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Our (incomplete) view of the universe
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GravNet

Our (incomplete) view of the Universe

95% not detectable 
with light 

incomplete 
at high energy

Gravitational waves  
probe all components and may come from the early universe
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Gravitational waves 
probe all components and may come from the early universe 
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• 2016 breakthrough in fundamental physics:  
• Observation of gravitational waves by LIGO / Virgo

Gravitational Waves
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

• Frequency range: 10-1000 Hz 
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• 9 years later:  
• 90 observed GW events, > 200 Candidate events 
• Able to start statistical analysis 
• New observational window into the universe established  

[https://dcc.ligo.org/LIGO-G2102395/public][DOI:10.1007/s41114-020-00026-9], O1 + O2 events

https://dcc.ligo.org/LIGO-G2102395/public%5D
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• 2023:  First observation of GW in pulsar timing array data 
• Very low frequency:  10−8Hz

 [Gabriella Agazie et al 2023 ApJL 951 L8]

What about high 
frequency GWs?


https://iopscience.iop.org/article/10.3847/2041-8213/acdac6/pdf
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GravNet - Matthias Schott (Uni. Bonn)
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• High frequency gravitational 
wave (HFGW) sources 
• Could explain dark matter 
• No astrophysical backgrounds 
• (No known sources)

• Very weak existing limits for  
• f = 1 MHz … 10 GHz  

 GravNet:
Dedicated effort probing high 
frequency gravitational waves 
using cavity resonators

PTA 10−8Hz



What are gravitational waves?
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• Wave solution of Einstein equations: 
• 2 Polarisations

+

x

 Quadrupole structure

 Energy-Momentum tensor

 Einstein tensor

Cosmological constant * metric tensor

Gμν + Λgμν = κTμν
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• Periodic compression of B-field 
∝ hB

→ ⃗∇ × ⃗E = −
∂ ⃗B
∂t

≠ 0

Maxwell equations on variably curved space time
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Chat GPT’s illustration

Ex ≃ =
A+

2
B0

y ei(kgz−ωgt) =
h+

2
B0

y

This conversion occurs at all points in the magnetosphere. Therefore, a faraway observer

will see the integrated e↵ect happening in the entire magnetosphere in this short duration.

For example, light cylinder radius (RLC) for a typical NS is ⇠ 107 � 109 cm, implying that

the GWs take less than one second to cover the entire magnetosphere. This is one of the

primary ingredients to support our analysis for the FRB observations.

To compute the GZ e↵ect at a point in the magnetosphere, we consider Maxwell’s equa-

tions on the background space-time with GW fluctuations. The linearized Einstein’s equa-

tions, up to first order in the space-time perturbations are highly accurate. Note that in

this approximation, the e↵ects of GWs on the stress-tensor (Riemann tensor) are negligible.

Hence, we consider background space-time to be Minkowski (in cartesian coordinates) [33?

]). The two polarizations of GW (with frequency !g and wave-vector kg) propagating along

the z-direction are:

h+ = A+ ei(kgz�!gt), h⇥ = iA⇥ ei(kgz�!gt), (1)

where A+ and A⇥ are the constant amplitudes of the GWs. We assume that both the modes

of GWs are generated with an equal amount of energy, i.e., |A+| = |A⇥| — the isospectrality

condition in general relativity [34].

As mentioned above, the key requirement of the GZ-e↵ect is the presence of the transverse

magnetic field in the direction of propagation of GWs. Besides, the time taken by the

GWs to pass through the entire magnetosphere is much smaller than the rotation period of

the millisecond pulsar/magnetar (!�1
B ). Given the direction of propagation of GWs along

the z-axis, the e↵ective time-dependent transverse magnetic field is taken to be B(t) =⇣
0, B(0)

y + �By sin(!Bt), 0
⌘

[31, 32].

Although the e↵ective magnetic field will also depend on the distance from the surface

of the object [3, 4, 28, 29], we assume that B(t) is independent of the distance from the

surface up to RLC [10]. Assuming that the NS magnetic field is dipolar, one can easily show

that we can approximate the average magnetic field at any point in the magnetosphere to

be constant. For completeness, details in the appendix.

Given the above setup, we now evaluate the GZ-e↵ect in the magnetosphere of the NS

and compare it with observational quantities in two steps:

1. First step involves evaluating the conversion from GWs to EM waves at a typical point

inside the magnetosphere. This is referred to as conversion factor (↵). We then obtain

4

• Two polarisations of GW
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• Conversion of GW energy into Photons and vice-versa!
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.

• GW leads to source of effective current in Maxwell’s equation 

jeff ∝ ωghB0ei(kgz−ωgt)

• => GW can excite EM field within RF resonator! 

• If signal duration long enough: exploit resonance enhancement
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size Δl that contains a uniform transverse magnetic field B
and a non-negligible uniform density of free electrons, ne.
Without loss of generality, we assume that the magnetic
field points in the ê1 direction. See Fig. 1. In this coordinate
system we introduce h× ¼ h12 ¼ h21 and A× ¼ A1 as well
as hþ ¼ −h22 ¼ h11 and Aþ ¼ −A2. This is because the
aforementioned equations can be elegantly cast as [12,15]
[30]

ð□þ ω2
pl=c

2ÞAλ ¼ −B∂lhλ; □hλ ¼ κ2B∂lAλ; ð1Þ

where λ ∈ fþ;×g, l is the third component, □ ¼ ∂2
t =

c2 − ∂2
l, κ ¼ ð16πGÞ1=2=c2. We include the plasma fre-

quency ωpl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2ne=me

p
, which acts as an effective

mass term and gives electromagnetic waves of frequency

ω a refractive index μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ω2

pl=ω
2

q
when B → 0.

Equation (1) also applies for arbitrary uniform fields with
B interpreted as the corresponding transverse component.
See the Supplemental Material [31] for more details.
Assuming a plane wave traveling in the positive direction
with ω ≥ ωpl, the exact solution of Eqs. (1) (see also
Ref. [16]) can be written as

ψðt;lÞ≡
" ffiffiffi

μ
p

Aλ

1
κ hλ

#
¼ e−iωteiKlψð0; 0Þ; ð2Þ

with K being the Hermitian matrix

K ¼

0

BB@

μ
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 þ

$
κB
1þμ

%
2

r
−i

ffiffi
μ

p
κB

1þμ

i
ffiffi
μ

p
κB

1þμ
1
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 þ

$
κB
1þμ

%
2

r

1

CCA: ð3Þ

It is convenient to introduce ψ because its magnitude
jψðt;lÞj2 is conserved. This easily follows from the
unitarity of the matrix UðlÞ ¼ eiKl. In particular,
ψð0; 0Þ ¼ ð0; hλ;0=κÞ for a pure GW state entering the
box, and, consequently, ψðt;ΔlÞ ¼ e−iωt½U12ðΔlÞ;
U22ðΔlÞ&hλ;0=κ after leaving the box. Since jU12ðΔlÞj2þ
jU22ðΔlÞj2 ¼ 1, the quantity PðΔlÞ≡ jU12ðΔlÞj2 can be
interpreted as the probability of GW conversion after
traversing a distance Δl. Simple algebra shows

