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Motivation

U Inbinary systemof massive compact objects
(black holes, neutron stars, etc.) gravitational
radiation is emitted. h

U As the binary inspirals, the GW increases its A A A ||”
amplitude and frequency with time up to the /AVRVRYAVAVAVAVRYAVATAVAIAY Y '||||I|||||\ |
merger stage, producingchirp signal SRR RRRARRE

~

U Some potential sources likgimordial black hole [1]

(PBH)inaries could generatkigh frequency
gravitational waves (HFGW$§)r sufficiently low Inspiral phase Merger Ringdown
PBH masses, where the Mi@#z regime could be
reached during the coalescence.

U The frequency window involved can be targeted
by resonant electromagnetic cavities

[1] M. Maggioreetal., 6 DNJ GA G A2yt 2| @S&ax 2t ®d® ME OHANTO
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Objectives

U Introduction to theBI-RME 3D methodor cavity electromagnetic analysis.

U Study of theelectromagnetic couplingf gravitational wave chirp signals with the resonant
modes of a microwave cavity.

U Application of BRME tohaloscopecavity designdor gravitational wave detection.

U Obtention of CST simulationand estimation oextracted signalsn frequency domain spectra.
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The BRME 3D Method

U Boundaryintegral¢ ResonantMode Expansion.
(i Developed at théJniversita degli StudidiPavdaL (0 F € 8 0 RdzZNAY 3 ynQa | yR (
i Advancedfuls I S Y2 RI'f (SOKYyAIljdzSE RSNAYSR RANBOU
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U Rigorous electromagnetic analysis of microwave cavities:
A Arbitrary geometries (both ports and cavities).

A Single and multiport coupling configurations.

A Possible dielectric and magnetic obstacles.
i Mathematical detailsf2] [3] % \ |
Q

[2] P. Navarreet al, Phys. Dark Uni@6, 101001 (2022) [3] G.Conciaurcetal.,d! ROl y OSR
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The BRME 3D Method

U The electromagnetic description can be reduced to a microwave network problem.
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U 1stKirchhoff law: Il(ﬁ) _ Il(u)' _ fl(u)

Iz(ﬂ) Il(u)l
M K
F(u) () m .
I )= - Z Fo 2 ]2 f E,,(r') - j(x") aV’
m=1 m 4 ( )
~ [,V
e, (1 [ Y,
I = Z Y,y ) exact expressions!!
v=1n=1
|° > Port modal current
|© >:%Current dissipated in the cavity Y,.° > = Geheralised admittance matrix
P >:9Current source (drives the resonator) F.° > Cavityport coupling factor
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The BRME 3D Method

U How do we introduc@hmic lossesn BIRME 3D formulation? mmmmm) Perturbative method$4] [5]

I VNIVERSITAT

» r |5
C S lc €& D VALENCIA

U In lossy cavities (but high conductivity), the field modes remain unchanged, while their wavenumber
are slightly modified. For a given mone

1 ko,
ky, = K = K,y (1——2Qm)—|—'&2Qm

Timeaverage total energy stored in the cavity:

U / Ur =2Ug =20
Unloaded quality factor: Q = W el
m — m P g \ Timeaverage total power dissipated on the surface:

RS ]- cw’m,
&:7/ B2 a8 = o, [ /||Hm||2 as
Se Oc Se

[4]J.D.Jacksott / £ F 8aA Ot 9f SOUNPRECMHCRAdzyRMdAdRry a TFT2N ai ONPS
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U Example:Singleport cavity. Source:
GRAVITATIONAL
U To exhibit the capabilities of the method, we propose a simn!= . . WAVES
cavity design applied t&W detection | |
— . |
GhyS LR2NI ot ' mXI A T mMOZI S l, V.l 6
waveguide mode (N=1,n=1, 1 =1). i ¢ :
Zw i I [IGW YC i
1) N X ) | :
" W)y (v 1)’ 1,1 1
G :Zzymu Vo) o) Il( ) _ 1(1 )V1( ) i i
Sl Waveguide (Port)! |
W _ 1) _ 7 -2 '
p) _ rlp 7 (e e
L =107 1 = |1, =Y.V.— Iew = I. — Igw 2]

Alleviated notation: 1,° "2 [2(cavity dissipated current),, ¥ Y=Y, (cavity admittance), ¥ =V, (cavity voltage),
1,0=1,0 6| @S 3 dzA R 8= QiR goilréezdrivihg the cavity)

[2] P. Navarreet al,, Phys. Dark Unid6, 101001 (2022)
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The BRME 3Method

U Example:Singleport cavity.

