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We propose a novel gravitational wave detection mechanism based on the theoretical
interaction between gravitational waves and crystal phonons in modified transition edge
sensors (TES). This approach exploits the continuous gravitational wave emission from
the Sun-Earth system to provide a predictable test source. The detection principle relies
on gravitational wave-induced modulation of phonon populations in crystalline materi-
als, particularly ionic crystals like NaCl, which could manifest as measurable shifts in
the critical temperatures of superconducting detectors. We present detailed theoretical
calculations for phonon-gravitational wave coupling mechanisms, including quadrupo-
lar deformation, induced polarization effects, and parametric amplification. While the
proposed interaction cross-sections are extraordinarily small, quantum coherent effects
operating over extended observation periods might enable statistical detection of phonon
population changes. This work represents highly speculative physics requiring unprece-
dented experimental sensitivity.
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1. Introduction

The revolutionary detection of gravitational waves by the Laser Interferometer
Gravitational-Wave Observatory (LIGO) in 2015 confirmed Einstein’s century-old
prediction and opened an entirely new observational window into the universe.!
Current ground-based interferometric detectors excel at detecting high-frequency
gravitational waves (10 Hz to 10 kHz) from compact binary mergers, but alterna-
tive detection methods could potentially access different frequency ranges or provide
complementary measurement approaches.

NASA Goddard Space Flight Center has developed superconducting transition
edge sensors (TES) with exceptional sensitivity, achieving noise equivalent power
values of 1.65 x 10718 VV/\/I@Z3 with theoretical limits approaching 1 x 10721
W/ vHz.* These bolometric devices operate at the sharp superconducting transition
where minute temperature changes produce dramatic resistance variations, making
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them ideal candidates for detecting extremely weak energy depositions.

This work proposes adapting TES technology for gravitational wave detection
through an entirely different physical mechanism: the interaction between gravita-
tional waves and phonons (quantized lattice vibrations) in crystalline materials. Un-
like the mechanical strain measurements employed by LIGO, this approach would
detect energy transferred from gravitational waves to crystal lattice vibrations,
which subsequently manifests as measurable temperature changes in the supercon-
ducting sensor.

The Sun-Earth orbital system provides a continuous, predictable gravitational
wave source that varies systematically with Earth’s rotation, offering an ideal test
environment for validating this unconventional detection concept. While the the-
oretical foundations remain speculative, the potential for discovering new physics
or developing complementary detection methods justifies careful theoretical and
experimental investigation.

2. Theoretical Framework
2.1. Gravitational Wave Fundamentals

Gravitational waves represent propagating distortions in spacetime itself, described
by Einstein’s general theory of relativity.2?:2? For weak fields, the metric tensor can
be written as:

Guv = Nuv + h’/LV (1)
where 7,,,, is the flat Minkowski spacetime metric and A, represents small pertur-

bations satisfying the wave equation:?!

167G
Dh#y = — c Tl“’ (2)

In the transverse-traceless (TT) gauge, gravitational waves propagating in the
z-direction are characterized by two independent polarization states:5

hy(t,z) = Ay cos(kz — wt + ¢4) (3)

hy(t,z) = Ay cos(kz — wt + ¢x) (4)

where w = ck confirms that gravitational waves propagate at the speed of light.

2.2. Sun-FEarth Gravitational Wave Emission

Any accelerating mass distribution radiates gravitational waves according to the
quadrupole formula.” 24 For the Sun-Earth binary system, the radiated power is:

p— dE _ 32G4 (mlmg)Q(ml -+ mg) (5)

Todt 5¢5 7D
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With mgun = 1.989 x 10%° kg, mgan = 5.972 x 1024 kg, and orbital separation
r = 1.496 x 10!! m, this yields approximately 193 watts of gravitational wave power.
The corresponding strain amplitude at Earth’s surface is:'®

AG L. . o
ha =3t~ 10 (6)

where I, is the reduced quadrupole moment of the system.

