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We present a comprehensive pedagogical treatment of experimental protocols for creating and
detecting exotic quantum states predicted by advanced unified field theories. Beginning with time-
crystal engineering in periodically driven systems, we develop protocols for quantum foam prepa-
ration and measurement. We then explore holographic entropy signatures in laboratory systems,
design sensitive detection schemes for scalar field quanta, and develop spectroscopic methods for
probing higher-dimensional structures. The treatment includes detailed experimental apparatus
designs, signal-to-noise analysis, calibration procedures, and practical considerations for implemen-
tation in modern laboratories.

Key Topics: Time crystals ¢ Quantum foam e Holographic entropy e Scalar field detection
e Dimensional spectroscopy e Experimental apparatus design e Signal analysis ¢ Measurement
protocols

Style: This paper employs the Lions Commentary pedagogical approach with extensive marginal
annotations, dimensional analysis, worked numerical examples, and multidimensional TikZ /PGF-
Plots visualizations.
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Chapter 1

Time Crystal Protocols

[style=narrative] Can Time Be Crystalline?

In 2012, Nobel laureate Frank Wilczek posed a provocative question: just as spatial transla-
tion symmetry can be spontaneously broken to form crystals in space, can temporal translation
symmetry be broken to create “time crystals”—systems that oscillate periodically in their ground
state without external driving? The initial proposal sparked controversy: thermodynamic argu-
ments suggested equilibrium time crystals were impossible. Yet within five years, experiments
demonstrated discrete time crystals in driven quantum systems: Floquet states that break discrete
time-translation symmetry by oscillating at periods different from the drive period.

This chapter presents detailed experimental protocols for creating, stabilizing, and characteriz-
ing time-crystalline phases in three complementary platforms: trapped ion chains, superconducting
qubit arrays, and nitrogen-vacancy centers in diamond. We focus on the canonical signature—
subharmonic oscillations persisting despite disorder and decoherence—and develop measurement
techniques to distinguish genuine time-crystalline order from transient dynamics.

1.1 Floquet Time Crystals: Theoretical Foundation

Time crystals emerge in periodically driven systems described by Floquet Hamiltonians. Con-
sider a system with time-dependent Hamiltonian H(t + T') = H(t) with period T. The time
evolution over one period defines the Floquet operator:

Up = Texp [—; /OT Ht) dt] (1.1)

Eigenstates of Ur (Floquet eigenstates) satisfy:

Urliba) = €7 T/Mghq) (1.2)

where €, are quasienergies, defined modulo 274/T (Floquet zone).

1.1.1 Subharmonic Response and Discrete Time Symmetry Breaking

Standard Floquet dynamics preserve discrete time-translation symmetry: observables return to
their initial values after period 7. A discrete time crystal (DTC) breaks this symmetry via
subharmonic response:

(O(t +nT)) = (=1)"(O(1)) (1.3)

for integer n, corresponding to period-27" oscillations.
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Floquet Pulse Sequence for DTC Engineering
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Figure 1.1: Canonical Floquet pulse sequence for DTC engineering: global spin rotations (blue) alternate
between +7 and —7 pulses with period T'. Subharmonic response emerges at period 27" (red dashed lines).

1.1.2 Many-Body Localization and Prethermal Phases

DTCs require many-body localization (MBL) to avoid thermalization to an infinite-temperature
steady state. MBL arises from strong disorder W in local energy scales:

N
Hgisorder = Z hio'z"zv hi ~ N(O, Wz) (14)

For W > J (interaction strength), eigenstates become localized in Hilbert space, preventing
ergodicity. Alternatively, prethermal DTCs exist at intermediate times ¢ < theat €ven without
MBL.

1.2 Trapped Ion Implementation

1.2.1 System Specifications

Ion Chain Configuration:
o Species: '"'Yb* (hyperfine qubit, |[F' = 0,mp = 0) <+ |F = 1,mp = 0))
e Trap: Linear Paul trap, RF frequency Qrr = 27 x 10 MHz
o Ton number: N = 10-25 (scalable to 50+)
o Temperature: Doppler cooling to ~ 1 mK, sideband cooling to motional ground state (n <
0.1)

1.2.2 Floquet Drive Protocol
The DTC Hamiltonian consists of three elements:
H(t) = Hising + Harive(t) + Hdisorder (1.5)
Higing = Z Jijo;os (1.6)

Hpive(t Z of [5(t) +6(t —T/2)] (1.7)
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Pulse Sequence (one period T'):

m-pulse around z-axis (duration 7, ~ 1 ps): Uy = e " 20t/
Free evolution (time T/2 — 7,;): Uy = e~ sins(T/2)/1

m-pulse around z-axis: Uz = e —in )07 /2

. Free evolution (time T/2 — 7,): Uy = e~ Hising(T/2)/1

One Floquet cycle: Up = UyU3UsUy.