U ProposalCylindrical cavitycoupled to acoaxial transmission line.

U Modes: 1 1

eTEM = e Orthonormalization
V2mIn(a/b) T relationship:
hTpym = ! 1@ f ereMm - (hrpy X 1) dS =1
\/27r In(a/b) T Sp
2a
U Coaxial admittance|y _ __ [E0Er
Yo =1/2w = 140 R a=2.11mm
© Cavity admi g N——— b = 0.635 mm
U Cavity admittance: |y, _ - <1+S11) _ G 4iX, C C10Sm s =2.08
H (cryogenic copper)

s

In(a/b
(I Characteristic impedance Zo = (2/ )1/6'32 ~ 502
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Chirping HFGW Signals S BorysenkouaS, Katia, D, BEGFAE)

U We have derived equations for tleairrent deposited I <l , ,
by gravitational wavegqinverseGertsenshteireffect) low=2_ ( oy 0 ) Bl ds) (/v =) 'dv)

and thecavity voltagewhich may be detected.

‘-:; 5 D VALENCIA
CONSEJO SUPERIOR DE | Rrg®

E INVESTIGACIONES CIENTIFICAS

, OCHOA

. . L Ic
U An expression for the effective current density)] Ve = v fy
can be derived directly from Maxwell Equations in —
curved spacgime. -
1 AN
jhe =0, (—hFW + Frepy — F”ah”a) l’
2 6] ‘[i:_* - 3
. . . . : \
U In TT Gauge (valid for high frequencies) and applying ¢ . GW
an external static magnetic fiell Bg = By 2 T"
.  k - %A " % a -y P il .
JL.H:(I‘) — EE [h+ ((Bn . EZ)EI —+ (Bn . E]_)Eg) —+ hx (—(Bn - EI)E]_ —+ (Bn . EZ)’EE)] e k /,& S

Disclaimerfrequency domains always assumed!!

[6] V.Domckeet al.,Phys Rev. Lett129 041101 (2022).
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U Now, the waveform spectra of the binary source must be inserted.

Jesr(r) = ii @((B“ -€2)8; + (B - &1)é2) "‘@(_(Bﬂ -€1)é1 + (B - é3)éz)] e kT

Example M, =2m=2my,=1 - 10 M,
U Generated with original Python LIGO libraries
(PyCBCrunningLALInspirg[7]

Magnitude of GW chirp strain, |hg x|

102 ¢

1 0-25

U For every runcircular orbitshave been assumed: s

- T 10-27;

s’ ’ A \ mi = m - i

/ B My J 1 — 2 ;10-22_

/ / ”\/' cM 10-29;
i x1=x2=0,e=0,d=10"pc
“, "‘\ //X N J//oc) 10-30?
4 - \ 10-31i

" ;

1 0-32 [
0

| | 1 1 1 1 1 |
50 100 150 200 250 300 350 400 450
Frequency (GHz)

[7] PyCB®ocumentation(Accessed: 29July 2026)


https://pycbc.org/pycbc/latest/html/
https://pycbc.org/pycbc/latest/html/
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Cavity Models

U BFRME analysis has been implementedtioo cavity designs.

Cavity 1 Cavity 2
(Theoretical Design (FLASH Prototype)
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Cavity Models

Cavity 1 J

» OCHOA de Cartagena

(Theoretical Design

U Primitive model, initially intended to obtain preliminary estimates.L =50 ¢

U Currently used as a testbed to credseck results witltCHASMIFAE)
time-domain simulations.

U Port: Monopole coaxial probeaxiallycentered

U Studied frequency rang@d 75-825] MHz

U Magnetic fieldgc M1 Magnet (CERNBo =3 T

} Benchmark | Mt (Mg)
U Modes analysedTMy;q, TMy11, TMy45. 1 50 % 10-0
(i Dimensions fit fof .(TM,,0) = 500 MHzcritically coupled. 2 1.3 x 107°
o . . . . 3 3.0 x 107°
U Simulations fod binarybenchmarksat 2 GW orientation incidences A 38 % 105

( =45, =90)
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Cavity Model
Cavity 2

(FLASH Prototype)

U Realistichaloscopadesign (model provided by Cartagena team).

U Only considering ononopole coaxial probeRemainingorts are
assumedshort-circuited
L=27.6cC

U Studied frequency rang§0.5-2] GHz
U Magnetic fieldc FINUDA Magnet (INFNBo=1.1 T

U Tuning rods att =0° position angle.