2.3. Phonon Dynamics in Ionic Crystals

Crystal lattice vibrations in ionic materials like NaCl are described by coupled oscil-

lator equations.” 1% For a diatomic cubic lattice with nearest-neighbor interactions,

the classical equations of motion are:'?

a2y (2) (2) (1)

My d2 = C(unJrl + Up—1 — 2un ) (7)
d2u(2)

My dt; = C(“S—i)-l + “2121 - 2“512)) (8)

The resulting dispersion relations yield two branches:!!
Acoustic branch (low frequency):

w2 = %[1 — cos(ka)] 9)

ac

Optical branch (high frequency):

s _ 20(My + )
opt T ‘2\4'1 M2
where p = My Ms/(M; 4+ Ms) is the reduced mass, C' is the interatomic spring

constant, and a is the lattice parameter.
For NaCl specifically:

w, [1 — cos(ka)] (10)

Lattice parameter: a = 5.64 A

Acoustic phonon frequencies: 0-8 THz

Optical phonon frequencies: 8-12 THz

Typical optical phonon energy: hwqpt ~# 50 meV

3. Gravitational Wave-Phonon Interaction Mechanisms
3.1. Scale Analysis and Fundamental Challenge

The primary challenge facing gravitational wave-phonon coupling lies in the dra-
matic scale mismatch:®

e Gravitational wave strain: h ~ 1072! to 10727
e Atomic displacement scale: ~ 0.1 A(107! m)
o Gravitational wavelength: g, ~ 3000 km for 100 Hz waves
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e Crystal dimensions: millimeters to centimeters

Direct mechanical coupling appears negligible due to this amplitude mismatch
of ~ 1071°. However, several indirect mechanisms might enable energy transfer
through resonant or coherent processes.

3.2. Quadrupolar Deformation Mechanism

Gravitational waves couple preferentially to quadrupole moments of matter dis-
tributions.?” In an ionic crystal, the alternating tidal forces induce time-varying
quadrupolar strain patterns:

1
cislt) = A7) (1)
For a crystal with NV unit cells, the total quadrupole moment modulation is:
al 1
AQyy =Y an(af" el — 2o ™) (12)

n=1

The gravitational wave-induced strain energy stored in the crystal becomes:

1
Ugw = §Aaijef]wd3r (13)

3.3. Induced Polarization and Field-Phonon Coupling

The quadrupolar strain modulates the separation between Nat and Cl~ ions, cre-
ating oscillating electric dipole moments. The induced polarization density is:
qAr(t)
4meqr?

P(t) = aEjoea(t) = o (14)

This time-varying polarization generates internal electric fields that can excite
optical phonons through the field-dipole interaction:
Hing = —d- Einduced (15)

where d is the effective dipole moment of the optical phonon mode.

3.4. Parametric Amplification Process

Even without direct resonance, gravitational waves can parametrically modulate
the effective spring constants of the crystal lattice. When the gravitational wave
frequency satisfies:

Wgw = 2Wphonon/n (0 =1,2,3,...) (16)
parametric amplification can occur, potentially enhancing phonon populations
through:
d’l’Lk
T Yih(t)ny cos(wgwt) (17)

where v, is the coupling strength and ny is the phonon occupation number.
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4. Resonant Frequency Matching
4.1. Frequency Analysis

For meaningful energy transfer, we must identify potential resonances between grav-
itational wave frequencies and crystal phonon modes.'”
Astrophysical gravitational wave sources:

Binary black hole mergers: 10-250 Hz (LIGO band)
Binary neutron star mergers: 10-1000 Hz
Continuous waves from pulsars: 1074 to 103 Hz
Primordial gravitational waves: 10718 to 10'° Hz

NaCl phonon frequencies:

e Long-wavelength acoustic phonons: w = v,|k| where vy ~ 3 x 10% m/s
e Optical phonons: wept ~ 1013 rad/s ~ 1.6 THz

4.2. Collective Osctllation Modes

The key insight is that large crystals can support low-frequency collective oscillation
modes involving coherent motion of many unit cells. For a crystal of dimension L,
the lowest acoustic mode frequency is:
™
Wmin = TS (18)

For a 1 cm crystal: wpi, ~ 10° rad/s ~ 160 kHz, still far above the LIGO
frequency band.