PðΔlÞ ¼ jK12j2l2
osc sin2ðΔl=loscÞ; ð4Þ

with l−1
osc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2ð1 − μÞ2=c2 þ κ2B2

p
=2. These expressions

reduce to the approximated formulae previously found (see,
e.g., Refs. [12,33]).
Although cosmic magnetic fields are not expected to be

perfectly homogeneous, coherent oscillations take place in
highly homogeneous patches, for which losc ≪ Δl and
therefore PðΔlÞ ¼ jK12j2l2

osc=2 on average. Taking into
account inhomogeneities in ne [34] and B, the coherence of
the g ↔ γ oscillations is lost on distances larger than Δl,
that is, the smallest distance on which B and ne are uniform.
Denoting the total distance traveled by the GW as D, this
corresponds to traversing N ¼ D=Δl independent regions
with a conversion probability PðΔlÞ each. As long as
NPðΔlÞ ≪ 1, this gives a total conversion probability of
PðDÞ ¼ DjK12j2l2

osc=ð2ΔlÞ [25,26], corresponding to an
average conversion rate (i.e., probability per time) [31]
given by

hΓg↔γi ¼
cjK12j2l2

osc

2Δl
: ð5Þ

In the Supplemental Material [31] we demonstrate that this
simple estimate correctly captures the essential features of a
more involved computation based on the expected power
spectrum of the magnetic field. Note that any additional
inhomogeneities would further enhance the conversion rate
by limiting the coherence of the g ↔ γ oscillations.
We now include the effect of the Universe expansion

during the dark ages. This is the period between photon
decoupling and reionization, zdec ≃ 1100≳ z≳ zrei ≃ 10,
beginning with the formation of the CMB and ending when
the first stars were formed. During this time, the refractive
index of MHz-GHz CMB photons is determined by the tiny
electron density, with the contributions of neutral hydro-
gen, helium, and birefringence being subdominant [39–41].
This allows us to adopt Eq (5), after a few modifications.
The conversion probability in an adiabatic expanding
Universe is simply the line-of-sight integral of the rate

P ≡
Z

l:o:s:
hΓg↔γidt ¼

Z
zini

0

hΓg↔γi
ð1þ zÞH

dz; ð6Þ

where we use null geodesics Hdt ¼ dT=T ¼ dz=ð1þ zÞ.
Also, zini ≤ zdec is an initial condition to be specified below
and H ¼ HdecðT=TdecÞ3=2 is the Hubble parameter during
the dark ages, which are matter dominated. Furthermore,
the average magnetic energy density of the Universe ρB ¼
B2=2 redshifts as ρB ¼ ρB0ð1þ zÞ4 [42]. Additionally,
such a field is associated with a coherence length,
λB ¼ λ0B=ð1þ zÞ, because it is not expected to be homo-
geneous everywhere. Concerning these two quantities we
emphasize three important facts here and refer the reader to
Ref. [23] for a more comprehensive discussion: (i) a recent
CMB analysis gives B0 ≲ 47 pG [20], (ii) blazar

FIG. 1. The Gertsenshtein effect.
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How can this be used to detect 

GWs ? 

• Direct conversion of GW to photons: inverse Gertsenshtein effect

• Gertsenshtein effect described 1962 

• Inverse effect calculated in 70ies 
 [Ya. B. Zel’dovich] 

• White-paper on HFGW detection: 2020 
 [Living Rev. Rel. 24 (2021) no.1, 4 ] 
 Update 2025: arXiv:2501.11723 
 

https://arxiv.org/abs/2501.11723
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• Electromagnetic field      => B-Field 

• Resonant enhancement of signal => RF-resonator 
• Narrow band experiment 

• Noise suppression       => Cryogenic setup 

• High sensitivity        => Low Noise, high gain DAQ 

size Δl that contains a uniform transverse magnetic field B
and a non-negligible uniform density of free electrons, ne.
Without loss of generality, we assume that the magnetic
field points in the ê1 direction. See Fig. 1. In this coordinate
system we introduce h× ¼ h12 ¼ h21 and A× ¼ A1 as well
as hþ ¼ −h22 ¼ h11 and Aþ ¼ −A2. This is because the
aforementioned equations can be elegantly cast as [12,15]
[30]

ð□þ ω2
pl=c

2ÞAλ ¼ −B∂lhλ; □hλ ¼ κ2B∂lAλ; ð1Þ

where λ ∈ fþ;×g, l is the third component, □ ¼ ∂2
t =

c2 − ∂2
l, κ ¼ ð16πGÞ1=2=c2. We include the plasma fre-

quency ωpl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2ne=me

p
, which acts as an effective

mass term and gives electromagnetic waves of frequency

ω a refractive index μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ω2

pl=ω
2

q
when B → 0.

Equation (1) also applies for arbitrary uniform fields with
B interpreted as the corresponding transverse component.
See the Supplemental Material [31] for more details.
Assuming a plane wave traveling in the positive direction
with ω ≥ ωpl, the exact solution of Eqs. (1) (see also
Ref. [16]) can be written as

ψðt;lÞ≡
" ffiffiffi
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1
κ hλ

#
¼ e−iωteiKlψð0; 0Þ; ð2Þ

with K being the Hermitian matrix
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1
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$
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%
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1

CCA: ð3Þ

It is convenient to introduce ψ because its magnitude
jψðt;lÞj2 is conserved. This easily follows from the
unitarity of the matrix UðlÞ ¼ eiKl. In particular,
ψð0; 0Þ ¼ ð0; hλ;0=κÞ for a pure GW state entering the
box, and, consequently, ψðt;ΔlÞ ¼ e−iωt½U12ðΔlÞ;
U22ðΔlÞ&hλ;0=κ after leaving the box. Since jU12ðΔlÞj2þ
jU22ðΔlÞj2 ¼ 1, the quantity PðΔlÞ≡ jU12ðΔlÞj2 can be
interpreted as the probability of GW conversion after
traversing a distance Δl. Simple algebra shows

PðΔlÞ ¼ jK12j2l2
osc sin2ðΔl=loscÞ; ð4Þ

with l−1
osc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2ð1 − μÞ2=c2 þ κ2B2

p
=2. These expressions

reduce to the approximated formulae previously found (see,
e.g., Refs. [12,33]).
Although cosmic magnetic fields are not expected to be

perfectly homogeneous, coherent oscillations take place in
highly homogeneous patches, for which losc ≪ Δl and
therefore PðΔlÞ ¼ jK12j2l2

osc=2 on average. Taking into
account inhomogeneities in ne [34] and B, the coherence of
the g ↔ γ oscillations is lost on distances larger than Δl,
that is, the smallest distance on which B and ne are uniform.
Denoting the total distance traveled by the GW as D, this
corresponds to traversing N ¼ D=Δl independent regions
with a conversion probability PðΔlÞ each. As long as
NPðΔlÞ ≪ 1, this gives a total conversion probability of
PðDÞ ¼ DjK12j2l2

osc=ð2ΔlÞ [25,26], corresponding to an
average conversion rate (i.e., probability per time) [31]
given by

hΓg↔γi ¼
cjK12j2l2

osc

2Δl
: ð5Þ

In the Supplemental Material [31] we demonstrate that this
simple estimate correctly captures the essential features of a
more involved computation based on the expected power
spectrum of the magnetic field. Note that any additional
inhomogeneities would further enhance the conversion rate
by limiting the coherence of the g ↔ γ oscillations.
We now include the effect of the Universe expansion

during the dark ages. This is the period between photon
decoupling and reionization, zdec ≃ 1100≳ z≳ zrei ≃ 10,
beginning with the formation of the CMB and ending when
the first stars were formed. During this time, the refractive
index of MHz-GHz CMB photons is determined by the tiny
electron density, with the contributions of neutral hydro-
gen, helium, and birefringence being subdominant [39–41].
This allows us to adopt Eq (5), after a few modifications.
The conversion probability in an adiabatic expanding
Universe is simply the line-of-sight integral of the rate

