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Motivation

1, Gravitational waves can generate electromagnetic effects inside a strong
electric or magnetic field within the Standard Model and general relativity.
2, We propose a new way to detect high-frequency gravitational waves
from kHz to GHz, a design with a split cavity as a capacitor and readout
LC circuit.
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Theoretical framework

We start with the Lagrangian for the Inverse Gertsenshtein effect, which
is present in the Standard model

S =

∫
d4x

√
−g

(
−1

4
gµαgνβFµνFαβ

)
Then we can expand the metric to the leading order in h, as below

S ⊃ −1

2

∫
d4xjµeffAµ

where
jµeff ≡ ∂ν

(
1

2
hFµν + hν

αFαµ − hµ
αFαν

)
[A. Ejlli, D. Ejlli, A. M. Cruise, G. Pisano, and H. Grote]
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Theoretical framework

Inverse Gertsenshtein effect

∇ · E = ρeff + ρ

∇× B − ∂tE = jeff + j
(1)

[See Detecting High-Frequency Gravitational Waves with Microwave Cavities]

[M. E. Gertsenshtein, Soviet Physics JETP]
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Theoretical framework

∂νFµν = jµeff = (−∇ · P,∇× M + ∂tP) .

Pi = −hijEj +
1

2
hEi + h00Ei − ϵijkh0jBk,

Mi = −hijBj −
1

2
hBi + hjjBi + ϵijkh0jEk,

where h = hµ
µ. From TT gauge to PD gauge:

h00 = −R0i0jxixj × 2

[
− i
ωgz +

1− e−iωgz

(ωgz)2

]

hij = −1

3
Rikjlxkxl × 6

[
−1 + e−iωgz

(ωgz)2
− 2i1− e−iωgz

(ωgz)3

]

h0i = −2

3
R0jikxjxk × 3

[
− i
2ωgz − e−iωgz

(ωgz)2
− i1− e−iωgz

(ωgz)3

] (2)

[See Maggiore M (2007) Gravitational Waves. Vol. 1: Theory and Experiments. Oxford University Press. ]
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Theoretical framework

jµeff = −
B0ω

2
g r

6
√
2

eiωgt (0, ie−2iϕh+2 − ie2iϕh−2, e−2iϕh+2 + e2iϕh−2, 0
)
×f (ωgz) ,

where f(x) ≡ −3− 6ix−1 − 12e−ixx−2 − 12i
(
1− e−ix) x−3 is a

dimensionless function with limx→0 f(x) = 1 and limx→∞ f(x) = −3. GW
helicity components are defined as h±2 ≡ (h+ ± ih×) /

√
2. In the SI unit,

we can replace B0 with B0/
(
µ0c2

)
above in jµeff . We illustrate jeff in the

x-y plane in Fig.1.
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Theoretical framework

7 / 17



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Theoretical framework

Taking the lowest E mode numbers, the base mode that the gravitational
waves along the z direction excite is TE211± and its spatial components
are given as

E±
r =

[
A+ cos 2ϕ
−A− sin 2ϕ

]
sin

(
πz

Lcav

)
iω211

ω2
211 −

(
2π

Lcav

)2

2

r J2 (rγ21) ,

E±
ϕ = −

[
A+ sin 2ϕ
A− cos 2ϕ

]
iω211

ω2
211 −

(
2π

Lcav

)2 sin
(

πz
Lcav

)
J′2 (γ21r) γ21,

E±
z = 0

ω211 =
√

k2z + γ2
mn =

√(
π

Lcav

)2

+

(
x′21

Rcav

)2

(3)
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A quarterly split cavity

[See Detecting High-Frequency

Gravitational Waves with Microwave

Cavities]
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Results (EM numerical simulation of the split cylinder with
COMSOL package)
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Results (The EM simulation results for the plates’charge
accumulation and effective capacitance)
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SENSITIVITY PROSPECTS(Narrow-band scheme or
∆f ∼ ω/ (2πQc) )

