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When is the ruler rigid?

4

Incoming GW: matched wavelength

Resolve structure of the ruler, e.g. resonances

Think Weber Bar
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When is the ruler rigid?

5

Incoming GW: short wavelength

Ruler fully !exible

Think materials
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NB: don’t include for LIGO mirror

When is the ruler rigid?

6

At the level of equations:

@2
t si + k2si ⇠ @2
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Looks like proper detector frame k~1/L

Looks like TT frameFrame subtleties crucial!
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ACTE I
Light is the Ruler: 

Static B-field Cavities
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Framing the Question
Crucial to work in appropriate reference frame!

Which frame is the right one to use?

B-#eld in LIF  B-#eld in TT≠

S

N

S
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Detector in Local Inertial Frame (LIF) Maxwell (19th century)n̂ ·B = 0n̂⇥E = 0
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Framing the Question
Solution — GW as sum of plane waves

h00 = �2
1X

r=0

r + 3

(r + 3)!
R0n0n,k1,···krx

mxnxk1 · · ·xkr

h0i = �2
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hij = �2
1X
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Märzlin (1994) 
Rakhmanov (2014)
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TT
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TT
jkh / ei!g(t�z)

xk1 . . . xkrRµ⌫⇢�,k1...kr = (�i!gz)
rRµ⌫⇢�
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Berlin, Blas, D’Agnolo, SARE, Harnik, Kahn, Schutte-Engel (PRD 2022) 
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But TM modes not optimal… 
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Axion Cavity Sensitivity

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

Berlin, Blas, D’Agnolo, SARE, Harnik, Kahn, Schutte-Engel (PRD 2022) 

Coherent GW
Psig =

1

2
Q!3

g V
5/3
cav (⌘n h0 B0)

2

see Weds-Fri talks for more on sources
14
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Projected Sensitivities of Axion Experiments

Not beyond BBN bound…

Berlin, Blas, D’Agnolo, SARE, Harnik, Kahn, Schutte-Engel (PRD 2022) 
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Matter is the Ruler: 
Excited Cavities As 
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Interactions of Gravitational Waves with masses

S = �
Z

dt m

r
�gµ⌫

dxµ

dt

dx⌫

dt

gµ⌫ = ⌘µ⌫ + hµ⌫ , gµ⌫ = ⌘µ⌫ � hµ⌫
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Interactions of Gravitational Waves with masses
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Z
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r
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Equation of motion: d2xµ

d⌧2
+ �µ
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Equation of motion: d2xµ

d⌧2
+ �µ

⌫⇢(x)
dx⌫

d⌧

dx⇢

d⌧
= 0

E"ect of GW encoded in Christo"el symbol � / @h

gµ⌫ = ⌘µ⌫ + hµ⌫ , gµ⌫ = ⌘µ⌫ � hµ⌫
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ḧTT
ij xi



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Encore: Framing the Question
Work in appropriate reference frame! Detector in Local Inertial Frame (LIF)

E"ect of GW in LIF is that of a Newtonian Force

Long-wavelength approximation valid because materials have cs ≪ 1

17

d2xi

d⌧2
' �@i�

j
00x

i d2xi

d⌧2
' �Fi

m
Fi '

m

2
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Encore: Framing the Question
Work in appropriate reference frame! Detector in Local Inertial Frame (LIF)

E"ect of GW in LIF is that of a Newtonian Force

Long-wavelength approximation valid because materials have cs ≪ 1

ds2 ' �dt2(1 +R0i0jx
ixj)� 4

3
dt dxi

�
R0ijkx

jxk
�
+ dxi dxj

✓
�ij �

1

3
Rikjlx

kxl

◆
e.g. Maggiore (2007)
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EM and Mechanical signals
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Enhanced by  (!)1/c2
s ≫ 1
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Why SRF Cavity as a Weber Bar?
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SRF Cavity w/ Q~1010 means better sensitivity

Thermal mechanical noise smaller for larger mass S(mech.)
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Thermal EM noise-limited reach scales as S(EM)
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Open questions
Resonant cavities optimal in the radio band?

25

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator

 arXiv:2303.01518

 arXiv: 2112.11465      



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Open questions
Resonant cavities optimal in the radio band?

Advances in readout?
synergies w/ Axion searches, QC(?)

25

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator

 arXiv:2303.01518

 arXiv: 2112.11465      



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Open questions
Resonant cavities optimal in the radio band?

Resonant cavity networks?
see e.g. arXiv:2308.11497 by Schmieden & Schott

Advances in readout?
synergies w/ Axion searches, QC(?)

25

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator

 arXiv:2303.01518

 arXiv: 2112.11465      



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Open questions
Resonant cavities optimal in the radio band?

Resonant cavity networks?
see e.g. arXiv:2308.11497 by Schmieden & Schott

Optimisation of MAGO-style setup?
FNAL + DESY

Advances in readout?
synergies w/ Axion searches, QC(?)

25

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator

 arXiv:2303.01518

 arXiv: 2112.11465      



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Open questions
Resonant cavities optimal in the radio band?

Resonant cavity networks?
see e.g. arXiv:2308.11497 by Schmieden & Schott

Optimisation of MAGO-style setup?
FNAL + DESY

Advances in readout?
synergies w/ Axion searches, QC(?)

25

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator

 arXiv:2303.01518

 arXiv: 2112.11465      

Signals above kHz?