However, if we consider:

(1) Elastic waves in the mounting structure
(2) Mechanical resonances of the entire detector assembly
(3) Coupled phonon-photon modes (polaritons)

We might find modes in the 100 Hz range that could resonate with astrophysical
gravitational waves.

5. Quantum Coherent Enhancement Mechanisms
5.1. Coherent State FEvolution

At cryogenic temperatures, phonon modes can exist in quantum coherent superpo-
sition states.'® The interaction Hamiltonian for gravitational wave-phonon coupling
can be written as:

Hiyne = hgh(t)(a' + a) (19)

where a' and a are phonon creation and annihilation operators, and ¢ is the
coupling strength.
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For a coherent gravitational wave h(t) = hg cos(wg,t), the time evolution oper-
ator becomes:

U(t) = exp (—z’gho /O " cos(wgut')(al + a)dt’) (20)

5.2. Phonon Population Statistics

Rather than detecting individual phonon excitations, we propose monitoring
changes in phonon population statistics.'® The average phonon number evolves
according to:

(n(t)) = (ala) = (n(0)) + on(t) (21)
where the gravitational wave-induced change is:
g?h2 [t t
on(t) = TO/ / c08(Wge T) €08(wgy ') dTdT’ (22)
0 Jo
For long observation times T > 27 /wg,,, this yields:
n2rT

5.3. Temperature Signature

Changes in phonon population directly affect the crystal’s heat capacity and ther-
mal conductivity.!* For a Einstein model of optical phonons:

hw 2 ehw/kpT
Cy =3Nk 24
v B (kBT) (ehw/ksT _1)2 (24)
A change in phonon population dn produces a temperature shift:
hwin
0T = 25
- (25)

This temperature change would shift the critical temperature T, of the super-
conducting TES, providing the detection signature.'3

6. Experimental Design and Implementation
6.1. Enhanced TES Architecture

Building upon NASA GSFC’s existing TES technology, we propose several modifi-
cations to optimize gravitational wave sensitivity:

1. Increased Active Volume: Scale the detector to ~ 1 cm® to maximize the
number of phonon modes available for interaction.

2. Optimized Crystal Structure: Implement heterostructures combining ma-
terials with different phonon spectra to create frequency conversion mechanisms.

3. Ultra-Low Temperature Operation: Cool to ~ 10 mK to reduce thermal
phonon noise and enhance coherence times.

4. Multi-Detector Arrays: Deploy orthogonal detector triplets to provide
directional sensitivity and common-mode noise rejection.
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Fig. 1. Critical temperature T, of TES showing potential shift due to gravitational wave-induced
phonon heating. The expected shift magnitude is extremely small, requiring exceptional measure-
ment precision.

6.2. Signal Processing Strategy

Continuous Monitoring Protocol:

e Measure 7 shifts every 10-20 minutes for weeks
e Maintain stable cryogenic conditions to eliminate thermal drift
e Apply digital filtering to extract periodic signals

Statistical Analysis Methods:

e Cross-correlation analysis to identify coherent signals across multiple detectors

e Fourier analysis to search for periodicities matching Earth’s rotation

e Machine learning algorithms to distinguish gravitational wave signatures from
systematic noise

6.3. Farth Rotation Signature

The Sun-Earth gravitational wave flux varies predictably with Earth’s rotation,
providing a built-in calibration source.?? The expected signal has:

e Period: 12 hours (due to quadrupolar nature)
e Phase: Maximum at noon and midnight, minimum at 6 AM and 6 PM
e Amplitude modulation: Annual variation due to orbital eccentricity
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Fig. 2. Gravitational wave flux modulation due to Earth’s rotation. The detector experiences
maximum flux when oriented perpendicular to the Sun-Earth line and minimum when parallel.

7. Practical Considerations and Implementation Challenges
7.1. Sensitivity Requirements

To detect the proposed gravitational wave-phonon interaction, the experiment re-
quires unprecedented sensitivity. The expected signal characteristics are:

Temperature Resolution: 67 ~ 1072 K or better to detect phonon population
changes of én ~ 10715 phonons.