R

DTC Phase Diagram: Disorder vs Drive Imperfection
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Figure 1.2: DTC phase diagram showing stable region at intermediate disorder (1 < W/J < 4) and near-
perfect m-pulses (]66] < 0.17). Color indicates DTC lifetime before thermalization.

1.2.3 Measurement Protocol

State Preparation:
1. Initialize all ions in | |)®V via optical pumping
2. Apply 7/2-pulse to create |+)®V = \%(I b+ 1)eN
Floquet Evolution: Apply M cycles of Floquet operator Up, monitoring collective observable:
. 1 X

(57(m) =  D_{o7 (mT)) (1.8)
i=1

every k cycles (k=1 or 2).

Readout: After M cycles, apply 7/2-pulse to rotate to measurement basis, then fluorescence
detection. Repeat 200-500 shots per data point for statistics.

1.2.4 Worked Example: Floquet Eigenvalues for 3-Level System

Consider simplified 3-spin system with Hamiltonian:
VA A VA A Q x x X
H(t) =J0102+J0203+§(01 + 05 +03) f(t) (1.9)

where f(t) = 0(t) + 6(t — T'/2) (two m-pulses per period).



1.3. Superconducting Qubit Platform 4

Step 1: Matrix representation in computational basis {| JJ1),| J41),...,| T11)} (dimension
23 = 8):
10 0 0 0 000
0O -1 0 0 0 00O
Higing = J 0o 0 -1 0 0 00O (1.10)
0o 0 01 0 0O0O
Step 2: Compute Floquet operator numerically:
Up = e '™ 2208 /2 p=iHrsingT/(2h) p—im Y, 0F /2 ,—iH1sing T/ (2h) (1.11)
Step 3: Diagonalize U to obtain quasienergies. For JT'/h = 0.6:
e1/h=0
ea/h=m/T (period-2T state) (1.12)
63/77, = 27I‘/T
The eigenstate with ea = wh/T exhibits period-2T" oscillations, characteristic of DTC.
Error Analysis: Pulse imperfection 6 shifts quasienergies:
€2 — €2+ Ae, Aer~2J56 (1.13)
For §6 = 0.017 (1% error) and J = h x 1 kHz:
Ae~ 2 x (hx 1kHz) x 0.0l ~ h x 63 Hz (1.14)
DTC frequency detuning: Af = 63 Hz. Over M = 100 cycles (¢ = 10 ms), phase error:
Ap =2rAf -t =21 x 63 x 0.0l ~4rad (1.15)

Still preserves DTC coherence (error < 27).

1.3 Superconducting Qubit Platform

1.3.1 Processor Architecture

System Specifications:
o Qubit type: Transmon (capacitively shunted charge qubits)
o Array size: 20-100 qubits in 2D grid (Google Sycamore, IBM Quantum)
o Connectivity: Tunable CPHASE or iSWAP gates between nearest neighbors
o Gate fidelity: 1-qubit > 99.9%, 2-qubit > 99%
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Figure 1.3: Trapped ion Paul trap setup. Ytterbium ions (blue) confined in linear chain by RF electrodes.
Yellow beams: Doppler cooling and Floquet drive pulses. Red arrows: qubit states.

1.3.2 Eigenstate-Ordered DTCs

Unlike ion traps (which probe single initial states), superconducting platforms enable eigenstate
order tests: initialize system in random computational basis states, apply Floquet evolution, and
verify DTC signature across entire many-body spectrum.

Protocol:

1. Initialize qubits in random computational basis state |¢g) = |o102---on), 05 € {1, ]}

2. Apply M Floquet cycles

3. Measure return probability P(M) = |{1|y(M))|?

DTC signature: P(M) ~ cos?(wM/2) for M < 100, indicating period-2T revival.

1.3.3 Time-Reversal Test

Discriminate thermalization vs decoherence:

up'
1. Evolve forward: |vg) —— |¢ar)
) (U}; )M
2. Time-reverse: [pr) —— |trev)
3. Measure fidelity: F = |(10[t/rev)|?
Result: F' ~ 0.5 after M = 40 cycles in recent experiments—intermediate regime, suggesting

prethermal DTC.

1.4 Nitrogen-Vacancy Centers in Diamond

1.4.1 System Advantages

Key Features:
o Room-temperature operation (vs cryogenic for ions/qubits)
« Long coherence: Ty ~ 1-10 ms (isotopically pure 2C diamond)
e Optical initialization and readout
o Scalable (ensemble of 1019-10'* NV centers)
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DTC Subharmonic Response Spectrum
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Figure 1.4: Power spectral density of DTC oscillations showing strong subharmonic peak at fo/2 (red) in
addition to drive frequency fo (blue). Higher harmonics at 3fy/2, 2 arise from nonlinearities.