P ≡
Z

l:o:s:
hΓg↔γidt ¼

Z
zini

0

hΓg↔γi
ð1þ zÞH

dz; ð6Þ

where we use null geodesics Hdt ¼ dT=T ¼ dz=ð1þ zÞ.
Also, zini ≤ zdec is an initial condition to be specified below
and H ¼ HdecðT=TdecÞ3=2 is the Hubble parameter during
the dark ages, which are matter dominated. Furthermore,
the average magnetic energy density of the Universe ρB ¼
B2=2 redshifts as ρB ¼ ρB0ð1þ zÞ4 [42]. Additionally,
such a field is associated with a coherence length,
λB ¼ λ0B=ð1þ zÞ, because it is not expected to be homo-
geneous everywhere. Concerning these two quantities we
emphasize three important facts here and refer the reader to
Ref. [23] for a more comprehensive discussion: (i) a recent
CMB analysis gives B0 ≲ 47 pG [20], (ii) blazar
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Need to tune the cavity over a vast 
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Typical setup - Connection to Axion searches
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• Fundamentally different signal properties
• Duration 
• Coupling of GW and B-field:   

• Orientation 
• Cavity geometry 
• Sensitive Mode 

• Same technological challenges 
• High field magnets 
• Ultra low noise amplifier 
• Highly sensitive readout systems 

• Suspicious similarity with axion haloscopes 

• Indeed: Identical setup  
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ADMX
Flash

Organ

THE KLASH Cryostat and Resonant Cavity

10

KLOE Magnet

Vacuum vessel made by a-magnetic stainless steel

Shield in aluminum alloy, to be cooled to 70 K by gaseous Helium

OFHC Cu resonant cavity, cooled to 4.6 K by saturated liquid Helium

Total weight 18 tons

3 OFHC Cu tuning bars mounted on eccentric cranks with reduction 
gearboxes

Design by FANTINI Sud Mechanical Div. counterweight
Stepper motor 
(20 µrad)

1 GHz

 100 MHz
 100 GHz

 Well established experimental method 
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What was done at Mainz
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• Supax: superconducting axion search @ Mainz 

• First results on dark photons (~commissioning) [arXiv:2308.08337] 

• Goals: 

• Study of new SC materials for resonant cavity experiments 

• Study of cavity geometries optimised  for GW searches 

• Together with Mainz theory section (P. Schwaller)  

[arXiv:2308.08337]

14
T 

so
le

no
id

 m
ag

ne
t

Cavity 

Cryo LNA (36dB)

Cavity supportlHe Cryostat

to vacuum pump
He return

lHe feed

lN2 feed

Cryo circulator

LNA (38dB)

signal injection
to spectrum analyser

Cryo Attenuators

Sample tube

•Setup at Mainz (finished):

•13T B-field, 2K, SC cavity, 
HEMT amplifier

•Data taken in 2024

•Dark Photon & Axion results

16

https://arxiv.org/abs/2308.08337
https://arxiv.org/abs/2308.08337
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Supax / GravNet - Measurements

17

Magnet  
(warm bore)

Cryostat

Inset Top

17
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Supax / GravNet - Cavities

18

• Test of various cavity geometries and coatings
15 cm

ø = 48mm 

Cu coated with NbN 
Coating by Zubtsovskii @ Uni Siegen

18
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Sources of HF GW

19

• Working setup

• Sensitive to HFGW ( ~ GHz ) 

• Which sources can be seen?  

• Is there anything emitting GHz gravitational waves?  

19
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Sources of HF GW
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PRL 116, 061102 (2016)

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

• Frequency range: 10-1000 Hz 

• Lighter BHs => higher frequencies 

           , Duration: f ≈ GHz → mBH < 10−6M⊙ < μs

Lower BH mass

Lower merger duration
Higher GW frequency

              , Duration: f ≈ 100 Hz → mBH ≈ 30 M⊙ 0.1s

• What about:          Black hole merging events

• Chirp signals 

• mBH ~ O(10 ): frequency in acoustic rangeM⊙

20

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102
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21

 Any issues with black hole masses of  ? 10−6M⊙

• Chandrasekhar limit:       Up to 1.4  white dwarfs are stable 
• Tolman–Oppenheimer–Volkoff limit:  Neutron stars stable up to 2 - 3  

• Corresponding to stellar progenitor masses O(10 )

M⊙
M⊙

M⊙

 Lightest BH should be around   

(Lightest currently observed:  ) 

2 − 3 M⊙

3 M⊙

21
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Sources of HF GW
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• Hypothetical BHs created shortly after the big bang, 
before the first stars were formed  

• Not limited to the mass range of stellar BHs

• Primordial black hole mergers

22

• Formation:  

• Small scale perturbation in early universe  

• Amplitude of space-time curvature perturbations 
enhanced by some mechanism  

• Perturbation freeze in during inflation 

• Post-inflation collapse if larger than some threshold 

• Population of PBHs 
• Masses controlled by energy in one Hubble volume

GravNet - Matthias Schott (Uni. Bonn)

Astrophysical Sources

‣ Localized sources: can produce coherent 
or incoherent GW signals 
‣ No known astrophysical objects emit 

significantly in the ultra-high frequency 
(UHF) band

7

‣ Possible (more or less) exotic sources: 
‣ Mergers of light primordial black holes 
‣ Exotic compact object collisions 
‣ Black hole superradiance

‣ Large GW signals require nearby events 
→ Rare but potentially detectable signals 
with strain above BBN/CMB bounds 

• Merging event very short, unknown 
frequency 
• Focus on inspiral:  

• Sweep of huge frequency span
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Sources of HF GW - Primordial Black Holes

23

• Sources for HFGWs: 

• Primordial black hole mergers
• Boson clouds (BH superradiance) 
• … 

Primordial black holes:

• Black holes created in the early universe 
• Unlike stellar BH: No minimum mass requirement 
• Expected Mass range: 10-10 - 10-16  
• Density unknown 

• Merging events expected  
• Low mass -> High frequency  
• Fast transients (µs - ms)

M⊙

23

  Why are PBH interesting objects? 