U In-depth analysisl5 TMmodeswith significantcavitycouplingwere
selected

U Simulationfor abinarysystemat ™ = 90. Mio; = 1-107° M,
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Electromagnetic Analysis and CST Simulations

U To perform the calculations derived fromBME, numerical simulations are computed with the
commercial software CH8§]

“CcsIC @:
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U Principally, it is used to obtain:
AModal distribution of the electromagnetic fieldg, (r) andH,(r).
A Scattering parameters, S
AModal quality factorQ,..

[8] CST Studio SuitBassault Systeme@\ccessed: 28July 2026)


https://www.3ds.com/products/simulia/cst-studio-suite
https://www.3ds.com/products/simulia/cst-studio-suite
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Electromagnetic Analysis and CST Simulations

P Pmmp P INSTITUT DE EXCELENCIA | T— Universidad
. r' L FISICA SEVERO Subterraneo

Cavity 1 J Mode Type Frequency Q5 Min [Sy, | Coupling Regime [y, F(l)l

. . (MHz) | (-10%) (dB) m
(Theoretical Design i TMgqo  500.00 519 399 Critically Coupled  0.95 -0.0081
_ 2 TM1; 582.96 1.81 -16.0 Undercoupled 0.68 -0.0116
Port Design 3 TMp;2 780.69 2.09 -20.7 Undercoupled 0.74 -0.0120

L Port4 field distribution,
" mode TMy,,

Cavity [ field distribution, Cavityq field distribution,
Coaxial probe length;, = 13.5 mm mode TMy, mode TMy,
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Electromagnetic Analysis and CST Simulations
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Cavity 2 Mode ‘o n(ﬁﬁg)cy ( 1%5) Ml(rél‘as)m Coupling Regime  fin  Finy
(FLASH Prototype) 1 TMy,  706.01 112 2496  Critically Coupled  0.9936 -0.0145
2 TMp11 895.05 1.31 -10.34 Overcoupled 1.2038  0.0232
Port Design 3 TMuyo 112071 | 1.98  -10.43 Overcoupled 11992 -0.0199
4 TM;11 1249.02 1.59 -7.20 Overcoupled 1.4708 -0.0321
5 TMy12 1295.99 1.20 -8.52 Overcoupled 1.3272  -0.0294
6 TMos10 1413.25 2.28 -13.79 Undercoupled 0.9198 -0.0154
7 TMs1, 1512.39 1.86 -11.66 Undercoupled 0.8722  0.0173
8 TMg20 1585.21 2.64 -12.34 Overcoupled 1.1239  0.0230
9 TMa11 1667.49 1.91 -5.83 Overcoupled 1.7072 -0.0017
10 TMg2; 1681.97 1.20 -17.00 Undercoupled 0.9609 -0.0214
11 TMg3 1765.60 1.52 -21.46 Overcoupled 1.0144  0.0301
12 TMs15 1779.85 1.88 -33.97 Critically Coupled  0.9992 -0.0258
E I-in 13 TM; 12 1915.84 1.92 -5.96 Overcoupled 1.6792  0.0468
14 TMgo9 1931.00 1.55 -24.12 Critically Coupled  1.0078 -0.0352
15 TMi13 1970.30 2.22 -18.18 Overcoupled 1.0309  0.0008

Coaxial probe length;, = 5.2 mm
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Cavity 1 J

Prelimi nary RQSU":S (Theoretical Design

U Waveform spectra: In agreement with Barcelona (IFAE) team, to reprod\ §enchmark Mot (M)

the cavity response for different chirp stages. et 7 50 x 100
10 X107 Amplitude of GW chirp strain, |h| 2x10'23I __Amplitude of GW chirp strain, . | 2 1 3 _5
| | | 3 x 10
1 2 1.9 _5
; 3 3.0 x 10
. 4 3.8 x 107°
= 25 = 10~ PC,
141 e = 0, X1 = X2 =
13
4 ! 1 ! 1.2 ' ! ! L L L L
0.5 0.55 06 0.65 0.7 0.75 0.8 0.5 0.55 06 0.65 0.7 0.75 0.8
Frequency (GHz) Frequency (GHz) -
x1023 Amplitude of GW chirp strain, |h| %1023 Amplitude of GW chirp strain, |h| P 2 \
' ‘ ' ' ‘ ' 2

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Freguency (GHz) Frequency (GHz)
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Prel i mi nary ReSU ItS (Theo?eatl;::iz IlDesignJ

