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Motivation

ü In binary systems of massive compact objects 
(black holes, neutron stars, etc.) gravitational 
radiation is emitted.

ü As the binary inspirals, the GW increases its 
amplitude and frequency with time up to the 
merger stage, producing a chirp signal.

ü Some potential sources like primordial black hole 
(PBH) binaries could generate high frequency 
gravitational waves (HFGWs) for sufficiently low 
PBH masses, where the MHz-GHz regime could be 
reached during the coalescence.

ü The frequency window involved can be targeted 
by resonant electromagnetic cavities.

3[1] M. Maggiore et al., άDǊŀǾƛǘŀǘƛƻƴŀƭ ²ŀǾŜǎΣ ±ƻƭΦ мέ όнллтύ

[1]

Inspiral phase Merger Ringdown



Objectives

ü Introduction to the BI-RME 3D method for cavity electromagnetic analysis.

ü Study of the electromagnetic coupling of gravitational wave chirp signals with the resonant 
modes of a microwave cavity.

ü Application of BI-RME to haloscope cavity designs for gravitational wave detection.

ü Obtention of CST simulations and estimation of extracted signals in frequency domain spectra.
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ü Boundary Integral ς Resonant Mode Expansion.

ü Developed at the Università degli Studi di Pavia όLǘŀƭȅύ ŘǳǊƛƴƎ улΩǎ ŀƴŘ флΩǎΦ

ü Advanced full-ǿŀǾŜ ƳƻŘŀƭ ǘŜŎƘƴƛǉǳŜΣ ŘŜǊƛǾŜŘ ŘƛǊŜŎǘƭȅ ŦǊƻƳ aŀȄǿŜƭƭΩǎ 9ǉǳŀǘƛƻƴǎ όŦǊŜǉǳŜƴŎȅ ŘƻƳŀƛƴύΦ

ü Rigorous electromagnetic analysis of microwave cavities:

ÁArbitrary geometries (both ports and cavities).

ÁSingle- and multi-port coupling configurations.

ÁPossible dielectric and magnetic obstacles.

ü Mathematical details: [2] [3]

The BI-RME 3D Method

6[2] P. Navarro et al., Phys. Dark Univ. 36, 101001 (2022) [3] G. Conciauro et al., ά!ŘǾŀƴŎŜŘ aƻŘŀƭ !ƴŀƭȅǎƛǎέ όнлллύ



The BI-RME 3D Method
üThe electromagnetic description can be reduced to a microwave network problem.

ü 1st Kirchhoff law:
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exact expressions!!

Yln
ό˃Σ ˄ύ : Generalised admittance matrix

Fml
ό˃ύ : Cavity-port coupling factor

Il
ό˃ύ : Port modal current

Il
ό˃ύΩ : Current dissipated in the cavity
Pl
ό˃ύ : Current source (drives the resonator)



The BI-RME 3D Method
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üHow do we introduce ohmic losses in BI-RME 3D formulation?         Perturbative methods [4] [5]

ü In lossy cavities (but high conductivity), the field modes remain unchanged, while their wavenumbers 
are slightly modified. For a given mode m:

Unloaded quality factor:

Time-average total energy stored in the cavity:

Time-average total power dissipated on the surface:

[4] J. D. Jackson, ά/ƭŀǎǎƛŎŀƭ 9ƭŜŎǘǊƻŘȅƴŀƳƛŎǎέ όмфснύ[5] R. E. Collin, άCƻǳƴŘŀǘƛƻƴǎ ŦƻǊ aƛŎǊƻǿŀǾŜ 9ƴƎƛƴŜŜǊƛƴƎέ όмфссύ



The BI-RME 3D Method
ü Example: Single-port cavity.
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ü To exhibit the capabilities of the method, we propose a simple 
cavity design applied to GW detection.

ü hƴŜ ǇƻǊǘ όt Ґ мΣ ˄ Ґ мύΣ ŜȄǘǊŀŎǘƛƴƎ ŜƴŜǊƎȅ ǿƛǘƘ ƻƴŜ ŜȄŎƛǘŜŘ 
waveguide mode (N1 = 1, n = 1, l = 1).

