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Roadmap

2

Historical context

Electromagnetism in General Relativity

Indirect signal — an SRF cavity as a resonant bar

Noise in an SRF cavity

SRF figures of merit & goals

Potential sensitivity**
**ultra-preliminary

Direct signal — cavity as a Gertsenshtein converter

Sources & experimental context
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GW interaction w/ EM
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Gertsenshtein effect, 1962

g �

B

Also Zeldovich 1973

Naturally, inverse process also allowed

g�

B

See e.g. Domcke & Garcia-Cely PRL126 (2021)

h{+,⇥} = 16⇡GNB@iA{+,⇥}

Spatial and temporal variations of graviton contribute
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GW interaction w/ EM strategy: venerable history
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Braginskii & Menskii, 1971

Pegoraro, Picasso & Radicati, 1978

Pegoraro, Radicati, Bernard & Picasso, 1978
Led to MAGO collaboration @ CERN  
early 2000’s

See also Caves 1979, Reece, Reiner & Melissinos 1982, 1984
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GW interaction w/ EM
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Electromagnetism in General Relativity Fµ⌫ = @µA⌫ � @⌫Aµ

Fµ⌫ = gµ↵g⌫�F
↵�

rµF
µ⌫ = �J⌫ , r[µF⌫↵] = 0

Maxwell’s equations:
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GW interaction w/ EM
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Electromagnetism in General Relativity Fµ⌫ = @µA⌫ � @⌫Aµ
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rµF
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⌘µ⌫ = ⌘µ⌫ = (�, ~+)

gµ⌫ = ⌘µ⌫ + hµ⌫ , gµ⌫ = ⌘µ⌫ � hµ⌫
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GW interaction w/ EM

5

Electromagnetism in General Relativity Fµ⌫ = @µA⌫ � @⌫Aµ

Fµ⌫ = gµ↵g⌫�F
↵�

rµF
µ⌫ = �J⌫ , r[µF⌫↵] = 0

Maxwell’s equations:

Variations of metric (GWs) act as EM source terms

@µF
µ⌫ ' J⌫

✓
1 +

h↵
↵

2

◆
� h⌫↵J↵ +

@µ(h↵
↵Fµ⌫)

2
+ @µ (h

µ↵F ⌫
↵ + h⌫↵F↵

µ)

⌘µ⌫ = ⌘µ⌫ = (�, ~+)

gµ⌫ = ⌘µ⌫ + hµ⌫ , gµ⌫ = ⌘µ⌫ � hµ⌫



SRGW2021, March 11 2021
Sebastian A. R. Ellis — Revisiting Gravitational Wave Detection in SRF Cavity

Framing the question
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Proper detector frame

ds2 '� dt2
�
1 + 2a · x+ (a · x)2 � (⌦⇥ x)2 +R0i0jx

ixj
�

+ 2dtdxi

✓
✏ijk⌦

jxk � 2

3
R0jikx

jxk

◆
+ dxidxj

✓
�ij �

1

3
Rikjlx

kxl

◆

inert. acc. grav. redshift rotation t-dilate

Sagnac effect
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Framing the question

6

Proper detector frame
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Sagnac effect

@µh
µ⌫ = 0, hµ

µ = 0, h00 = h0i = 0

Gravitational wave in TT gauge
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Framing the question
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Proper detector frame
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ḧTT
ij
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Framing the question
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Proper detector frame
ds2 '� dt2

✓
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Framing the question

7

Proper detector frame
ds2 '� dt2

✓
1� 1

2
ḧTT
ij xixj

◆
+ dxidxi

r ·E = ⇢(1� h00) +rh00 ·E

r⇥B� @tE = J+ @t(h00E)

Maxwell’s new and improved equations
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Framing the question

7

Proper detector frame
ds2 '� dt2

✓
1� 1

2
ḧTT
ij xixj

◆
+ dxidxi

r ·E = ⇢(1� h00) +rh00 ·E

r⇥B� @tE = J+ @t(h00E)

Maxwell’s new and improved equations

Generation of EM wave from GW and background field: 

E = �@2
t (h00E0)
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GW interaction w/ Cavity Walls

8

Indirect effect: GWs perturb cavity walls
R

�x

�x
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GW interaction w/ Cavity Walls

8

Indirect effect: GWs perturb cavity walls
R

�x

�x

Cavity modes dependent on geometry

!c ! !c(1 + f(�x))Small perturbations:
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GW interaction w/ Cavity Walls

8

Indirect effect: GWs perturb cavity walls
R

�x

�x

Cavity modes dependent on geometry

!c ! !c(1 + f(�x))Small perturbations:

Proper detector frame, effect of GW is 
that of Newtonian force on a test mass:

Fi '
m

2
ḧTT
ij xj

Passing gravitational wave will move walls, spreading power in frequency space
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GW interaction w/ Cavity Walls

8

Indirect effect: GWs perturb cavity walls
R

�x

�x

Cavity modes dependent on geometry

!c ! !c(1 + f(�x))Small perturbations:

Proper detector frame, effect of GW is 
that of Newtonian force on a test mass:

Fi '
m

2
ḧTT
ij xj

Passing gravitational wave will move walls, spreading power in frequency space

Focus of MAGO collaboration @ CERN in early 2000s — e.g. gr-qc/0502054
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Gravity Wave Resonant Frequency Conversion
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Qint ⇠ 109 ÷ 1013

Superconducting RF Cavity

R
et
ra
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ab
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F
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R

L

!G

!0

!i ⇠ GHz

!1 = !0 ± !G

Fields must have quadrupole moment

Cylinder for illustrative purposes only!