Long-term Stability: Thermal drift must be controlled to better than 10719
K/hour over observation periods of weeks to months.

Vibration Isolation: Mechanical vibrations must be suppressed to levels below
10~'2 m/v/Hz in the 0.1-1000 Hz band.

7.2. Noise Sources and Mitigation

1. Thermal Fluctuations: Johnson noise in the TES readout electronics limits tem-
perature resolution. Advanced SQUID amplifiers and quantum-limited readout
schemes are essential.

2. Cosmic Ray Events: High-energy particles can deposit significant energy in
the detector. Active vetoing using surrounding particle detectors and underground
operation are required.

3. Electromagnetic Interference: Radio frequency pickup can mimic gravitational
wave signals. Extensive electromagnetic shielding and filtering are necessary.

4. Seismic Noise: Ground vibrations couple to the detector through mechanical
connections. Multi-stage vibration isolation systems are mandatory.
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8. Risk Assessment and Scientific Challenges
8.1. Fundamental Physics Limitations

This proposal faces several severe theoretical and experimental challenges that must
be honestly acknowledged:

1. Interaction Cross-Section: The gravitational wave-phonon coupling strength
is expected to be extraordinarily weak, potentially below the threshold of any con-
ceivable measurement technique.

2. Quantum Decoherence: Even at cryogenic temperatures, phonon coherence
times are limited by material imperfections, making long-term coherent accumula-
tion difficult.

3. Background Discrimination: Distinguishing genuine gravitational wave sig-
nals from systematic effects, thermal fluctuations, and environmental noise presents
enormous challenges.

8.2. FEzxperimental Verification Challenges

1. Calibration Sources: Unlike LIGO, which can inject known gravitational wave-
like signals, no practical calibration method exists for phonon-gravitational wave
interactions.

2. Reproducibility: The extremely small expected signals may be comparable
to irreducible quantum fluctuations, making reproducible measurements nearly im-
possible.

3. Alternative Explanations: Any observed periodic signals could have mundane
explanations (temperature variations, electromagnetic interference, mechanical vi-
brations) that are difficult to exclude.

9. Discussion and Future Directions

This work presents a highly speculative but potentially revolutionary approach to
gravitational wave detection based on phonon interactions in crystalline materi-
als.® 19 While the theoretical foundations remain uncertain and the experimental
challenges are formidable, the potential scientific impact justifies careful investiga-
tion.

The proposed mechanism exploits quantum coherent effects and statistical
phonon population changes rather than direct mechanical displacement measure-
ments. This represents a fundamental departure from existing gravitational wave
detection methods and could, if successful, open entirely new avenues for probing
gravitational physics.

The continuous, predictable gravitational wave emission from the Sun-Earth
system provides an ideal test source for validating the detection concept. The sys-
tematic variation of signal strength with Earth’s rotation offers built-in calibra-
tion and helps distinguish genuine gravitational wave effects from systematic noise
sources.
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However, we must acknowledge that this remains highly speculative physics
that would represent a significant breakthrough if observed. The experiment would
require extraordinary sensitivity far exceeding current technological capabilities and
careful elimination of all conventional noise sources. The interaction cross-sections
are expected to be so small that detection may be fundamentally impossible, even
with perfect instrumentation.

Nevertheless, the potential rewards justify the investigation. Even negative re-
sults would provide valuable constraints on gravitational wave-matter interactions
and advance our understanding of quantum gravitational effects. The technological
developments required could benefit numerous other areas of precision measurement
and quantum sensing.

The path forward requires careful theoretical development, staged experimental
demonstrations, and honest assessment of fundamental limitations. While success
is far from guaranteed, the scientific potential makes this speculative investigation
worthy of serious consideration by the gravitational wave community.

This remains highly speculative physics and would represent a significant break-
through if observed. The experiment would need extraordinary sensitivity and care-
ful elimination of all conventional noise sources.