[2]

Alleviated notation:   I1
όмύΩ = Ic (cavity dissipated current), Y11

(1, 1) = Yc (cavity admittance), V1
(1) = Vc (cavity voltage), 

           I1
(1) = Iw όǿŀǾŜƎǳƛŘŜ ŎǳǊǊŜƴǘύΣ P1

(1) = IGW (current source, driving the cavity) 

Waveguide (Port)

Source: 
GRAVITATIONAL 
WAVES

[2] P. Navarro et al., Phys. Dark Univ. 36, 101001 (2022)



The BI-RME 3D Method
ü Example: Single-port cavity.

ü Proposal: Cylindrical cavity coupled to a coaxial transmission line.

ü Modes:

ü Coaxial admittance: 

ü Cavity admittance:

ü Characteristic impedance:

10

Orthonormalization
relationship:

c̀ = 1·109 S/m
(cryogenic copper) 

a = 2.11 mm
b = 0.635 mm

rʁ = 2.08
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Chirping HFGW Signals
ü We have derived equations for the current deposited 
by gravitational waves (inverse Gertsenshtein effect) 
and the cavity voltage which may be detected.

ü An expression for the effective current density (jeff) 
can be derived directly from Maxwell Equations in 
curved space-time.

ü In TT Gauge (valid for high frequencies) and applying 
an external static magnetic field:

12

[6]

[6] V. Domcke et al., Phys. Rev. Lett. 129, 041101 (2022).

GW

Acknowledgements: T. Kvietkauskas, 
Y. Borysenkova, S. Kalia, D. Blas. (IFAE)

Disclaimer: Frequency domain is always assumed!!



Chirping HFGW Signals
ü Now, the waveform spectra of the binary source must be inserted.
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Acknowledgements: T. Kvietkauskas, 
Y. Borysenkova, S. Kalia, D. Blas. (IFAE)

[7] PyCBC Documentation (Accessed: 29th July 2026)

ü Generated with original Python LIGO libraries 
(PyCBC, running LALInspire) [7]

ü For every run, circular orbits have been assumed:

Example: Mtot = 2m1 = 2m2 = 1 · 10-7

https://pycbc.org/pycbc/latest/html/
https://pycbc.org/pycbc/latest/html/
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Cavity Models
ü BI-RME analysis has been implemented for two cavity designs.

15

Cavity 1
(Theoretical Design)

Cavity 2
(FLASH Prototype)



Cavity Models
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Cavity 1
(Theoretical Design)

L = 50 cm

a = 22.9 cm

ü Primitive model, initially intended to obtain preliminary estimates.

ü Currently used as a testbed to cross-check results with CHASM (IFAE) 
time-domain simulations.

ü Port: Monopole coaxial probe, axially centered. 

ü Studied frequency range: [475-825] MHz

ü Magnetic field ς M1 Magnet (CERN): Bo = 3 T

ü Modes analysed: TM010 , TM011 , TM012 .

ü Dimensions fit for fres(TM010) = 500 MHz, critically coupled.

ü Simulations for 4 binary benchmarks at 2 GW orientation incidences                   
( =̒ 45°, ̒ = 90°)



Cavity Models

ü Realistic haloscope design (model provided by Cartagena team).

ü Only considering one monopole coaxial probe. Remainingportsare 
assumedshort-circuited.

ü Studied frequency range: [0.5-2] GHz

ü Magnetic field ς FINUDA Magnet (INFN): Bo = 1.1 T 

ü Tuning rods at h = 0° position angle.

ü In-depth analysis. 15 TM modeswith significantcavitycouplingwere
selected.

üSimulationfor a binarysystemat ̒ = 90°.
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Cavity 2
(FLASH Prototype)

L = 27.6 cm

a = 17.5 cm
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ü To perform the calculations derived from BI-RME, numerical simulations are computed with the 
commercial software CST. [8]

ü Principally, it is used to obtain:
ÁModal distribution of the electromagnetic fields, Em(r) and Hm(r).

ÁScattering parameters, S11.

ÁModal quality factor, Qm.