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

k . k
L " L - L L) sl oy oy ey ik_-r [ ]
Jest(T) = e [hi((Bo - €2)€1 + (Bg - €1)€2) + hy (—(Bo - €1)é1 + (Bg - €2)€2)] e Jest| ~ M—Bo|h|
0 0
x0T ATanitll.lde .Of effecti\lle curren’lt density, ‘|jeﬁ| <10 ATanitude ?f effecti\(e curren’F density, ‘|jeff|
Lo —— e tro e
13 11 1 - - - Resonating modes TMg1p | - 7 1l | - - - Resonating modes TMg1p |+
11 1 I 1 |
ol o o b
11 1 I 1 |
8., Ll 8T g
= 1 1 = T 1 1
= 11 1 C 4 [ |
o | 1 (@] 11 |
g r I I ‘E“ o |
11 1 3F 11 1
11 11 |
0.9 11 1 11 |
o I 2r I I
1 1 11 1
oo 1L T
1 1 11 1
0.7 [ 1 1 1 1 I 0 I 1 1 | I L
0.5 1 15 2 25 3 0.5 1 15 2 25 3
Frequency (GHz) Frequency (GHz)

M, =5.0x107°M M, =13 x107M,
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Prel i mi nary Resu ItS (Theo?eatl;::iz IlDesignJ

U Waveform spectra: In agreement with Barcelona (IFAE) team, to reproduce the cavity response for
different chirp stages.
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k : k
L] . L -y . ) sl oy oy ey ik_-r [ ]
Jert(r) = e [hy ((Bo - €2)é1 + (Bo - €1)é2) + hy (—(Bo - €1)é; + (B - &€2)é2)] e Jest| ~ M—Bo|h|
0 0
1o« Amplitude of effective current density, |jes 1o« Amplitude of effective current density, |jes
T T T T T T 18 T T T T T T
3 |jeﬂ| 4 : : : |jeﬂ|
192 - — - Resonating modes TMg1, | - 181 I I - — - Resonating modes TMg1p | |
14 : : :
1k 1 1
121 .
[} [}
T os S 1 : :
E E -
& o6 & 08 | : :
E E | | |
0.6 1R |
04 Iy |
0.4 ! I
I\l 1
0.2 1 1
0.2 | |
11 1
0 ] I I 0 1 ] ] I I
0.5 1 1.5 2 25 3 0.5 1 1.5 2 25 3

Frequency (GHz) Frequency (GHz)

M, = 3.0 x 10°M M, =3.8%x 107 M,
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Cavity 1

(Theoretical Design

U Scattering parameter;3

0 S,1 parameters - TEST cavity

N
o
T
|

Magnitude (dB)
o

R
o
T
L

_25 | | | | | | |
0.5 0.55 0.6 0.65 0.7 0.75 0.8

Frequency (GHz)

Phase (°)

A
&3]
\

Phase of scattering parameter S, - TEST cavity

180 = = = = = e = m e e e e e e e e e e e mmmm =

135+

90

45

-135

480 — = — m m e e e - = =

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Frequency (GHz)

e -5
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Preliminary Results
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Conclusions and Future Work

U BFRME 3Dprovides an efficient framework for modelling the widandelectromagnetic responsef
resonant cavities thigh-frequency gravitational waves (HFGWS).
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W& #/ ® VALENCIA

U The method has been applied different cavity models to predict theatensity and voltagevalues
Induced in the cavity bghirping GW signals

U The proposed formalisrallows the studyf GWSs incident fronarbitrary directions enabling the
contributions of each mode to be individually analysed.

U Future research lines:
ABIRMECHASM agreement (looking forward to cldisis soon!)
A Incorporationof loop portsand TE modeso BFRME formulation.
A Sensitivity analysis foeal models(e.g., HF & LF FLASH cavities) to GW chirp signals.
A Optimisationand design ohew test cavities (5-6 GHz!Yo exploredifferent configurations oPBHbinaries



S, p pm=p pmm NSTITUT DE EXCELENCIA
CSIC @uwunn  fFiCsar> Qs
CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS s

CORPUSCULAR > OCHOA

Thankyou

for your attention!

Contact
adrian.lambies@ific.u®s

benito.gimeno@ific.uv.es

.IL Laboratorio - Uniygrsi_dad
Subterrdneo 3 Politécnica

Canfranc
de Cartagena

Theteam (Valencia):

Prof. Benito José Adrian
Gimeno Martinez Reina Valero Lambies Asensio

In collaborationwith UPCTCartagena):

Dr. José Ramon Navarro Madrid
Adrian MunoZJran

Prof. Alejandro Diddorcillo
Prof.JuanMonz6 Cabrera
Prof.AntonioJosd_ozandsuerrep

AcknowledgementsTomasKvietkauskasyuliiaBorysenkovaSaarik Kalia, Dorian Amaral, Diego Blas




pum p pum ..'. i Universidad
( : s l( : VNIVERSITAT 4 4 LTSSICI:TT bE EE(CE LENCIA ;332;:22:0 Politécnica
VALNCIA | ™ f e cORPUSCULAR SR Canfranc
CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS . OCHOA de cartagena