10. Acknowledgments, Disclosures, Code and Data Availability
Statements

The author thanks G. Kletetschka, T. Stephenson, J. Chervenak, A. Brown, and
K. Johnson for valuable consultations on TES technology and detector physics.
This theoretical proposal builds upon existing NASA GSFC capabilities and rep-
resents speculative research that does not require immediate funding for feasibility
assessment.

The author acknowledges the use of ChatGPT (OpenAl) for assistance with
manuscript preparation, the development of theoretical frameworks, and the en-
hancement of technical writing. All scientific content and conclusions remain the
responsibility of the human author.

The author declares that there are no financial interests, commercial affiliations,
or other potential conflicts of interest that have influenced the objectivity of this
research or the writing of this paper.

All data in support of the findings of this paper are available within the article
or as supplementary material.

References

1. B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), Obser-
vation of gravitational waves from a binary black hole merger, Phys. Rev. Lett. 116
(2016) 061102, DOI:10.1103/PhysRevLett.116.061102.

2. N. Jethava, J. Chervenak, A.-D. Brown, D. Benford, G. Kletetschka, V. Mikula, and
K. U-yen, Development of superconducting transition edge sensors based on electron-
phonon decoupling, Proc. SPIE 7741 (2010) 774120, DOI:10.1117/12.856450.



January 6, 2026 12:37 output

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

11

A. D. Brown et al., Excess heat capacity in Mo/Au transition edge sen-
sor bolometric detectors, IEEE Trans. Appl. Supercond. 31 (2021) 2101004,
DOI:10.1109/tasc.2021.3065922.

J. Staguhn, E. Sharp, A. Brown, A. Devasia, W. Doriese, M. Durkin, D. Fixsen, S.
Staggs, F. C. Petit, K. Denis, M. DiPirro, S. Duff, J. Glenn, B. Harrop, S. Maher,
V. Mikula, P. Nagler, and E. Wollack, Transition edge sensor arrays for future FIR
space missions, Proc. SPIE 13102 (2024), DOI:10.21203/rs.3.rs-3547301 /v1.

P. R. Saulson, Fundamentals of Interferometric Gravitational Wave Detectors (World
Scientific, Singapore, 1994), DOI1:10.1142/2410.

K. S. Thorne, Gravitational radiation, in 300 Years of Gravitation, eds. S.
W. Hawking and W. Israel (Cambridge University Press, 1987), pp. 330-458,
DOLI:10.1017/CB0O9780511564178.

J. M. Weisberg and J. H. Taylor, Relativistic binary pulsar B19134-16: Thirty years of
observations and analysis, ASP Conf. Ser. 328 (2004) 25, DOI:10.48550/arXiv.astro-
ph/0407149.

E. Bertschinger and E. F. Taylor, Gravitational waves, in Exploring Black Holes:
Introduction to General Relativity (Addison Wesley Longman, 2010), Chap. 16.

N. W. Ashcroft and N. D. Mermin, Solid State Physics (Holt, Rinehart and Winston,
New York, 1976), DOI:10.1002/crat.19770121223.

C. Kittel, Introduction to Solid State Physics, 8th ed. (Wiley, New York, 2005),
DOI:10.1119/1.1974177.

J. M. Ziman, Principles of the Theory of Solids, 2nd ed. (Cambridge University Press,
1972), DOI:10.1017/CB0O9781139644075.

M. Born and K. Huang, Dynamical Theory of Crystal Lattices (Oxford University
Press, 1954), DOI:10.1119/1.1934059.

M. Pyle et al., Quasiparticle propagation in aluminum fins and tungsten TES dynam-
ics in the CDMS ZIP detector, Nucl. Instrum. Methods Phys. Res. A 559 (2005) 405,
DOI:10.1016/j.nima.2005.12.022.

B. T. Matthias, T. H. Geballe, and V. B. Compton, Superconductivity, Rev. Mod.
Phys. 35 (1963) 1, DOI:10.1103/RevModPhys.35.1.