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Open questions
Resonant cavities optimal in the radio band?

Resonant cavity networks?
see e.g. arXiv:2308.11497 by Schmieden & Schott

Optimisation of MAGO-style setup?
FNAL + DESY

Advances in readout?
synergies w/ Axion searches, QC(?)

25

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

103 104 105 106 107 108 109

!g [Hz]

10°24

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
g
)¥ 1

/
2

[1
/p

H
z]

L
ev
it
at
ed

S
ta
ck

AURIGA

MiniGRAIL

BAW

H
o
lo
m
e
t
e
r

LIGO-Virgo

scanning

scanning (thermal)

non
-sca

nni
ng

(the
rmal)

m 3
LC

resonator

 arXiv:2303.01518

 arXiv: 2112.11465      

Signals above kHz?



BACKUP



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Gravitational Waves

27



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Gravitational Waves

108 1010

27



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Gravitational Waves

108 1010

Gr
av

ity
 R

ad
io

?

27



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

Standard Model:

Stochastic

BSM:

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

In!ation 
Phase transitions 
Cosmic Strings 

…

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

In!ation 
Phase transitions 
Cosmic Strings 

…

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

In!ation 
Phase transitions 
Cosmic Strings 

…

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Sources of HFGWs

?

PBH inspirals 
Superradiance 
Exotic objects 

…

Standard Model:

Stochastic

BSM:

Thermal plasma !uctuations 
Ghiglieri & Laine (2015) 

Ghiglieri et al (2020) 
Ringwald et al (2020)

In!ation 
Phase transitions 
Cosmic Strings 

…

Coherent

Aggarwal et al, 2011.12414

Ringwald et al, 2011.04731 

Sources discussed in detail Weds-Fri

28

HFGW searches — high risk, high return



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Resonant Cavities

Why?

HAYSTAC

29



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Resonant Cavities

Why?
Mature technology & constantly improving 
Bene#t from decades of development for accelerator use

HAYSTAC

29



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Resonant Cavities

Why?
Mature technology & constantly improving 
Bene#t from decades of development for accelerator use

Cavities for fundamental physics already in use: 
e.g. Axion Dark Matter

HAYSTAC

29



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Resonant Cavities

Why?
Mature technology & constantly improving 
Bene#t from decades of development for accelerator use

Cavities for fundamental physics already in use: 
e.g. Axion Dark Matter

Domain where various subtleties arise…

HAYSTAC

29



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Intuition for EM signal

30



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Intuition for EM signal

Estimate sensitivity to GWs by 
comparing sizes of currents

30



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Intuition for EM signal

Estimate sensitivity to GWs by 
comparing sizes of currents

C. O’Hare (GitHub: cajohare/AxionLimits)

30



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Intuition for EM signal

Estimate sensitivity to GWs by 
comparing sizes of currents

C. O’Hare (GitHub: cajohare/AxionLimits)

jaxione↵ ⇠ ga��@t(aB) +O(v)

jaxione↵ . 10�19 T/m

30



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Intuition for EM signal

Estimate sensitivity to GWs by 
comparing sizes of currents

C. O’Hare (GitHub: cajohare/AxionLimits)

jaxione↵ ⇠ ga��@t(aB) +O(v)

jaxione↵ . 10�19 T/m

jGW
e↵ ⇠ @t(hB) + . . .

h . 10�21

30



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Framing the Question
A more detailed estimate requires some GR

31



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Framing the Question
A more detailed estimate requires some GR

GW in TT gauge: @µh
µ⌫ = 0, hµ

µ = 0, h00 = h0i = 0

31



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Framing the Question
A more detailed estimate requires some GR

Riemann tensor invariant at O(h):

R0i0j = �1

2
@2
t h

TT
ij ,

R0ijk =
1

2
@t

�
@kh

TT
ij � @jh

TT
ik

�
,

Rikjl =
1

2

�
@k@jh

TT
il + @i@lh

TT
jk � @i@jh

TT
kl � @k@lh

TT
ij

�

GW in TT gauge: @µh
µ⌫ = 0, hµ

µ = 0, h00 = h0i = 0

31



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

MAGO 2.0

32

Revive an old idea from the 1970s, and a prototype from the 2000s 



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

MAGO 2.0

32

Revive an old idea from the 1970s, and a prototype from the 2000s 



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

MAGO 2.0

32

Revive an old idea from the 1970s, and a prototype from the 2000s 

Cavity walls are a “Weber bar” 

E0

E1
drive

readout

Readout in a quiet mode of cavity
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Cur Cavis?* pt. 2
MAGO 2.0

* “Why Cavities?” in Latin
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Gravitational Wave and a Hollow Sphere
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Mechanical modes of a sphere
Ulmn = r�L + ir⇥ L�T1 + iL�T2 .

34

TT frame intuition



CERN, 4th December 2023Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

Toroidal
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Spheroidal
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Gravitational Wave and a Hollow Sphere
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Mechanical modes of a sphere
Ulmn = r�L + ir⇥ L�T1 + iL�T2 .
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MAGO 2.0

35

Vibrations of cavity walls — modi#cation of boundary conditions
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MAGO 2.0
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Inverse Gertsenshtein e"ect — direct coupling to EM waves
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MAGO 2.0 sensitivity to coherent GWs
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Optimal Scanning
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