1.4.2 Time Quasicrystal Phases

Recent experiments demonstrated discrete time quasicrystals: systems with multiple incom-
mensurate subharmonic frequencies, lacking strict periodicity.
Two-Tone Floquet Drive:

H(t) = Hy + Q cos(wit)o” + Qg cos(wat)o? (1.16)

with wy /wy irrational (e.g., golden ratio ¢ = (14 /5)/2).
Fourier analysis reveals peaks at w = mw; 4+ nwe with m,n € Z:

S(w) = Z Apnd(w — mwy — nws) (1.17)

m,n

1.4.3 Measurement Protocol

Pulsed ODMR Sequence:
1. Laser pulse (532 nm, 1 us) initializes NV~ to mgs =0
2. Wait 300 ns (excited state decay)
3. Apply MW Floquet drive (duration M x T', M < 500)
4. Readout laser pulse (532 nm, 300 ns)
5. Collect fluorescence via APD (single-photon counting)
Repeat 104-10% times per data point to achieve shot-noise-limited sensitivity.

1.5 Data Analysis and Validation

1.5.1 Fitting Subharmonic Oscillations

Model time-crystal signal as damped sinusoid:

<O(m)> _ Ae—m/TDTC cos (27::71 + (5) + Oy (1.18)
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DTC Oscillations: Period-Doubling Dynamics
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Figure 1.5: Time evolution of collective spin (¢%) in DTC phase (red) showing period-2T oscillations,
contrasted with standard Floquet period-T response (blue dashed) and thermal decay (gray dotted). Expo-
nential envelope from decoherence.

where:

e A: initial amplitude

o mprc: DTC lifetime (in cycles)

o n: subharmonic order (n = 2 for period-2T)

e J: phase offset

e (Op: thermal baseline

Uncertainty Quantification:

« Bootstrapping: Resample data with replacement (10% bootstrap samples), refit, compute
95% confidence intervals

o Bayesian inference: Prior on n (integer vs fractional), likelihood from Gaussian measure-
ment noise, posterior via MCMC

1.5.2 Power Spectral Density Analysis

Compute PSD via Fourier transform:

2

MT ,
S(w) = / (Ot))e" di (1.19)
0
DTC Signature: Peak at w = 7/7T (subharmonic). Width Aw ~ 1/mp1cT set by lifetime.
Statistical Test: Compare peak height to noise floor. Require signal-to-noise ratio SNR > 5

for 30 detection:

sng = 20T g (1.20)

Snoise

1.5.3 Cross-Platform Consistency Checks

Plot /pc vs intrinsic coherence time T for all three platforms (ions, qubits, NV).
Expected Scaling:

T
TDTC = n%, na0.1-1 (1.21)
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where 1 depends on disorder strength W and drive imperfection §6.

Evolution of DTC Coherence: Experimental Milestones
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Figure 1.6: Historical progress in DTC lifetime from 2017 (first demonstration) to 2024 (time quasicrystals).
Blue points: experimental results. Red dashed: fundamental limit from decoherence time T5.

1.6 Summary and Forward Bridges

This chapter presented comprehensive protocols for engineering and characterizing discrete time

crystals across three experimental platforms:

o Trapped ions: Long coherence (75 ~ 10 ms), individual qubit control, Floquet lifetimes

> 100 cycles

e Superconducting qubits: Large arrays (20-100 qubits), eigenstate order demonstrations,

prethermal regimes

e NV centers: Room temperature, ultra-long 75 ~ 10 ms, time quasicrystal phases with > 20

incommensurate frequencies
Key Experimental Signatures:

1. Subharmonic oscillations at period nT" (n = 2,3,4,...) persisting > 100 cycles

2. Power spectral density peaks at w = /T, 37/2T, ...

3. Eigenstate order across many-body spectrum

4. Time-reversal fidelity F ~ e~2M/Teon (decoherence-limited)
Forward Connections:

e Chapter 2: Quantum foam protocols—DTCs as probe of vacuum fluctuations via enhanced

coherence

o Chapter 4: Scalar field detection—time-crystalline modulation of scalar coupling

o Paper 6 (Applications): DTC-based quantum memories and sensors

The demonstrated robustness of time-crystalline phases against disorder and decoherence opens
pathways for practical quantum technologies exploiting time as a resource dimension, complement-

ing spatial degrees of freedom in conventional materials.



Chapter 2

Quantum Foam Protocols

[style=narrative] Wheeler’s Dream: Probing Spacetime at the Planck Scale

In 1955, John Wheeler proposed that spacetime itself becomes a roiling “foam” of quantum
fluctuations at the Planck scale (£p ~ 1.6 x 103> m). This chapter presents protocols for detect-
ing indirect signatures via gamma-ray burst timing, atom interferometry, and gravitational wave

detectors.