C. M. Caves, Quantum-mechanical noise in an interferometer, Phys. Rev. D 23 (1981)
1693, DOI:10.1103/PhysRevD.23.1693.

V. B. Braginsky and F. Y. Khalili, Quantum Measurement (Cambridge University
Press, 1992), DOI:10.1017/CB09780511622748.

J. Weber, Detection and generation of gravitational waves, Phys. Rev. 117 (1960)
306, DOI1:10.1103/PhysRev.117.306.

M. Maggiore, Gravitational Waves: Volume 1: Theory and Experiments (Oxford Uni-
versity Press, 2008), DO1:10.1093/acprof:0s0/9780198570745.001.0001.

B. F. Schutz, A First Course in General Relativity, 2nd ed. (Cambridge University
Press, 2009), DOI:10.1017/CB09780511984181.

S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General
Theory of Relativity (Wiley, New York, 1972), DOI:10.1119/1.1987200.

C. W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation (W. H. Freeman, San
Francisco, 1973), DOI1:10.1119/1.1987371.

A. Einstein, Die Grundlage der allgemeinen Relativitdtstheorie, Ann. Phys. 49 (1916)
769, DOI:10.1002/andp.19163540702.

R. A. Hulse and J. H. Taylor, Discovery of a pulsar in a binary system, Astrophys. J.
195 (1975) L51, DOI:10.1086,/181708.

J. H. Taylor and J. M. Weisberg, A new test of general relativity - Gravita-
tional radiation and the binary pulsar PSR 1913416, Astrophys. J. 253 (1982) 908,



January 6, 2026 12:37 output

12

DOI:10.1086/159690.
25. E. E. Flanagan and S. A. Hughes, The basics of gravitational wave theory, New J.
Phys. 7 (2005) 204, DOI:10.1088/1367-2630/7/1/204.

Appendix A. Response to Reviewer Comments

‘We address the main criticisms raised by the reviewer regarding our proposed cryogenic
gravitational wave detection system using Transition Edge Sensors (TES). Specifically,
we clarify the validity of our quadrupole moment calculations for the Sun-Earth system
and explain the methods for discriminating gravitational wave signals from thermal and
seismic noise sources.

Keywords: Gravitational waves; Transition edge sensors; Cryogenic detection;
Quadrupole radiation

A.1. Introduction

This paper addresses the two primary concerns raised in the reviewer’s report re-
garding our proposed cryogenic gravitational wave detector utilizing Transition
Edge Sensor (TES) technology. The reviewer questioned: (1) the correctness of
Equation (5) describing the radiated power from the Sun-Earth system’s quadrupole
moment, and (2) the feasibility of distinguishing gravitational wave signals from
thermal and seismic fluctuations.

A.2. Quadrupole Moment of the Sun-FEarth System and Equation

(5)
The reviewer questions the validity of Equation (5) for gravitational wave radiation
from the Sun-Earth system, specifically noting the absence of explicit eccentricity
dependence and suggesting that a system with zero eccentricity would not radi-
ate gravitational waves. This concern reflects a fundamental misunderstanding of
quadrupole radiation theory.

A2.1. Time-Varying Quadrupole Moment

The Sun-Earth system possesses a time-varying quadrupole moment even for a
perfectly circular orbit (zero eccentricity). The quadrupole moment tensor is defined
as:

I;(t) = /,o(F, t) <xix]- - ;5”-7“2) d>r (A1)

For a binary system with reduced mass i1 at separation r, this reduces to:

1
£y (0) = (s 5057%) (4.2)
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A.2.2. Circular Orbital Motion

For circular orbital motion, the coordinates of the relative position vector vary as:

x(t) = rcos(wt) (A.3)
y(t) = rsin(wt) (A.4)
z(t) =0 (A.5)

where w = 27/T is the orbital angular frequency and T is the orbital period.
The quadrupole moment components become:
2

Lo(t) = %[cos@wt) +1] (A.6)
I, (t) = ’UTTQ[— cos(2wt) + 1] (A7)
Loy(t) = Lo (t) = "7’“2 sin(2wt) (A.8)

A.2.3. Gravitational Wave Emission

The power radiated in gravitational waves is given by the quadrupole formula:

