dependence (Sect. 2.4) change cw by at most 2 % and are absorbed by the 533 

static calibration. 534 

• Scope. This is a design proposal; all numbers are calculated predictions and none is 535 

presented as measured data. 536 

10 Conclusion 537 

Superfluid helium-4 is the most suitable natural medium known for producing an effective 538 

Lorentz factor. With bulk sound this factor reaches at most 1.032. With surface waves an 539 

ergoregion and an analogue horizon can be produced, and γeff grows without bound as the 540 

ergoregion boundary is approached. The proposed Stage 0 apparatus, specified here down to its 541 

helium supply, purification, pumping and recovery circuit, its flow loop and its metrology, can 542 

measure the γeff(r) map, the analogue horizon and the ringdown at laboratory scale and 543 

independently of the dual-capsule apparatus. The effective factor applies only to waves in the 544 

helium and produces no real time dilation for clocks or a living subject. Integration into the 545 

inner capsule is possible with either a closed-loop recondensing circuit or a sealed autonomous 546 

module, but it adds no meaningful sensitivity to the ξ test, so the independent pre-experiment 547 

is recommended first. The relation between the node-spacing function of the Börekci-2 metric 548 

and the effective Lorentz factor of the river model (Eq. 11) is the interpretation of a known 549 

mathematical identity in the language of the hypothesis and can be used to connect the 550 

hypothesis with the analogue-gravity literature. 551 
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