2.1 Theoretical Foundations

The Planck length:

|hG
lp = [ — ~ 1616 x 1073 m
C

At ¢ < Up, metric fluctuations become order unity:
e ()
Juv ¢
2.1.1 Lorentz Violation from Quantum Foam

Modified dispersion relation:

E3
E? =p? +m?ct + 6 —
Ep

Group velocity:

3§E2
Vg :c<1+ 2E123>

Time delay over cosmological distance d:

_ d3¢(E3 — EY)

At
c ZEI%

2.2 GRB Timing Protocols

2.2.1 Observation Strategy

**Event Selection:**
o Redshift z > 0.5 (long baseline)
o High-energy photons £ > 1 GeV

(2.2)

(2.3)

(2.4)

(2.5)
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o Short variability At < 100 ms

** Analysis Steps:**

1. Bin photons by energy: E < 100 MeV, 100 MeV-1 GeV, > 1 GeV
2. Construct light curves I;(t) for each bin

3. Cross-correlate: Cha(7) = [ I1(t)I2(t + 7)dt

4. Fit to dispersion model, extract &

2.2.2 Worked Example: GRB Time Delay

**Given:** GRB at z = 2, photons at E; = 100 MeV and Fs = 10 GeV, £ = 1.
**Find:** Expected time delay.
**Solution:**
Luminosity distance at z = 2: dy, ~ 15.2 Gpc = 4.68 x 10?6 m.
Energy difference:

E2 — E? ~ (10GeV)? = 100 GeV? (2.6)
Time delay:
dp, 3¢(E3 — EY)

_ar 2.

At ; 2E7 (2.7)
26
_ 4.68 x 10 o 3 x 100 (2.8)
3 x 108 2 x 1.49 x 1038
~ 1.57s (2.9)

**Error Analysis:**
Statistical uncertainty: oa; ~ Aty /v N &~ 10 ms for N ~ 100 photons per bin.

vantu Fo

o
aanvuilil roailix

b

Figure 2.1: Quantum foam: metric fluctuations at Planck scale (blue regions show virtual fluctuations).

2.3 Atom Interferometry

2.3.1 Principle

Mach-Zehnder configuration: superpose atomic trajectories over time 7" ~ 100 ms, spatial separa-
tion Az ~ mm.
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Phase shift from quantum foam:
Abtoam ~ k2 = %@3 (2.10)
For Cs atoms (m = 133 amu, v = 10 m/s):
Ap~2x10"m ' x2.6x107"m? ~ 5 x 10" rad (2.11)

**Gradiometer Enhancement:**
Differential measurement over baseline Lpase = 1 m:

L ase —
Adaift ~ Adfoam ;P ~107% rad (2.12)

103 enhancement, but still undetectable!

s

Port 1

/2
/2
Port 2

Figure 2.2: Atom interferometer: Mach-Zehnder configuration with beam splitters (7/2) and mirrors (-
pulses).

2.4 Cavity QED Protocols

2.4.1 Vacuum Fluctuation Spectrum

Quantum foam modifies power spectral density:

SE(w) = So(w)

2
1+ €fom (“’fjp> ] (2.13)

High-finesse cavity (F ~ 10, L = 10 cm) enhances signal:

2m wlp\ 2
Aqbcavity ~ TfLefoam <CP> (214)

2.5 Summary

Three complementary protocols:
*GRB timing:** Current limits |¢| < 0.01 (Fermi LAT). Future: |¢] < 1073 with 100+ GRBs.
** Atom interferometry:** Current A¢ ~ 1074 rad. Planck scale requires 10°° improvement (!).
**Cavity QED:** Most promising. LIGO-class strain ~ 10723 Hz~!/2 approaches foam sensi-
tivity.
**Forward Bridges:**
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Gravitational Wave Detector Sensitivity
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Figure 2.3: Interferometer sensitivity. Blue: LIGO. Red: estimated foam signal. Green: future Einstein
Telescope.

e Ch. 3: Holographic entropy—foam-entropy connection
e Ch. 5: Dimensional spectroscopy—foam as probe of spacetime structure



Chapter 3

Holographic Entropy Protocols

[style=narrative] Bekenstein’s Insight: Black Holes Have Entropy

In 1973, Jacob Bekenstein proposed that black holes possess entropy proportional to their
horizon area, not volume—a radical departure from thermodynamic intuition. This holographic
principle suggests the information content of any region is encoded on its boundary. This chapter
presents protocols for testing holographic entropy bounds in laboratory analogue systems: acoustic
black holes in Bose-Einstein condensates and optical event horizons in nonlinear media.

3.1 Theoretical Framework

The Bekenstein-Hawking entropy:

_ k‘BC?’A _ k‘BA
B =Tugh T ae, 3.1)
Holographic bound: Maximum entropy in region of area A:
A
max S o .2
S, i (3.2)
Violated by ordinary matter! Volume V = (47/3)R3, area A = 4w R%:
R\’ R\?
Shatter ~ kB < ) > kp <> = Smax (33)
Cthermal lp
for Lipermal < R <K RSchwarzschild'
3.1.1 Hawking Temperature
Black hole radiates thermally at temperature:
3
Ty hk he (3.4)

" 2nkpe  8nGMkp
For M = Mg: Ty =~ 60 nK (undetectable!).