- (2 () a9

]

Taking the third time derivatives of the quadrupole moments:
d3I,,

pria 4w sin(2wt) (A.10)
d*Iyy 2 3.

i —4pr w? sin(2wt) (A.11)
d* Iy 2, 3

i —4pr-w? cos(2wt) (A.12)

Computing the time average yields:

32Gu2riws
5¢P
This demonstrates that **circular orbits do radiate gravitational waves** due to
the accelerating motion of the masses, even with zero eccentricity. The eccentricity
would only modify the amplitude and introduce additional frequency components,
but is not required for radiation.

P = (A.13)

A.3. Derivation of the Peters-Mathews Formula from Quadrupole
Radiation

This appendix provides a detailed derivation showing how Equation (5) in the main
text can be transformed into the more commonly used Peters-Mathews formula for
gravitational wave power radiated by a circular binary system.
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A.3.1. Starting Point
We begin with the quadrupole radiation formula (A.13) derived in Section A.1:

A.3.2. Key Orbital Relationships

For a circular binary orbit, we require two fundamental relationships:
(1) Reduced mass:

h=——— (A.14)
(2) Kepler’s third law:

W= ——" (A.15)

A.3.3. Derivation Steps

Step 1: From Kepler’s law, solve for wS:

3 3 3
r r
Step 2: Substitute both relationships into the original formula:
2 2 3 3
p— 32G ) mi1mso '7“4' G (m1—|—m2) (Al?)
5¢5 mi + meo r9
Step 3: Simplify the powers:
32G4 2 3
. _(mumg)®  (m +my) (A.18)
5¢5  (mq + mg)? 7o
Step 4: Combine the mass terms:
2 4 2
p— 32G ) (mlmg) (m1 + 777,2) (A19)

5¢8 7o
This is the celebrated Peters-Mathews formula,® which expresses the gravita-
tional wave power loss in terms of the individual masses m; and mso rather than
the reduced mass p. This form is particularly useful for analyzing binary systems
where the mass ratio is important, such as in the Hulse-Taylor pulsar system.? 6
The derivation demonstrates the equivalence between the quadrupole moment
approach and the orbital mechanics formulation, confirming that both methods
yield identical predictions for gravitational wave emission from circular binary sys-
tems.

A.3.4. Analogy to Binary Star Systems

This is precisely the same mechanism by which binary star systems radiate gravita-
tional waves, as observed in systems like the Hulse-Taylor pulsar PSR B1913+16.
The orbital decay of such systems confirms this theoretical prediction, validating
Equation (5) for any accelerating binary system, including the Sun-Earth system.
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A.4. Discrimination Between Noise Sources and Gravitational
Wave Signals

The reviewer correctly identifies the fundamental challenge of distinguishing gravi-
tational wave signals from thermal and seismic noise in any detector system. How-
ever, the proposed TES-based detector offers several powerful discrimination meth-
ods that exploit the unique characteristics of the expected gravitational wave signal.

A.4.1. Temporal Signature Analysis

Periodic vs. Stochastic Signals While thermal and seismic fluctuations exhibit
random temporal behavior with stochastic amplitudes, gravitational wave signals
from the Sun-Earth system display a highly predictable temporal signature:

e 6-hour periodicity: The signal oscillates (”it is turned on and off” see Fig.2)
with a period of exactly T/4 = 6 hours, where T = 1 day is the Earth daily
rotation.

e Predictable phase: The signal phase can be precisely calculated from orbital
mechanics

e Steady oscillation: The signal maintains consistent amplitude over long time
scales, turning "on” and ”off” with precise temporal regularity

This periodic signature provides a powerful temporal filter that can be imple-
mented through:

S(w) = [  h(t)etat (A.20)

where the gravitational wave signal h(t) will show sharp spectral peaks at the
characteristic frequencies.