 Could be dark matter 

• Expected Strain: <  
• (If all of DM is PBH, one event per year)

10−24
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Sources of HF GW - Axion Superradiance

24

Axion superradiance:

• Compton wavelength of boson = size of BH 

• Boson accumulates outside BH event horizon 
• Annihilation into gravitons if mass > threshold 

• ωa < mΩH

• Sources for HFGWs: 

• Primordial black hole merges  
• Boson clouds (BH superradiance)
• … 

24
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Sources of HF GW - Axion Superradiance

25

Axion superradiance:

• Compton wavelength of boson = size of BH 

• Boson accumulates outside BH event horizon 
• Annihilation into gravitons if mass > threshold 

• Requires light, spinning BHs
• Requires axion (-like) bosons

• Sources for HFGWs: 

• Primordial black hole merges  
• Boson clouds (BH superradiance)
• … 
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Figure 6. Same as Fig. 4 but showing the GW strain generated by scalar boson field supperadiant
instabilities. As in Fig. 4, the binary leading to a spinning PBH remnant is assumed to be at a
distance dyr. Note the change of scale for the color coding according to the PBH mass mPBH

compared with previous figures.

cosmological sources. The expected characteristic GW amplitude for this process is[237]

h0 ' 5⇥ 10
�30 1

`

⇣
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, (2.49)

where ↵ = GmPBH mb, ` is the orbital angular momentum number of the decaying bosons
and ✏ < 10

�3 denotes the fraction the PBH mass accumulated in the cloud. The superradi-
ance condition constrains ↵/` < 0.5 [236]. See Refs. [238, 242] for more recent calculations
of the strain. The duration of the signal is (see [243] and the references therein)

⌧ ⇡ 0.13 yr
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0.5
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, (2.50)

where �i and �
f are the dimensionless BH spin at the beginning and end of the superradiant

growth. We compare the expected GW signal amplitude from a source located at a distance
dyr in Fig. 6 along with UHF-GW detector proposals.

Note that, despite restricting ourselves to the case of a (pseudo-) scalar, a similar
phenomenon can occur in the presence of vector and tensor fields. In such cases though,
the duration of the signal is much shorter than what is reported in Eq. (2.50), making
extremely challenging to detect PBH masses mPBH . 10

�5
M� (see Ref. [243] for more

details).8

8As reported in Ref. [243], the signal duration for vector and tensor superradiant instabilities as a
function of the mass of the BH scales as ⌧ ⇠ 5⇥ 10�10 yr

�
mPBH/10

�6 M�
�
.

– 20 –

• Monochromatic, coherent signal! 

• Decay times of min. to years (depending 
on BH mass) 

• Strain assuming distance = radius of 
sphere with one event per year

25
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Sources of HF GW - Stochastic Background
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Several sources possible:

• Phase transitions in the early universe 
• Dynamics of inflation and subsequent (p-)reheating  
• Fluctuations in the thermal plasma 
• Cosmic strings 

• Sources for HFGWs: 

• Primordial black hole merges  
• Boson clouds (BH superradiance) 
• Stochastic GW sources 

26

Very low strain expected: 

h0 < 10−32

[arXiv:2312.14679]


https://arxiv.org/html/2312.14679
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High Frequency Gravitational Wave - Strains

27

Expected Strain

•  

•  

• 

h0 < 10−24

h0 < 10−29

h0 < 10−32

• Ligo / Virgo Signals 
• BH mergers 

Observed Strain

• h0 < 10−21

Expected Sensitivity: 

• 1 cavity 
• T = 100 mK 
• B = 12 T 
• f0 = 8 GHz 

         h0 > 10−21

 How to improve the sensitivity? 

• Primoridal black hole mergers 
• Chirp signals 

• GW from boson superradiance 
• Monochromatic over long timescales 

• Stochastic GW background 
• Even lower strains … 

27
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A Global Network of HFGW Detectors

29

• Starting point of GravNet 
• Initial sites: Bonn, Mainz, Frascati 
• Technical synergies: magnets and local 
infrastructure already available 

• GPS based data-acquisition scheme 
• Experience from GNOME Network 

• Nine small resonant cavities (5-8 GHz) 
• Operation of three cavities in one magnet 

• One large resonant cavities (100 MHz)

GravNet - Matthias Schott (Uni. Bonn)

A Global Network of HFGW Detectors
‣ Starting point of GravNet

‣ Initial sites: Bonn, Mainz, Rome 
‣ Technical synergies: magnets and local 

infrastructure already available

‣ GPS based data-acquisition scheme 
‣ Experience from GNOME Network

‣ Nine small resonant cavities (5-9 GHz) 
‣ operation of three cavities in one magnet

‣ One large resonant cavities (100 MHz)

19
29
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A Global Network of HFGW Detectors

30

ø = 48mm, GravNet prototype cavity 

30

• Example: 8 GHz corresponds to a sphere 
of diameter ≈ 5cm 
• High frequencies typically correspond to 
small volumes 

• Challenge: Signal power depends nearly 
quadratically on volume V

GravNet - Matthias Schott (Uni. Bonn)

5-8 GHz Cavities

‣ High frequencies typically correspond to 
small volumes 
‣ Example: 8 GHz corresponds to a 

sphere of r≈5cm

20

‣ Advantages 
‣ Higher Magnetic Fields 
‣ Single Photon Readout 
‣ Operation of several cavities in parallel

Psig = 1
2 Qω3

gV5/3(ηnh0B0)2 1
μ0c2

‣ Challenge: Signal power depends nearly 
quadratically on V

Visit the SUPAX Poster (K. Schmieden)
GravNet - Matthias Schott (Uni. Bonn)

5-8 GHz Cavities

‣ High frequencies typically correspond to 
small volumes 
‣ Example: 8 GHz corresponds to a 

sphere of r≈5cm

20

‣ Advantages 
‣ Higher Magnetic Fields 
‣ Single Photon Readout 
‣ Operation of several cavities in parallel

Psig = 1
2 Qω3

gV5/3(ηnh0B0)2 1
μ0c2

‣ Challenge: Signal power depends nearly 
quadratically on V

Visit the SUPAX Poster (K. Schmieden)

• Advantages:  
• Higher magnetic fields 
• Single photon readout  
• Operation of several cavities in parallel
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The FLASH cavity
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GravNet - Matthias Schott (Uni. Bonn)

The FLASH Cavity

21

‣ Reuse of the FIDUNA magnet 
system at INFN Frascati within the 
FLASH Experiment 
‣ Axion Search (0.49-1.49 μeV) 
‣ Res. Frequency: 100-300 MHz 

‣ Magnet Properties 
‣ V = 4.15 m3 
‣ B=1.1T 
‣ QL = 1.4x105 
‣ Tsys = 4.9K 

‣ Readout 
‣ SQUID Readout 
‣ Limited by thermal 

noise 

https://arxiv.org/pdf/2309.00351

• Reuse of the FIDUNA magnet 
system at INFN Frascati within the 
FLASH Experiment:  
• Axion Search (0.49-1.49 μeV) 
• Res. Frequency: 100-300 MHz

• System properties: 
• V = 4.15 m3 
• B = 1.1T 
• QL = 1.4x105 
• Tsys = 4.9K

• Readout: 
• SQUID readout 
• Limited by thermal 
noise
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R&D Efforts
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GravNet - Matthias Schott (Uni. Bonn)

R&D Efforts

Optimize Cavity Optimize Data AnalysisDrastically reduce noise in readout

GravNet Goal: gain in sensitivity to amplitude by O(100) - O(1000)

‣ Shape to improve coupling 
‣ Enhance quality factor with 

superconductors

‣ Use of quantum sensing revolution 
‣ Quantum non-demolition measurements 
‣ Entanglement in two-qubit devices

‣ Precise signal modelling 
‣ Advanced neural networks for 

combined data analysEs

22

• Use of quantum sensing 
• Single RD photon detection 
• Quantum non-demolition 
measurements 

• Optimise shape to improve 
coupling to GW: 

• Enhance quality factor using 
superconductors

• Combination of data from 
distributed detectors  

• Usage of advanced 
machine learning tool  

• Signal modeling 
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Readout Noise
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ADCCavity
Amp 1 Amp 2Circ

Noise from 1st amplifier is 
limiting the measurement!