3.2 Acoustic Black Holes in BEC

3.2.1 System Setup

13
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Bose-Einstein condensate with spatially varying flow velocity v(z) supports phonon excitations:

p
ds? = L
c

|—(c2 = v?)dt? — 2vda’dt + da'da’| (3.5)

**Acoustic horizon** forms where v(xp,) = ¢s (sound speed):
o Upstream (z < xp,): v < ¢g, phonons escape

o Downstream (z > x): v > ¢s, phonons trapped
**Hawking temperature™* (effective):

off  DNheft . d(v — ¢y)
o= orkg’ 0T T 4g

Th

For keg ~ 10% s71: T¢f ~ 80 nK (comparable to BEC temperature!).

o Information

Holographicscreen |« ———Bulk region V'

A
v

Area A

Figure 3.1: Holographic principle: information in bulk volume V' encoded on boundary area A. Red dots:
bits of information.

3.2.2 Measurement Protocol

**Step 1: Create acoustic horizon™*
« Trap 8"Rb atoms, cool to BEC (T < 100 nK)
o Apply moving optical potential (blue-detuned laser barrier)
e Ramp velocity from 0 to v > ¢s over 50 ms
o Stabilize with feedback
**Step 2: Detect Hawking radiation™*
o Image density fluctuations on(x,t) via phase-contrast imaging
« Compute two-point correlator: G(z1,x2,t) = (0n(z1,t)on(xe,t))
e Extract temperature from spectral distribution
**Expected signature™*: Enhanced correlation at w ~ kT /h across horizon.

3.2.3 Worked Example: BEC Horizon Entropy

**Given™*: Acoustic horizon with area (in 2D) Aeg = 27 Ry, X L, where Ry, = 10 ym, L, = 50 pm.
**Find**: Bekenstein-Hawking entropy.
**Solution™**:
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Effective Planck length in BEC (healing length):

h
= —— ~05um 3.7
3 s I (3.7)
Effective area:
Ao = 2 x 10 pm x 50 pm =~ 3.14 x 1072 m? (3.8)

Entropy:
_ kpAeg  kp x3.14x107°

eff 3
= = ~ 1 .
SBH = Ty T I 05 x 100~ 0 X 10ks (3:9)

**Compare to matter entropy**:
Phonon gas in volume V ~ WR}QLLZ ~ 1.6 x 107" m3 at T = 100 nK:

kpTV
hcs

Smatter ~ kB ( ) ~ 105IfB (3.10)

Holographic bound violated by factor ~ 30! (System not at horizon saturation.)

3.3 Optical Black Holes

3.3.1 Kerr Nonlinearity

Refractive index:

n(l) =ng + nal (3.11)
Effective metric for probe photons:
n?(I
ds?® = 6(2 ) [—Cthz + (dz — vydt)? + dy* + dzz] (3.12)

Optical horizon where vy = ¢/n.
**Hawking emission**: Correlated photon pairs (signal + idler) with ws + w; = 2wWpump-
3.3.2 Detection Strategy

« High-resolution spectrometer (Aw ~ 1 GHz)
o Photon coincidence counting (sub-ns timing)
e Verify thermal spectrum at T }}pt ~10* K

3.4 Entanglement Entropy Measurements

3.4.1 Ryu-Takayanagi Formula

For region A in CFT, entanglement entropy:

_ Area(v4)

Sa 4G N

(3.13)
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/////

Area layr

Volume x R3

S=1= Entropy oc R? (1)

Figure 3.2: Black hole entropy diagram. Left: Schwarzschild radius R, encloses mass M. Right: Entropy

scales with area (holographic), not volume (thermodynamic intuition).

where 74 is minimal surface in bulk homologous to A.

**Experimental analogue**: 1D spin chain (quantum Ising model).

Partition chain into subsystems A (length ¢) and B (remainder). Entanglement entropy:

Sa= ¢ log <£> + const
3 a

for conformal field theory with central charge ¢, lattice spacing a.
**Measurement protocol**:
o Prepare ground state via adiabatic evolution
o Tomography on subsystem A (full density matrix p4)
o Compute von Neumann entropy: S = —Tr(palogpa)
e Vary /¢, fit to log scaling

Entanglement Entropy Scaling

(3.14)

T T T T T

— Critical (¢ = 0.5)

41 1---  Volume law 8
— Area law (MBL)

2| g

Entanglement entropy S/kp

—_
(@)

[e=]
—
o

—

Subsystem size ¢ (sites)

Figure 3.3: Entanglement entropy vs subsystem size. Blue: CFT logarithmic scaling. Red: volume law

(thermal states). Green: area law (many-body localized states).
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3.5 Summary

Holographic entropy protocols tested in three settings:

**Acoustic BEC**: Effective Hawking temperature T ~ 100 nK, entropy S ~ 10%kp, phonon
correlations across horizon detectable via imaging.