A narrow band measurement scheme involves frequency filtering at
this favored frequency range, and there are two popular ways to
achieve this

1 a high geometric quality factor of the cavity Qc

2 electronic filtering with an LCR circuit with a quality factor
When the signal’s and the pickup’s quality factors match each other, the
high pickup quality factor is capable of enhancing the output power from
a monochromatic perturbation source by a factor of the order Qc,
Assuming this condition could be met, the enhanced signal current is
Ia = Qc · q0ω cos(ωt)

[See Erratum: Phys.Rev.Lett. 52, 695 (1984) ]

[See Proposal for Axion Dark Matter Detection Using an LC Circuit]
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SENSITIVITY PROSPECTS(Narrow-band scheme or
∆f ∼ ω/ (2πQc) )

Qc = (ωCRs)
−1

q0 =
∫

E⃗ · dA⃗
Psig. =

⟨
I2a
⟩
· Rs =

(Qcωq0)
2

2QcωC = Qc ·
⟨
q2
0

⟩
ωC−1

SNR =
Psig.
kBTN

√
∆t
∆f

∆f ∼ ω/ (2πQc)
TN = 0.1 K
∆t = 60s
Where C, Rs denote the LCR’s capacitance and resistance at the
resonant point, kB is the Boltzmann constant, and we can require SNR=
3 for a 3� sensitivity criterion.

13 / 17



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

SENSITIVITY PROSPECTS(Narrow-band scheme or
∆f ∼ ω/ (2πQc) )

Projected sensitivity to the stress of a GW signal, with coherent factor
Q = 106 and Q = 103, corresponding to narrowband searches.
[Challenges and Opportunities of Gravitational Wave Searches at MHz to GHz Frequencies ]

[High-Frequency Gravitational Wave Detection via Optical Frequency Modulation]

[Potential of Radio Telescopes as High-Frequency Gravitational Wave Detectors ]

[Prospects for detection of ultra high frequency gravitational waves from compact binary coalescenses with resonant cavities ]

[Prototype superfluid gravitational wave detector ]
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SENSITIVITY PROSPECTS(Non-resonant scheme or
∆f ∼ f )

For occasional signals, the SNR can be estimated by comparing
the signal and noise power during the characteristic time-duration
∆t of the signal
SNR =

⟨Psig. ⟩
Pnoise

=
R·

∑+∞
n=−∞|cn|2

kBTN∆f ,
(We use Parseval’s Theorem:

∫
|Ia(t)|2 dt = ∆t ·

∑
n |cn|2, and

cn ≡ 1
∆t

∫∆t
0

Ia(t)ei 2π∆t nt dt, n = 1, 2, . . .

lim∆t→∞
2π
∆t

∑
|Ia (ωn)|2 →

∫
|Ia(ω)|2 dω)

SNR =
⟨Psig. ⟩
Pnoise

= R
2π∆t

2
∫
∆ω |̃Ia(ω)|2 dω

kBTN∆f .
Where ∆t = 1s,TN = 0.1K,∆f ∼ f.
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SENSITIVITY PROSPECTS(Non-resonant scheme or
∆f ∼ f )
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Conclusions

1 We consider a cryogenic detection scheme of the electric signals induced
by gravitational waves via the inverse Gertsenshtein effect, inside a strong
static magnetic field.

2 In the case of a narrow-frequency gravitational wave, the signal can be
further enhanced by a large quality factor Q that matches the bandwidth
of the gravitational wave, and the corresponding strain sensitivity is
projected to around h ∼ 1020(106/Q) for a meter-sized split cavity

3 For signals more extended in the frequency domain, we consider a
broad-band signal with a characteristic frequency range wider than the
cavity’s geometric bandwidth and make an estimate of our design’s
sensitivity in broadband, non-resonant (∆f ∼ f) mode. The broadband
sensitivity is found to be h ∼ 1013 for a meter-scale cavity.
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