Electromagnetic Analysis and CST Simulations

19[8] CST Studio Suite, Dassault Systèmes. (Accessed: 28th July 2026)

https://www.3ds.com/products/simulia/cst-studio-suite
https://www.3ds.com/products/simulia/cst-studio-suite


Electromagnetic Analysis and CST Simulations
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Cavity 1
(Theoretical Design)

Port Design

Lin

Coaxial probe length: Lin = 13.5 mm

Port ╗ field distribution,
mode TM010

Cavity ╔ field distribution,
mode TM010

Cavity ╗ field distribution,
mode TM010



Electromagnetic Analysis and CST Simulations
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Cavity 2
(FLASH Prototype)

Port Design

Lin

Coaxial probe length: Lin = 5.2 mm
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Preliminary Results
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Cavity 1
(Theoretical Design)

ü Waveform spectra: In agreement with Barcelona (IFAE) team, to reproduce 
the cavity response for different chirp stages.

1

3

2

4



Preliminary Results
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Cavity 1
(Theoretical Design)

ü Waveform spectra: In agreement with Barcelona (IFAE) team, to reproduce the cavity response for 
different chirp stages.

1 2



Preliminary Results
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Cavity 1
(Theoretical Design)

ü Waveform spectra: In agreement with Barcelona (IFAE) team, to reproduce the cavity response for 
different chirp stages.

3 4



ü Scattering parameter S11:

Preliminary Results
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Cavity 1
(Theoretical Design)



Preliminary Results
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Cavity 1
(Theoretical Design)

ü GW Current:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü GW Current:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü GW Current:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü GW Current:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü Cavity Voltage:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü Cavity Voltage:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü Cavity Voltage:



Preliminary Results
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Cavity 1
(Theoretical Design)

ü Cavity Voltage:



Preliminary Results

ü Waveform spectrum:
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Cavity 2
(FLASH Prototype)



Preliminary Results

ü Scattering parameter S11:

36

Cavity 2
(FLASH Prototype)



Preliminary Results

ü GW Current:
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Cavity 2
(FLASH Prototype)



Preliminary Results

ü Cavity Voltage:
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Cavity 2
(FLASH Prototype)
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Conclusions and Future Work
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ü BI-RME 3D provides an efficient framework for modelling the wide-band electromagnetic response of 
resonant cavities to high-frequency gravitational waves (HFGWs).

ü The method has been applied to different cavity models to predict the intensity and voltage values 
induced in the cavity by chirping GW signals.

üThe proposed formalism allows the study of GWs incident from arbitrary directions, enabling the 
contributions of each mode to be individually analysed.

ü Future research lines:
ÁBIRME-CHASM agreement (looking forward to close this soon!!)

ÁIncorporation of loop ports and TE modes to BI-RME formulation.

ÁSensitivity analysis for real models (e.g., HF & LF FLASH cavities) to GW chirp signals.

ÁOptimisation and design of new test cavities (5-6 GHz!) to explore different configurations of PBH binaries.
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Back-up slides



Cavity Field mode distributions 
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Cavity 1
(Theoretical Design)

Mode TM010 Mode TM012Mode TM011

ü Electric fields:



Cavity Field mode distributions 
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Cavity 1
(Theoretical Design)

Mode TM010 Mode TM012Mode TM011

ü Magnetic fields:



Cavity 2
(FLASH Prototype)

Cavity Field mode distributions 
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╔ field, quasi-TM010 mode ╔ field, quasi-TM011 mode ╗ field, quasi-TM01p modes



Cavity 2
(FLASH Prototype)

Cavity Field mode distributions 
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╔ field, quasi-TM012 mode ╔ field, quasi-TM013 mode ╗ field, quasi-TM01p modes



Cavity 2
(FLASH Prototype)

Cavity Field mode distributions 

47

╔ field, quasi-TM110 mode ╔ field, quasi-TM111 mode ╗ field, quasi-TM11p modes



Cavity 2
(FLASH Prototype)

Cavity Field mode distributions 
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╔ field, quasi-TM210 mode ╔ field, quasi-TM211 mode ╗ field, quasi-TM21p modes