**¥Optical systems**: Room-temperature operation, Ty ~ 10* K, photon pair coincidences
verify thermal spectrum.

**Spin chains™*: Entanglement entropy scaling tests holographic formulae (Ryu-Takayanagi).
Logarithmic growth characteristic of CFT.

**Key Results™*:

1. Analogue systems provide controlled testbeds for holographic physics

2. Entropy measurements bridge condensed matter, quantum information, and gravity

3. Holographic scaling observable in entanglement entropy (CFT) and acoustic horizons (BEC)

**Forward Bridges™*:

e Ch. 4: Scalar detection—holographic renormalization of scalar couplings

e Ch. 5: Dimensional spectroscopy—holography as dimensional reduction



Chapter 4

Scalar Field Detection

[style=narrative] Casimir’s Surprise: The Vacuum Is Not Empty

In 1948, Hendrik Casimir predicted that two uncharged metal plates in vacuum would attract
due to quantum zero-point fluctuations—the vacuum exerts pressure! This chapter presents pro-
tocols for detecting scalar field quanta via Casimir force measurements, torsion balances, atomic
spectroscopy, and fifth-force searches. We focus on light scalar fields (m < 1 e€V) that couple to
matter and could mediate macroscopic forces.

4.1 Theoretical Framework

Generic scalar Lagrangian:

L= % L, GOH B — %m2¢2 —V(¢) — Ling (4.1)

**Coupling to matter*™*:
Lint = —% > it (4.2)
i

where a; are dimensionless couplings to fermions v;, M is mass scale (e.g., Planck mass).
**Yukawa potential** from scalar exchange:

ayaghic e=™mr/h
Vir)=— 4.
(r) ATM?2  r (4.3)
For m — 0 (massless scalar): V o 1/r (long-range force).
4.2 Casimir Force Measurements
4.2.1 Standard Casimir Effect
Parallel conducting plates separated by d experience attractive force:
w2hcA
_ 4.4
© 7 24041 (4.4)
For A =1 cm?, d =100 nm:
For~—-13x10""N~ 13uN (4.5)
**Scalar modification™*: If scalar field couples to plate material, modified force:
F=Fg <1 + ;@% + av2¢) (4.6)

18
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4.2.2 Torsion Pendulum Setup

o **Sensor**: Micro-electromechanical (MEMS) torsion balance

« **Plates**: Gold-coated silicon, area A ~ 100 x 100 pm?

o **Separation**: Piezo-controlled, d = 100-500 nm

o **Force resolution®**: ~ 10 fN (femtonewtons)

o+ **Environment**: Vacuum < 10~ mbar, T'= 4 K (cryogenic operation)
**Measurement protocol**:

1. Calibrate with known electrostatic force

2. Vary d from 100 nm to 500 nm in 10 nm steps

3. Measure F(d), fit to Fo(d) + AFscatar(d)

4. Extract s from deviation

T Fo <0

1

Casimir Setup

Figure 4.1: Casimir force measurement. Parallel plates (gray) separated by distance d ~ 100 nm. Vacuum
fluctuations (red dots) create attractive force Fo < 0. Scalar fields modify force law.

4.2.3 Worked Example: Chameleon Field Detection

**Given™*: Chameleon scalar with mass meg(n) = mg+/n/ng depends on matter density n.
**Find**: Expected force modification between plates.
**Solution™**:
Chameleon effective mass: - In vacuum (n =~ 0): meg — 0 (long range) - Near plate surface
(n ~ ngolid): Meft > Mg (short range)

Screening length:
h

Ascreen — ——————— 4.7
sereen Meff (nsolid)c ( )
For gold plates (ngopiq ~ 1023 ecm™3), mg = 1073 eV:
. 1023
Meg =~ 1077 eV x 1oz ™ 10eV (4.8)
Screening length:
200eV - nm
)\screen ~ W ~ 20 nm (49)

**Force modification**: For d = 100 nm > Agcreen, chameleon force exponentially suppressed:

AF ~ Foe~ %/ sereen o Fro % 1072 (4.10)
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Detectable with < 1% precision Casimir measurements!

4.3 Atomic Spectroscopy

4.3.1 Scalar Coupling to Electrons
Energy level shift:
AE, = E,~— (4.11)
For Rydberg states (n ~ 100):

mecady . 13.6eV

E,=— .

(4.12)

~

2n? n
**Measurement™*: - Precision laser spectroscopy of 1S-2S transition in hydrogen - Frequency

stability: Av/v < 1071° - Compare to QED prediction (Lamb shift, hyperfine, etc.) - Residual —
scalar coupling

Scalar Field Parameter Space: Experimental Constraints

T T T T T T T
Fifth f
107! Casimir ! oree i
3
o0 1073
=
E
S 107°f Spectroscopy
o
1077+ Allowed s
Lol Lol Lol Lol Lol L
1076 1075 1074 1073 1072 1071 10°

Scalar field mass m (eV)

Figure 4.2: Scalar field parameter space. Shaded regions: excluded by experiments. Blue: Casimir force.
Red: torsion pendulum fifth-force searches. Green: atomic spectroscopy. White region: allowed parameter
space.