Typical noise of transistor 
based amplifier: 3 - 4 K

Using parametric amplifiers (e.g. JPA): 

• Added noise ~ 200 mK 
• Below standard quantum limit

System noise:  

SQL: 

(Price for spectral resolution) 

kBTsys = hνNsys = hν ( 1
ehν/kBT − 1

+
1
2

+ NA)
NA ≥ 1/2 ⇒ Nsys ≥ 1
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Readout Noise
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Shot noise Nois
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 low
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SQL
Up to 3 orders of 
magnitude noise 
reduction!
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ADCCavity
Amp 1 Amp 2Circ

Replace by photon counter

Using photon counting: 

• Noise below SQL possible! 
• Counting experiment 

• E.g. using transmon Q-bits

Appl. Sci. 2024, 14, 1478 3 of 21

Liftoff was performed in a bath of N-Methylpyrrolidone at 70 �C. A test structure on
the same die was used to measure room temperature resistance using a S-1160 manual
probe station from Signatone (Gilroy, CA, USA) and a 2450 SMU from Keithley (Cleveland,
OH, USA). In total, 4849 ± 115 W was measured for the device used in this work. An optical
image of the transmon chip within the resonator and of the device is shown in Figure 1.
The junction area is roughly 200 ⇥ 200 nm2 and the two antenna pads separated by 20 µm
are 556 µm long and 144 µm wide.

Figure 1. (Left): Al cavity hosting the transmon chip. (Right): optical image of the transmon shunt
capacitance pads acquired with a 100⇥ magnification. The JJ is not observable since it is roughly
200⇥ 200 nm2, but it is located between the pads, in proximity of the two observable metal extensions.

The resonant cavity is made of Al alloy 6061 with a rectangular parallelepiped shape
of dimensions Lx ⇥ Ly ⇥ Lz = 26 ⇥ 36 ⇥ 8 mm3. The silicon chip with the qubits is hosted
in the middle of the x � y plane with pads parallel to the z axis (see Section 4) to couple to
the mode TE110. Two holes allow for the insertion of the antennas for control and readout
of the qubit state.

2.2. Experimental Setup for Transmon Characterization

Full characterization of the 3D transmon qubit was performed at the INFN National
Laboratory of Frascati. The experimental setup is shown in Figure 2.

The dashed lines indicate the different temperature stages of the cryostat of a dilution
refrigerator. The device is hosted in the 10 mK stage. Control and readout signals entering
Line 1 are attenuated by �20 dB at 4 K and by �30 dB at 10 mK. Including the attenuation
of the coaxial cable, the total attenuation is �68 dB.

Both input and output ports are filtered with IR and low-pass filters with a 10 GHz cut-
off frequency, while an additional 4 GHz high-pass filter is mounted on the input port. The
output signal passing through Line 5 is amplified with a high electron mobility transistor
by 36 dB at 4 K and with two field effect transistors by 35 db and 30 dB at 300 K. Two
circulators are used to minimize the reflected noise and decouple the amplification stages.

For time-domain measurements, the qubit control pulses are directly produced by a
RF source (ROHDE-SCHWARZ SMA100B). The readout pulse is obtained by the vector
modulation of a signal generated by a second RF source (ROHDE-SCHWARZ SGS100A) at
the cavity frequency and controlled by a square-wave pulse a width of 10 µs generated by
a wave function generator (KEYSIGHT 33500B) triggered by the SMA100B.

Both the control and readout pulses are transmitted to Line 1 through a combiner.
After amplification, the readout pulse is down-converted and I and Q quadratures are
acquired with a 16-bit ADC board at a rate of 1 GS/s and post-processed to determine the
qubit state.

For cavity and qubit spectroscopy, the generation and acquisition of the readout pulse
is replaced by the S21 measurement with Vector Network Analyzer (VNA).

Appl. Sci. 2024, 14(4), 1478
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Abstract. The idea of searching for gravitational waves using cavities in strong magnetic fields has

recently received significant attention. In particular, cavities with rather small volumes that are cur-

rently used to search for axion-like particles are discussed in this context. We propose here a novel

experimental scheme enabling the search for gravitational waves with MHz frequencies and above,

which could be caused for example by primodial black hole mergers. The scheme is based on syn-

chronous measurements of cavity signals from several devices operating in magnetic fields at distant

locations. Although signatures of gravitational waves may be present as identifiable signal in a single

cavity, it is highly challenging to distinguish them from noise. By analyzing the correlation between

signals from multiple, geographically separated cavities, it is not only possible to increase substantially

the signal over noise ratio, but also to investigate the nature and the source of those gravitational wave

signatures. In the context of this proposal, a first demonstration experiment with one supraconduction

cavity has been conducted, which is the basis of the proposed data-analysis approaches. The prospects

of GravNet (Global Network of Cavities to Search for Gravitational Waves) are outlined in the last

part of the paper.
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1 Introduction

The detection of gravitational waves (GWs) by the LIGO
and Virgo interferometers [1] marked the beginning of
a new era in astronomy. Gravitational waves, with fre-
quencies spanning from super massive binary black hole
systems in the nHz regime to kHz for compact binary
objects and up to GHz for GWs from the cosmic grav-
itational wave background [2], are an essential part of
our understanding of the universe.

Interferometers, like LIGO and Virgo, have proven
to be highly successful in detecting GWs, and future
generations, such as the Einstein Telescope [3], are in
the design phase. An alternative concept for GW de-
tection exploits their coupling to the electromagnetic
field, using radio frequencies cavities, either pumped or
placed in a magnetic field. Recently, the latter approach
has been discussed in more detail [4–6], especially in the
context of searches for axion-like particles [7–9].

The basic principle behind the cavity-based experi-
ment is simple: a gravitational wave distorts the cavity’s
shape, altering the magnetic flux through the cavity
and generating an electric signal that can be detected.
Additional the GW couples directly to the EM field
via the inverse Gertsenshtein e�ect. In other words:
a gravitational wave that is passing through a cavity
with a static magnetic field, creates an e�ective current
in Maxwell’s equations, leading to an electromagnetic
field that oscillates at the same frequency as the gravi-
tational wave. The induced electromagnetic field can be
resonantly enhanced using microwave cavities and the
generated radio frequency power detected.

The sensitivity of such experiments depends on the
GW frequency, incoming direction, the cavity’s reso-
nance frequencies, and the external magnetic field strength.
The sensitivity to gravitational waves using a cavity-
based experiment has been derived in [4] and can be
summarised by the signal power

Psig = 1
2QÊ

3

gV
5/3(÷nh0B0)2

1
µ0c2

, (1)

with Êg denoting the GW frequency and h0 the mag-
nitude of the GW strain. The cavity is described by its
volume V , its quality factor Q as well as the external
magnetic field B0. The dimensionless coupling constant
÷n is given by

÷n =
|
s

V d
3
xE

ú
n · ĵ+,◊|

V 1/2(
s

V d3x|En|2)1/2
, (2)

Optimise setup

35

• Volume limited by  
• Magnet aperture 
• Resonance frequency  
• Tuning elements

• Up to 14T magnets in use 
• Up to 20T envisioned 

• Larger fields - smaller volume

• High purity copper: ~5ᐧ104 

• Superconducting:  difficult in high magnetic field! 
• Target:   106  
• Achieved:  3ᐧ105 (CAPP, non tunable) 