A.4.2. Frequency Domain Discrimination

Spectral Characteristics The gravitational wave signal occupies a well-defined
frequency band:

2
faw = 2forvitar = 7 ~ 6.34 1078 Hz (A.21)
Aew = fciw ~ 473 x 10 m (A.22)

In contrast:

e Thermal noise: Exhibits white or colored noise spectrum across broad fre-
quency ranges, typically with no discrete spectral lines

e Seismic noise: Generally concentrated at higher frequencies (0.1-100 Hz) and
exhibits different coupling mechanisms to the detector
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A.4.3. Multi-Detector Correlation Analysis

Spatial Correlation Arrays of TES detectors can implement spatial correlation
techniques:

Ciji (1) = (si(t)s;(t + 7)) (A.23)
where s;(t) and s;(t) are signals from detectors ¢ and j. Gravitational waves

would produce:

e Correlated responses across properly oriented detectors
e Predictable phase relationships based on detector geometry
e Consistent amplitude ratios determined by detector orientations

Local thermal and seismic effects would show:

e Uncorrelated responses beyond thermal/mechanical coupling length scales
¢ Random phase relationships
e Environment-dependent amplitudes

A.4.4. Signal Processing Techniques

Matched Filtering The precisely known waveform allows implementation of
matched filtering:

[T s(m)hr(t—T) .

where s(7) is the detector output, h*(t — 7) is the complex conjugate of the

expected signal template, and S, (f) is the noise power spectral density.

Lock-in Detection The periodic nature enables lock-in amplifier techniques:

T
X = %/0 s(t) cos(wt + ¢)dt (A.25)

This method can extract signals buried in noise levels orders of magnitude larger
than the signal amplitude.

A.4.5. Environmental Monitoring
Auxiliary Sensors The detector system can incorporate:
e Seismic monitors: Independent measurement of ground motion

e Temperature sensors: Monitoring of thermal fluctuations
e Magnetic field sensors: Detection of electromagnetic interference
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These auxiliary channels allow for:

hclean (t) = hraw (t) - Z aznl(t) (A26>

where n;(t) are the auxiliary noise channels and «; are coupling coefficients
determined through system identification.

A.5. Conclusion

We have demonstrated that:

(1) Equation (5) correctly describes gravitational wave radiation from the Sun-
Earth system, as the time-varying quadrupole moment exists even for circular
orbits due to the accelerating motion of the masses.

(2) Multiple complementary techniques can effectively discriminate gravitational
wave signals from thermal and seismic noise, exploiting the signal’s unique
temporal, spectral, and spatial characteristics.

The proposed TES-based detection system, while requiring significant develop-
ment, offers a theoretically sound approach to detecting extremely weak gravita-
tional wave signals through the combination of advanced sensor technology and
sophisticated signal processing techniques.

A.6. Acknowledgments

We thank the reviewer for raising these important theoretical and practical ques-
tions, which have allowed us to clarify the fundamental physics and detection strate-
gies underlying our proposed system.

References

1. A. Einstein, ”Die Grundlage der allgemeinen Relativitédtstheorie,” Ann. Phys. 49, 769
(1916). DOI: 10.1002/andp.19164540702

2. R. A. Hulse and J. H. Taylor, ” Discovery of a pulsar in a binary system,” Astrophys.
J. 195, L51 (1975). DOI: 10.1086/181708

3. K. S. Thorne, ”Gravitational radiation,” in 300 Years of Gravitation, edited by S.
W. Hawking and W. Israel (Cambridge University Press, Cambridge, 1987). DOI:
10.1017/CBO9780511564178

4. B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), ” Obser-
vation of Gravitational Waves from a Binary Black Hole Merger,” Phys. Rev. Lett.
116, 061102 (2016). DOI: 10.1103/PhysRevLett.116.061102

5. P. C. Peters and J. Mathews, ” Gravitational radiation from point masses in a Keple-
rian orbit,” Phys. Rev. 131, 435 (1963). DOI: 10.1103/PhysRev.131.435

6. J. M. Weisberg and J. H. Taylor, ” Relativistic binary pulsar B1913+16: Thirty years of
observations and analysis,” ASP Conf. Ser. 328, 25 (2004). DOI: 10.48550/arXiv.astro-
ph/0407149