4.4 Gravitational Coupling Tests

4.4.1 Equivalence Principle Violations

Differential acceleration between test masses of different composition:

Aa B (aa — ap)
7 = T(Zsext (4.13)

**Eot-Wash torsion pendulum™*: - Test masses: Be vs Ti (different neutron/proton ratios) -
Precision: Aa/a < 10713 - Constrains |as — ag| < 1073 M/ Pext
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4.4.2 Laser Ranging to Moon

Lunar Laser Ranging (LLR): Earth-Moon distance measured to ~ 1 mm precision via laser reflec-
tors.

Scalar-induced Nordtvedt effect:
A'f' GM@

—_—

73
T C°TES

(4.14)

where 1 & o is scalar coupling strength, rgg is Earth-Sun distance.

Current LLR constraints: n < 1074 = a < 1072,

4.5 Summary

Scalar field detection protocols span five decades in length scale:

**Casimir force** (d ~ 100 nm): Precision < 1% measurements constrain x < 1072 for light
scalars.

**Torsion pendulum™* (A ~ mm): Fifth-force searches via composition-dependent accelerations.
Limits: o < 1074

**Atomic spectroscopy™™ (Aatomic ~ nm): Energy level shifts from scalar-electron coupling.
Precision Av/v < 10712,

**Lunar ranging®* (rgy ~ 10% m): Nordtvedt effect tests scalar gravity. Constraints: n < 1074,

**Key Results**:

1. Multi-scale approach essential: different experiments probe different mass/coupling regimes

2. Screening mechanisms (chameleon, symmetron) evade many constraints—require dedicated

searches

3. Combined constraints tightly restrict scalar parameter space for m < 1 eV

**Forward Bridges™*:

e Ch. 5: Dimensional spectroscopy—scalars as Kaluza-Klein modes of extra dimensions

o Paper 6 (Applications): Scalar-mediated quantum sensors, dark energy probes



Chapter 5

Dimensional Spectroscopy

[style=narrative] Hausdorff’s Insight: Measuring Dimension

In 1919, Felix Hausdorff formalized the concept of fractional dimension, enabling mathematical
description of objects like coastlines and snowflakes. This chapter presents protocols for measuring
spectral dimension via diffusion processes, box-counting methods for fractal antenna characteri-
zation, and searches for Kaluza-Klein resonances from compactified extra dimensions at particle
colliders.

5.1 Theoretical Foundations

5.1.1 Spectral Dimension

For diffusion on d-dimensional manifold, return probability:

Ak _ppe
P(t)_/(%)de Dkt (5.1)
At large t:
P(t) ~t~4/2 (5.2)
**Spectral dimension™*:
dlog P(t)
dg = —2——=—+= )
o dlogt (5:3)

For fractal geometries: dg can differ from topological dimension!

5.1.2 Kaluza-Klein Modes

Compactified extra dimension (radius R): massless field in (4 + 1)D appears as infinite tower of
massive Kaluza-Klein (KK) states in 4D:

n

My =5, n=012... (5.4)

**Experimental signature**: Resonances in scattering cross-sections at masses M,,.
For R = 1071 m (TeV scale):

N 200 MeV - fm

1 g ~ 2TV (5.5)

Accessible at LHC!
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5.2 Random Walk Spectroscopy

5.2.1 Quantum Walk on Fractal Graphs

Implement quantum walk on Sierpinski gasket:
o **Graph**: Sierpinski iteration depth n =5 (243 vertices)
o **Evolution™*: Discrete-time quantum walk with coin operator
o **Initial state**: Localized at origin vertex
o **Measurement®*: Probability distribution P;(t) at time ¢
**Protocol**:

Prepare walker in |0) (origin)

Apply ¢ steps of quantum walk unitary U = S(C ® I)

Measure position, repeat 10* times

Compute P(t) = Py(t) (return probability)

Extract dg from log-log fit

Gt W=

5.2.2 Worked Example: Sierpinski Gasket Dimension

**Given®™*: Return probability data P(t) for ¢t = 1,2,...,100 steps on Sierpinski gasket.
**Find**: Spectral dimension dg.
**Solution**:
Theoretical prediction for Sierpinski gasket:

__log3

= ~ 1. .
g log 2 585 (5.6)
Fit model: p
log P(t) = —?S logt + C (5.7)
Linear regression on log P vs logt:
ds = —2 x slope (5.8)
For simulated data with noise:
slope = —0.79 £ 0.02 (5.9)
dg = 1.58 +0.04 (5.10)

Agreement with theory within error bars!

5.3 Box-Counting Methods

5.3.1 Fractal Antenna Characterization

**Box-counting dimension**: Cover object with boxes of size €, count number N (¢e) needed.

log N (e)

lim Tos(L/e) (5.11)

Dbox =

**Measurement protocol**:
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A

AN

[ N\

Sierpinski Gasket
ds ~ 1.58

Figure 5.1: Sierpinski gasket fractal (first 2 iterations shown). Red dots: vertices for quantum walk.
Spectral dimension dg ~ 1.58 lies between line (d = 1) and plane (d = 2).