• Materials under study: Nb3Sn, NbN, HTS materials (YBCO) 

35

https://arxiv.org/abs/2110.01296 
• J. Golm et. al (RADES), ~8 GHz

YBCO (CAPP)

• D. Ahn et. al (CAPP), ~7 GHz
https://arxiv.org/abs/2002.08769 

• Supax measurement
[arXiv: 2412.14958]

https://arxiv.org/abs/2002.08769
https://arxiv.org/abs/2110.01296
https://arxiv.org/abs/2412.14958
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Data Analysis
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Naive approach: 

• Bump-hunt in frequency domain
GravNet - Matthias Schott (Uni. Bonn)

Data Analysis

‣ Advanced approach 
‣ Search for signature in time series using 

modern anomaly detection methods

26

‣ Naive approach 
‣ Search for bump in FFT spectrum Advance approach: 

• Search for signature in time series 
• Modern anomaly detection methodsGravNet - Matthias Schott (Uni. Bonn)

Data Analysis

‣ Advanced approach 
‣ Search for signature in time series using 

modern anomaly detection methods

26

‣ Naive approach 
‣ Search for bump in FFT spectrum



Kristof Schmieden

How to Combine Signals

37

• Adding N coherent signals (in phase) yields an 
improvement on the SNR of ~N 

• Single photon readout:  
• Measurement becomes counting experiment
• Thermal/quantum noise yields a certain 
number of photons per time-interval  

• Expect one signal event per year 
• Additional cavities/experimental sites 
suppress background (combinatorics) 

• Relevant quantity: Induced power should be in 
the order of O(1) photon

f0 = 5 GHz Δν = 10 kHz tint = 1 ms
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GravNet: Expected Sensitvities
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PRELIMINARY

PRELIMINARY

• PBH merger signals, assuming thermal 
background only 

• Target: h <   

• Only few orders of magnitude missing!
10−24

• Limit for monochromatic signals with longer 
integration times 

• General development: go broadband
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PRELIMINARY

• PBH merger signals, assuming thermal 
background only 

• Target: h <   

• Only few orders of magnitude missing!
10−24

Isn’t this depressing? 
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Ambitious, but rewarding goal
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| Opportunities for gravitational wave searches at high frequencies | Krisztian Peters, 15 February 2024 6

Ambitious, but rewarding goal
Continue technology development

From F. Muia

MTW book
“[interferometers] have so low sensitivity 
that they are of little experimental interest” 

page 1014 

50 years  
23 attempts  

First direct detection 

Misner, Thorne, Wheeler, 1973

40

“ [interferometers] have so low 
sensitivity that they are of little 
experimental interest” 
p. 1014 

GravNet - Matthias Schott (Uni. Bonn)

Isn’t this depressive?

29

“[interferometers] have so low 
sensitivity that they are of little 

experimental interest”

50 years of work

Nobel Prize 2017

 50 years of work, 23 attempts
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• Large range of experimental approaches tackling HFGW 

• Three Categories: 

• Conversion of GWs (gravitons) into Photons 

• Something is mechanically deformed 

• Spin interaction

 [arXiv:2011.12414]

• Energy density in E-field about 
 compared to B-fields due to 

electron release
10−6

Contents

1 Introduction 4

2 Setting up the notation: comparing di↵erent GW sources and detectors 5
2.1 Gravitational wave sources at high-frequencies . . . . . . . . . . . . . . . . . . . . . 5
2.2 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Signal-to-noise ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Comparison of signal strength and noise for narrowband detectors . . . . . . . . . 8

3 Sources 9
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Late Universe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2.1 Neutron star mergers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2.2 Mergers of light primordial black holes . . . . . . . . . . . . . . . . . . . . . 13
3.2.3 Exotic compact objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2.4 Black hole superradiance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3 Early Universe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3.1 Inflation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3.2 (P)reheating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.3 Cosmic gravitational microwave background . . . . . . . . . . . . . . . . . . 22
3.3.4 Phase transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.5 Topological defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3.6 Evaporating primordial black holes . . . . . . . . . . . . . . . . . . . . . . . 26

3.4 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Detection of gravitational waves at high-frequencies 28
4.1 Laser interferometers and resonant mass detectors and their limitations . . . . . . 28

4.1.1 Laser Interferometers: Neutron Star Extreme Matter Observatory (NEMO) 29
4.1.2 Interferometers up to 100MHz . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.1.3 Spherical resonant masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2 Detection at frequencies beyond current detectors . . . . . . . . . . . . . . . . . . . 31
4.2.1 Optically levitated sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.2 Inverse Gertsenshtein e↵ect . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2.3 GW to electromagnetic wave conversion in a static electric field . . . . . . . 33
4.2.4 Resonant polarisation rotation . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.5 Heterodyne enhancement of magnetic conversion . . . . . . . . . . . . . . . 33
4.2.6 Bulk acoustic wave devices . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.7 Superconducting rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.8 GW deformation of microwave cavities . . . . . . . . . . . . . . . . . . . . . 34
4.2.9 Graviton-magnon resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Summary of detector sensitivities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.4 Cross correlation detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4.1 Relic gravitational radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.4.2 Properties of correlation detectors . . . . . . . . . . . . . . . . . . . . . . . 38
4.4.3 The overlap function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4.4 Exploiting �(f) at very high-frequencies . . . . . . . . . . . . . . . . . . . . 39
4.4.5 Signal switching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.4.6 Issues related to data acquisition and long term storage . . . . . . . . . . . 40

5 Discussion and conclusions 40

A Summary tables 42

3



Kristof Schmieden

Alternative Technologies - Hetrodyne Detection
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• Heterodyne enhancement of GW signals 

• Coupled resonators: mode splitting 

• Pump frequency:  ~ GHz 

• Energy transfer to signal mode  
• GW frequency:   

ωs

ωa = ωs + 2Δω
Δω

| The MAGO cavity and prospects for HFGW searches | Krisztian Peters, 4 December 2023 23

Heterodyne detection 
GWs induce energy transfer between two levels of an EM resonator

Two EM levels achieved by coupling identical cavities 

• Each resonant mode of the individual cavities is split in two modes of the coupled resonator with 
different spacial field distribution (ω0 and ω𝛑, symmetric and anti-symmetric modes)

Image S. Ellis

Δω ∼ (a /R)3 ∼ kHz − MHz

• Pro:  
• Amplification linear in Pump Power 

• Con: 
• Frequency stability of modes  
• RF leakage into signal mode

• MAGO experiment @ Desy

• Sensitivity from 10 kHz - 100MHz (with various cavities) 

                        h0 > 10−22 h0 > 10−21| The MAGO cavity and prospects for HFGW searches | Krisztian Peters, 4 December 2023 23

Heterodyne detection 
GWs induce energy transfer between two levels of an EM resonator

Two EM levels achieved by coupling identical cavities 

• Each resonant mode of the individual cavities is split in two modes of the coupled resonator with 
different spacial field distribution (ω0 and ω𝛑, symmetric and anti-symmetric modes)

Image S. Ellis

Δω ∼ (a /R)3 ∼ kHz − MHz
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Alternative Technologies - Mechanical Deformation
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| The MAGO cavity and prospects for HFGW searches | Krisztian Peters, 4 December 2023 22

Superconducting radio frequency cavities
Analogous to Weber bars, mechanical to EM transducer