Backup slides




7

Universidad
écnica
de Cartagena

Polit

»

r

Subterraneo
Canfranc

h Laboratorio

EXCELENCIA
SEVERO
, OCHOA

|d mode di

_\ ™= INSTITUT DE
VNIVERSITAT " F ; FISICA
L CORPUSCULAR

1/ D VALENCIA

:
£
7]
g
g
3
&
g
H

S
"
U

ibutions

tr

e

S
O

U Electric fields:

c
D
n
bab)
— 0O
2T
25
O 2

o
@
c
_I
N

J

el 4F o o o
P& 4V a0 0

LI N EE o o o P
LR R A T P S TN e o o
R e e N e o
=~ - et e - - > S ep=)
AR e o o o ol ol o o N et o o
LA o b ot ol ol T T U s o
V Ve R R A XD
[ Bt L SN >
T =t ok S

J
X 4
Xt
Xt
4
»*

A YR A
L » ,ﬂ K % ® o w s o«
XK KX %W ow
LE O S U S S
KK OW KRt o
X R W ¥ o o e
ffff‘l‘l‘l‘lAm
" ¥ Yo G =
o W Yo o o G o e
- = =
+ et
D nR ol ol o ot
P R e ot SR
i b et
PEV o o o o ol ol
P P R
PR P R e
P A Y P apees
PN B A PR

e R S

¥ ¥ ¢ 2 r «

¢
S T VA O I

= - = - R w RN X w
[ = WK KKK Y} LA TS

[ +— = = = - - e~ -

L
+ 3
4

A-,fffff&:ffffffff&-f 4
e et e -
B s e
fffffffffffffffffffffm

R o e ER RS R ER R oL SR SR ot o b b b ot b o
e e o o e o o i e G o e S o o A S o G

Mode TMy;5

Mode TM,,4

Mode TMy;,




P P p pmm NSTITUT DE EXCELENCIA N Lavoratorio Universidad
' ‘-| L FiSICA SEVERO 5 Subterraneo Politécnica
CORPUSCULAR OCHOA Canfranc

de Cartagena

B C s l( : Falh % VNIVERSITAT
X W @ B VALENCIA
CONSEID S I NTIFICAS. S

EJO SUPERIOR DE INVESTIGACIONES CIENTIFK

Cavity Field mode distributions

Cavity 1
(Theoretical Design

J U Magneticfields:

Mode TMy;, Mode TMy;, Mode TMy;5



¢ P ..; i Universidad
e Y VavErsiTaT p pm=p pmm |NSTITUT DE EXCELENCIA Laborstorla Versi
S CSIC @nume | (il e, ¢ SR S Faliéenica
Cavity Field mode distributi
Cavity 2

(FLASH Prototype)

‘Ffield, quasiTM,,,mode field, quasiTMy,; mode 5 field, quasiTM,,, modes



VNIVERSITAT
B VALENCIA

P Pmmp P INSTITUT DE EXCELENCIA . Laboratori Universidad
' ‘-| FiSICA SEVERO 5 Subterraneo Politécnica
CORPUSCULAR OCHOA Canfranc de Cartagena

S T,
A gl
-y wE W
CoNsEID S 1 CIENTIFICAS g

UPERIOR DE INVESTIGACIONES CIE

Cavity Field mode distributions

Cavity 2
(FLASH Prototype)

‘Ffield, quasiTM,,, mode rfield, quasiTMy;mode 5 field, quasiTM,,, modes



¢ P ..; i Universidad
e Y VavErsiTaT p pm=p pmm |NSTITUT DE EXCELENCIA Laborstorla Versi
S CSIC @nume | (il e, ¢ SR S Faliéenica
Cavity Field mode distributi
Cavity 2

(FLASH Prototype)

‘Ffield, quasiTM,,,mode rfield, quasiTM;; mode 5 field, quasiTM,;, modes



P U= p pmm INSTITUT DE EXCELENCIA | Universidad
(L Fsica My Sunterrdneo Politécnica
corpuscuLaR OCHOA

SEVERO
de Cartagena

Blajs 55 '
CoNsEIO S [ CIENTIFICAS v

NIVERSITAT
® VALENCIA

Cavity Field mode distributions

Cavity 2
(FLASH Prototype)

‘Ffield, quasiTM,,,mode rfield, quasiTM,;; mode 5 field, quasiTM,,, modes