SRGW2021, March 11 2021
Sebastian A. R. Ellis — Revisiting Gravitational Wave Detection in SRF Cavity

Gravity Wave Resonant Frequency Conversion

9

Qint ⇠ 109 ÷ 1013

Superconducting RF Cavity

R
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!1 = !0 ± !G
Tunability:

�! & MHz

piezos

fins

�! . MHz

Fields must have quadrupole moment

Cylinder for illustrative purposes only!
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Gravity Wave Resonant Frequency Conversion
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Superconducting RF Cavity !i ⇠ GHz

What about sources in MHz to GHz range?

Aggarwal et al, 2011.12414

Stochastic

Coherent
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Experimental context
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Aggarwal et al, 2011.12414
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Experimental context
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Aggarwal et al, 2011.12414
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Gravitational wave signal

13
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Standard Noise Sources: Thermal Noise

14

Retractable Fins

Loading ports

Readout ports

!r

!dThermal

Sth(!) =
Q1

Qint

4⇡T (! !1/Q1)2

(!2 � !2
1)

2 + (! !1/Q1)2

Power Spectral Density:



SRGW2021, March 11 2021
Sebastian A. R. Ellis — Revisiting Gravitational Wave Detection in SRF Cavity

Non-standard Noise Sources: Phase Noise

15
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Non-standard Noise Sources: Phase Noise

15

Retractable Fins

Loading ports

Readout ports

!r

!d
Oscillator

'(t)

t

t

V0(t)

↵(t)

V0(t)

E1

Er✏0rE0

Ed

✏1d

Loading
&

Readout



SRGW2021, March 11 2021
Sebastian A. R. Ellis — Revisiting Gravitational Wave Detection in SRF Cavity

Non-standard Noise Sources: Phase Noise
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Non-standard Noise Sources: Wall Vibrations

16
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Non-standard Noise Sources: Wall Vibrations
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Non-standard Noise Sources: Wall Vibrations
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Non-standard Noise Sources: Field Emission

17
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Non-standard Noise Sources: Field Emission

17
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Non-standard Noise Sources: Field Emission

17
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Non-standard Noise Sources: Field Emission
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Power Spectral Density:

Limits max B-field ~ 0.2T
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All Noise Sources
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All Noise Sources
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Experimental precedent

20

Q~4x1011 @ B~0.1T

arXiv: 1810.03703 Romanenko et al.

Q-factor & B-field:
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Experimental precedent

21

Mode rejection:

gr-qc/0502054   Ballantini et al.

Ɛ = 10-7 achieved

Low-frequency 
seismic noise:

physics/0004031   Bernard, Gemme, Parodi, Picasso

�!/! ⇠ � ⇠ 10�10

DarkSRF (2020)

https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf
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Experimental precedent

21

Mode rejection:

gr-qc/0502054   Ballantini et al.

Ɛ = 10-7 achieved

Low-frequency 
seismic noise:

physics/0004031   Bernard, Gemme, Parodi, Picasso

Scientific Reports 8, 15324 (2018)   Rosat & Hinderer

�!/! ⇠ � ⇠ 10�10

DarkSRF (2020)

https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf
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Signal to Noise: readout & overcoupling

22

Readout:

Qint Qcpl

Q1 =
QintQcpl

Qint +Qcpl
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Signal to Noise: readout & overcoupling

22

Readout:

Qint Qcpl

Q1 =
QintQcpl

Qint +Qcpl

Signal: Ssig(!) !
Q1

Qcpl
Ssig(!)
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Signal to Noise: readout & overcoupling

22

Readout:

Qint Qcpl
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Noise:
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Signal to Noise
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Reach — Stochastic source**
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Conclusion

26

Direct signal — cavity as a Gertsenshtein converter

Bonus! Technology useful for axion DM direct detection
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Conclusion

26

Direct signal — cavity as a Gertsenshtein converter

Noise in SRF Cavity requires 
precise Cavity control:
• Careful loading 
• vibration control 
• mode isolation

Strain sensitivity up to h~10-22–10-20

!G [Hz]

hMC
min

103 104 105 106 107
10-24

10-22

10-20

10-18

10-16

10-14

10-12

Bonus! Technology useful for axion DM direct detection
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Statistical treatment

28

L[d̃] =
Y

i

e�|d̃i|2/(Ss(!i)+Sn(!i))

⇡(Ss(!i) + Sn(!i))

Both signal and noise exponentially distributed:

q(ga��) = �2 log

 
L(ga�� ,

ˆ̂✓s,
ˆ̂✓n)

L(ĝa�� , ✓̂s, ✓̂n)

!
⇥(g2a�� � ĝ2a��)

Test statistic:

For                    Wilks’ theorem impliestint � ⌧a

SNR(tint � ⌧a) &
(
1.3 90% C.L.

1.6 95% C.L. ,
q(ga��) '

X

i

0

@g2a�� �s,i(
ˆ̂✓s)

�n,i(
ˆ̂✓n)

1

A
2

' tint
2⇡

Z 1

0
d!

✓
Ss(!)

Sn(!)

◆2

For                    GW signal in single DFT bintint ⌧ ⌧a

q(g2a�� , S) = 2⇥

8
>><

>>:

0 g2a�� �s + �n < S
S

g2
a�� �s+�n

� 1 + log
g2
a�� �s+�n

S �n  S  g2a�� �s + �n

S
g2
a�� �s+�n

� S
�n

+ log
g2
a�� �s+�n

�n
S < �n

SNR(tint ⌧ ⌧a) &
(
5.6 90% C.L.

12.5 95% C.L.