1. Image fractal antenna (optical microscope, ~ 1 pum resolution)
2. Overlay grid of boxes with size € = 100,50, 25,...,1 ym

3. Count boxes intersecting antenna: N (e)

4. Plot log N vs log(1/e), fit slope — Dpox

For Koch snowflake:
log 4

—_ ~1.262
log 3 0

Dhox = (5.12)

Random Walk Return Probability on Fractal

107 | !
E/ T :
3} T T e |
S ol T e E
3 B |
Cs 7 |
: 7 1
: 7 - |
2 1072 | | = Sierpinski (dg = 1.58) T ]
E - |--- 2D lattice (dg = 2) T
g e 1D chain (ds = 1) |

10_3 T T 1 - - L |
L o 10?

Time ¢ (steps)

Figure 5.2: Return probability P(¢) vs time for random walks on different geometries. Blue: Sierpinski
gasket (fractal, dg ~ 1.58). Red: square lattice (2D, dg = 2). Green: linear chain (1D, dg = 1). Power-law
slopes encode spectral dimension.

5.4 Laser Diffraction from Fractal Gratings

5.4.1 Cantor Set Grating

Fabricate Cantor set diffraction grating via photolithography:
o Iteration depth: n =5 (243 slits)
o Slit width: w ~ 1 pm
e Spacing: Self-similar Cantor structure
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e Substrate: Fused silica
**Diffraction pattern®*: Illuminate with laser (A = 633 nm), observe far-field intensity ().
**Prediction®™*: Fractal grating produces self-similar diffraction pattern with peaks at angles:
A
sinf, =n— (5.13)
deff

where deg is effective grating spacing.

5.4.2 Dimensional Extraction

Measure intensity distribution /(6) via CCD camera. Compute Fourier dimension:

(5.14)

For Cantor grating:
Dr =~ 0.63 £0.05 (5.15)

Consistent with theoretical D = log2/log 3!

5.5 Collider Searches for Extra Dimensions

5.5.1 LHC Dilepton Resonances

**Search strategy™**:
o Trigger on high-pr leptons (pr > 50 GeV)
 Reconstruct invariant mass: My = /(E1 + F2)2 — (p1 + p2)?
e Scan for resonances in My spectrum (200 GeV to 5 TeV)
o Background: Drell-Yan pp — Z*/v* — [l (smooth spectrum)
« Signal: KK graviton pp — G — [l (narrow peak)
Expected signature®*: For KK graviton with mass M,, = n/(Rc):

2
o(pp — G = 11) ~ Oj‘\% « BR(G — 1) (5.16)

n

*Current limits** (2023): No resonances observed. Constraints:

R<107Ym for nes = 1 (5.17)

5.6 Summary

Dimensional spectroscopy protocols span microscopic to cosmological scales:

F*Quantum walks** (nm to pm): Spectral dimension extraction via return probability. Sier-
pinski gasket: dg ~ 1.58.

**Fractal antennas** (um to mm): Box-counting dimension from microscopy. Koch snowflake:
Diox ~ 1.26.
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Box-Counting Method
Count boxes: N(¢) = 14 for e = 0.5

Figure 5.3: Box-counting dimension measurement. Blue: fractal antenna (simplified Koch curve). Red
boxes: grid cells (e = 0.5 units) intersecting curve. Dimension D = log N/ log(1/e).

**Laser diffraction** (mm apertures): Fourier dimension from diffraction patterns. Cantor
grating: Dp ~ 0.63.

**Collider searches™* (TeV energies): KK graviton resonances constrain extra dimension radius:
R<107¥m

**Key Results**:

1. Spectral dimension quantifies diffusion efficiency on fractal geometries

2. Box-counting provides straightforward metric for self-similar structures

3. Collider null results tightly constrain large extra dimensions

**Forward Bridges**

o Paper 6 (Applications): Fractal antenna design, quantum random walk algorithms, extra-

dimensional cosmology

**Concluding Remarks™*

This paper presented comprehensive experimental protocols for five exotic quantum states and
fundamental physics tests:
Time crystals: Discrete time symmetry breaking, > 200-cycle coherence
Quantum foam: Planck-scale probes via GRB timing, atom interferometry
Holographic entropy: Bekenstein-Hawking formula tests in analogue systems
Scalar field detection: Casimir modifications, fifth-force searches
. Dimensional spectroscopy: Spectral dimension, Kaluza-Klein resonances

The protocols developed here provide roadmaps for next-generation experiments pushing mea-
surement precision toward fundamental limits set by quantum mechanics and gravity. Whether
confirming Standard Model predictions or revealing new physics, these techniques advance our
empirical understanding of nature’s deepest structures.

Gl W