Efficient converters of mechanical to EM energy 

Operate with small readout noise

QLC ∼ 106 ≪ Qcav ∼ 1011

GW perturbs cavity walls, which induces EM mode-mixing

Image from 
R. Löwenberg 
thesis

• Transfer of mechanical to EM energy 
• Competing process for any cavity based detector 

• Exploit mechanical resonances for enhancement 
• Noise from environmental vibrations 

| The MAGO cavity and prospects for HFGW searches | Krisztian Peters, 4 December 2023 22

Superconducting radio frequency cavities
Analogous to Weber bars, mechanical to EM transducer

Efficient converters of mechanical to EM energy 

Operate with small readout noise

QLC ∼ 106 ≪ Qcav ∼ 1011

GW perturbs cavity walls, which induces EM mode-mixing

Image from 
R. Löwenberg 
thesis
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| The MAGO cavity and prospects for HFGW searches | Krisztian Peters, 4 December 2023 22

Superconducting radio frequency cavities
Analogous to Weber bars, mechanical to EM transducer

Efficient converters of mechanical to EM energy 

Operate with small readout noise

QLC ∼ 106 ≪ Qcav ∼ 1011

GW perturbs cavity walls, which induces EM mode-mixing

Image from 
R. Löwenberg 
thesis

• Original Idea: 

• Weber bar: 2m x 1m aluminum rod 

• Sensitivity at ~kHz: 

•  h0 > 10−16
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• Trapping dielectric nano-particles in Laser-field 

• Second beam for cooling and readout 

• GW displaces nanoparticle w.r.t. trap minimum 

| Opportunities for gravitational wave searches at high frequencies | Krisztian Peters, 15 February 2024 18

Levitated sensors

Trap a dielectric nanoparticle in a laser beam in an 
optical cavity 

GW displaces particle from its equilibrium position 
and causes a harmonic restoring force  

• Displacement is resonantly enhanced when ωG 
coincides with trap frequency 

• Similar to a resonant bar experiment, but sensor is 
levitated 

• Relatively small sizes of the setups (10~100m) 

Limited by thermal noise in the motion of the 
levitated particles and heating due to light 
scattering

Basic idea

Second light field to cool and read out axial 
position of the levitated object 

• Displacement of the nanoparticle w.r.t. the trap 
minimum  

• ΔX = 1/2 h(xs − lm) + 𝒪(h2) 

Arvanitaki, Geraci, PRL 110 (2013) 7

• Limited by thermal noise & 
Laser heating of levitated particle 

| Opportunities for gravitational wave searches at high frequencies | Krisztian Peters, 15 February 2024 19

1-meter prototype 

1-meter prototype under construction 
at Northwestern University  

• Compact Michelson interferometer configuration    
(to reject common noise sources) 

• Pilot run planed in ~1y  

• Network of detectors with UC Davis and UCL  

Stacked dielectric disc reduces photon recoil 
heating and increases mass of levitated object 

• Sphere → disc → stack 

• Ongoing R&D at DESY to use partially-levitated 
membrane inside cavity (larger membrane size 
allows to reduce mirror radius)

Levitated sensor detector

• Sensitivity from 10 kHz - 100kHz 

•  h0 > 10−21
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• Piezoelectric resonator 

• Freq: MHz - GHz 

• Consumer product 

• GW deforms resonator  

• Periodically changing resonance frequency  

3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10638  |  https://doi.org/10.1038/s41598-023-35670-y

www.nature.com/scientificreports/

of a piezoelectric BVA SC-cut35,36 plano-convex quartz plate 1mm thick and 30mm in diameter that sits in a 
copper enclosure held at a dedicated vacuum pressure. Two signal pins extend from each of these enclosures 
that electrically connect to small copper electrodes held closely to the vibrational surfaces the crystals. The pins 
of each resonator are coupled to the SQUID amplifiers via inductive input coils, and then each device is placed 
inside a dedicated Niobium cavity that becomes superconducting at T ~ < 10 K. These superconducting shields 
in combination with various layers of Faraday shielding provided by the dilution fridge decouple both the 
detectors and SQUID sensors from stray electromagnetic fields. Local acoustic disturbances incident upon the 
fridge or detectors are also insignificant sources of noise for MAGE thanks to shielding by the internal vacuum 
environment as well as the high frequency range of operation.

MAGE features two identical quartz BAW detectors so that transient energy excitations of just a single 
detector can be excluded as potential HFGW events incident on both crystals via coincident analysis. This allows 
for the exclusion of observable background sources, such as internal crystal stress relaxation, radioactive decays 
and charged cosmic particles incident on a single detector. Each of these detectors is sensitive to gravitational 
radiation in multiple extremely narrow bands corresponding to the crystal’s longitudinal overtone modes. For 
the case of the quartz crystals in question, these modes populate the MHz-GHz frequency band. Such modes 
exhibit uncommonly high quality factors of up to tens of billions at cryogenic  temperatures37,38, which leads to a 
fundamental constraint on the sensitive bandwidth of these detectors in that the bandwidth of these modes are 
usually <1 Hz. To combat this constraint, MAGE will simultaneously monitor multiple modes at once, making 
use of the crystals large mode density to effectively sample gravitational radiation in many narrow bands over an 
overarching broader spectrum. In  practice31 this can be achieved by utilising lock-in amplification to mix down 
and amplify a small frequency window centred on a crystal mode.

In order to monitor a high number of modes at once across multiple detectors, MAGE will utilise a top of the 
range field programmable gate array (FPGA) based digitizer with reconfigurable customisation via integration 
with LabView software. The rms amplitude of the voltage signal output by the SQUID amplifier typically lies in 
a 0.1–10 μV range depending on the SQUID gain, and is easily coupled to the analogue input of the digitizer 
which specifies an input noise density as low as ≈ 9 nV/

√
Hz . This hardware upgrade completely overhauls the 

data acquisition process for MAGE when compared to the predecessor experiments which featured two Stanford 
Research Systems SR844 lock-in amplifiers, giving MAGE a significant advantage over GEN 1 /2 in that it the 
data acquisition can be adapted and modified as hardware requirements change in the future. The digitizer has 
thus been programmed to take the 500 MHz sampled input signal and provide digital lock-in amplification in 
multiple parallel channels via digital signal synthesis and decimation. This will allow for multiple modes in each 
crystal to be continuously and simultaneously monitored thanks to the high throughput and memory of the 
on-board FPGA, which features 60 direct memory access channels, giving 30 lock-in channels for each crystal. 
The current iteration of MAGE thus has the capability to monitor 30 acoustic modes in each crystal at once.

This completes the introduction of MAGE in terms of its current features. However, further planned 
developments will increase the scope of MAGE as ongoing upgrades are implemented in parallel with HFGW-
sensitive data acquisition. The most immediate of which is a muon veto system to be employed into the MAGE 
experiment at a later date. This detector would allow MAGE to exclude energy depositions in the detector sourced 
by charged cosmic particles from candidate HFGW signal events. Cosmic particles such as muons that collide 
with the detectors will cause energy depositions that can excite the acoustic modes of interest. These signals would 
be indistinguishable from the transient energy impulse caused by a passing gravitational wave. In order to veto 
such energy depositions, future iterations of MAGE will feature an externally placed scintillation detector with 
a large area, such solutions made from fabricated plastics have been demonstrated  elsewhere39,40.

Phonon 
distribution

Quartz BAW 1
Z

xy
SQUID

Cu Enclosure Nb Shielding

Quartz BAW 2
z

xy

Electrodes

SQUID

T = 4K

FPGA Digitizer

Muon  / Cosmic Particle Veto Detector

Vacuum

Figure 1.  Schematic of the proposed MAGE experiment. It features two (near) identical quartz BAW HFGW 
detectors read out across multiple channels using a high - throughput FPGA based digitizer. An external 
scintillator will also be utilised for cosmic muon veto.• Sensitivity from 5 - 10 MHz 

•  h0 > 10−21

[Sci Rep 13, 10638 (2023). https://doi.org/10.1038/]

https://doi.org/10.1038/
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Which Technology to Choose? 
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• GravNet will start with cavities since their 
technology is mature 

• Most interesting HFGW sources are transient 
• Any HFGW search will profit from 
combining signals

• Most developments (Quantum sensing, 
Superconducting cavities, analysis) is of 
generic use 

• Magnetic fields and ultra cold volumes 
are used in several approaches

• We will switch to the most promising 
experimental approach in the next years

Cryogenics 121 (2022) 103390

8

model of Leiden Cryogenics [58]. 
In addition, there are several special products in the market. Bluefors 

[60] provides horizontal DRs which work under different tilt angles, as 
shown in Fig. 10. The minimum temperature is 10 mK and the cooling 
power is 400 μW at 100 mK. 

JanisULT company [61] develops a tiltable dry DR (JDry-100- 
ASTRA, 120 μW at 100 mK) with an effective angle range of −20◦ to 
+53◦, which is aimed at cooling a cosmic microwave background 
telescope. 

4. The development of cold-cycle dilution refrigerators on the 
ground 

Conventional dilution refrigerators need an external gas-handling 
system, have relatively high-power consumption, and produce me-
chanical vibrations that need to be suppressed or isolated. For some 
applications where large cooling powers or extremely low temperatures 
are not needed, while cost, compactness and flexibility are of concern, 
cold-cycle dilution refrigerators [62] provide the choice. They do not 
need a room-temperature mechanical pumping system, which brings the 
advantages of compact structure, low mass, low vibration, and high 
reliability. The small size reduces the required 3He amount, and thus 
effectively reduces the cost of the system. The limit on commercializa-
tion of cold-cycle DRs may lie in their small cooling powers. It is noted 
that a reservoir and some infrastructure at ambient temperature is 
needed to handle and store the gas mixture when the system is warm. 

Based on the type of circulation system, cold-cycle DRs can be clas-
sified as condensation-pump DRs, adsorption-pump DRs, and some 
interesting variations. A key component of the condensation-pump DR is 
the condenser, whose temperature is lower than the still. The 3He, 
evaporated in the still, gets liquefied there. Then the 3He liquid flows 
into the mixing chamber through the counterflow heat exchanger. The 
adsorption-pump DR uses adsorbents such as activated carbon, which 
adsorbs 3He the vapor from the still when cooled and desorbs 3He gas 
when heated to realize the cryogenic circulation of 3He. The pumps of 
other cold-cycle DRs could be a mechanical cryogenic pump or a su-
perfluid magnetic pump. 

The following subsections give brief descriptions of these different 
kinds of cold-cycle DRs. 

4.1. Condensation-pump DR 

The condensation-pump DR was first proposed by V. Edel’man et al. 
[63] in 1972, and several variations have been developed since then. 
The setup is shown in Fig. 11. The condensation pump is in close thermal 
contact with a 3He cryostat (2) which is pumped down by a charcoal 
pump to a temperature around 400 mK. Fins inside the condenser and 
3He cryostat increase the heat-transfer area. The 3He vapor coming out 
of the still (4) gives heat to the condenser (3) and gets liquefied. The 
driving force for the flow in the dilution unit is the hydrostatic pressure 
difference between the columns of the concentrated 3He and the mixture 
at the dilute side. The liquid 3He flows to the top of mixing chamber (8) 
through the spiral tube-in-tube heat exchanger (7). The minimum tem-
perature was 60 mK. The working time of the system depends on the 
amount of the 3He in the 3He cryostat and was 8 to 10 h. 

In 1992, V. E. Sivokon et al. [64] used two condensation pumps, 
which were cooled by adsorption refrigerators, to work in an alternating 
manner to continuously condense the 3He vapor coming from the still. If 
only a tube-in-tube heat exchanger was used in the dilution module, the 
lowest temperature was 53 mK with a cooling power of 36.9 μW@95 
mK. When step heat exchangers were added, the lowest temperature was 
12.1 mK and a 3He circulation rate of 99 μmol/s. 

In 2006, G. Teleberg et al. [65] used two two-stage adsorption re-
frigerators to alternatingly cool the single condensation pump to achieve 
continuous operation. Heat switches were used to connect/disconnect 
the condensation pump with the cold head of the adsorption re-
frigerators. The condensation pump operated around 400 mK and the 
minimum temperature of the DR was 48 mK. With a flow rate of 6 μmol/ 
s, the cooling power was 5 μW at 100 mK. In order to reduce the tem-
perature instability caused by periodic heating and cooling of the 
adsorption refrigerator, the cooling rate of adsorption pumps need to be 
controlled and the heat input to the still needs to be tuned. 

In 2008, T. Prouvé et al. [66] proposed a compact single-cycle pocket 
dilution refrigerator, as shown in Fig. 12. The bottom of the cryopump is 
a conical structure, and is connected to the evaporator of the 3He 
adsorption refrigerator by a thermal link. The 3He adsorption refriger-
ator provided a cooling power of 500 μW at 360 mK. In order to reduce 
the temperature difference between the 3He liquid and the copper solid 
in the cryopump, finned structures were added (not shown in the figure). 
A flow rate of 15 μmol/s was obtained at a precooling temperature of 
570 mK. The lowest temperature was 57 mK and the cooling power was 
7 μW @100 mK. The cooling period could last 3 h while 2 h were needed 
to recycle the system since a single 3He adsorption refrigerator cannot 
operate continuously. 

In 2019, S. T. Chase et al. [67] adopted a continuous adsorption 
refrigerator system to precool the cold-cycle DR. Two adsorption re-
frigerators operated alternately with a cooling power of 200 μW at 340 
mK. When the DR was placed vertically, the lowest temperature was 80 
mK with a cooling power of 3 μW at 94 mK. When the DR was tilted 
within a small angle of ± 8◦, the lowest temperature decreased to 68 mK 
and the cooling power was 3 μW at 88 mK. The amount of 3He inside the 
DR components is only 2 STP liters. 

4.2. Adsorption-pump DR 

In this case the circulation of the 3He is driven by a pair of cryogenic 
adsorption pumps that generate low-pressure and high-pressure source 
simultaneously. Typically, when one adsorption pump adsorbed the 
evaporated 3He from the still, the other desorbed, and the desorbed 3He 
gas entered the feed-in line. The working sequence can be reversed to 
realize a continuous operation. In 1984, V.A. Mikheev et al. [68] real-
ized this concept and a similar DR was studied later by P. Mohandas 
et al. [69] in 1994. The configuration of the latter one is shown in 
Fig. 13. He adopted two adsorption pumps and controlled the opening of 
the inlet and outlet pipelines of the adsorption pumps through cry-
ovalves. The shift period of the two adsorption pumps was 40 mins to 

Fig. 9. A typical dry DR model (Leiden Cryogenics) [58].  
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