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Introduction - Gravitational Waves
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• Observation of gravitational waves by LIGO/Virgo is certainly 
a breakthrough in fundamental physics 

• First observation on 14th of September 2015:  

• Two ~30 solar mass black holes merging about 1.3 
billion light-years from Earth. 

• Frequency range: 10-1000 Hz 

• However, there should/could be many other sources of 
gravitational waves  

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

• Those GW would have frequencies in the GHz regime  

• Should search for high frequency GW

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

[PRL 116, 061102 (2016)] 

See today’s 
talk b

y D
iego 

Blas

See today’s 
talk b

y M
aria 

Haney

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


Kristof Schmieden EPS-HEP 23/08/2023

Conversion of GWs into Photons 
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• Two contributing effects 

• Assuming conversion cavity with volume V within const. B-Field 

• GW deforms cavity 

• Oscillating change of magnetic flux 
• Excitation of EM field  

• Direct conversion of gravitons to photons via the inverse 
Gertsenshtein effect 
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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.

• Resonant excitation of EM field in Cavity 

• Produced EM power given by: 

The Global Network of Cavities to Search for Gravitational Waves
(GravNet): A novel scheme to hunt gravitational waves signatures from
the early universe
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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)

[arXiv:2112.11465]
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Similarity to Axion Searches
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• Axion Haloscopes: 

• RF cavity in magnetic field -> Primakov conversion of axions to photons 
• Resonant excitation of cavity mode 

• Cavity based haloscopes are sensitive to GWs

4
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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.
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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:  
• Typical quadruple structure 
• Preferred mode: TM 020  
• Current direction dependent on GW

• Axions:  
• Preferred mode: TM 010 
• Current dependent on B-field direction 
• Litle overlap with GW mode
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• Axion Haloscopes: 

• RF cavity in magnetic field -> Primakov conversion of axions to photons 
• Resonant excitation of cavity mode 

• Cavity based haloscopes are sensitive to GWs
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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.
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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:  
• Typical quadruple structure 
• Preferred mode: TM 020  
• Current direction dependent on GW

• Axions:  
• Preferred mode: TM 010 
• Current dependent on B-field direction 
• Litle overlap with GW mode
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Projected Sensitivities of Axion Experiments

FIG. 4. Projected sensitivity of axion experiments to high-frequency GWs, assuming an integration time of tint = 2 min for

ADMX, HAYSTAC and CAPP, tint = 4 day for ORGAN, and tint = 1 day for the SQMS parameters. These integration times

are characteristic of data-taking runs in each experiment. The GW-cavity coupling coe�cient is fixed to ⌘n = 0.1 for each

experiment, and the signal bandwidth �⌫ is conservatively fixed to the linewidth of the cavity. Dark (light) blue regions indicate

the sensitivity at the lowest (highest) resonant frequency of the tunable signal mode. For ADMX [46, 120, 122], HAYSTAC [47],

and CAPP [123], the signal mode is TM010, but for ORGAN [48] the signal mode is TM020. The system temperature Tsys

defining the thermal noise floor of each experiment is given in the figure, along with relevant experimental parameters including

the loaded cavity quality factor Q.

A. Sensitivity Estimate

The signal power Psig due to a coherent GW on resonance with the cavity is given by Eq. (23). The signal-to-noise

ratio (SNR) is then given by the Dicke radiometer equation as

SNR '
Psig

Tsys

r
tint

�⌫
, (28)

where Tsys is the e↵ective noise temperature, tint is the measurement integration time, and �⌫ is the signal frequency

bandwidth. The sensitivity is estimated by taking SNR & 1, which after using Eqs. (23) and (28) yields

h0 & 3 ⇥ 10�22
⇥

✓
1 GHz

!g/2⇡

◆3/2✓0.1

⌘n

◆✓
8 T

B0

◆✓
0.1 m3

Vcav

◆5/6✓105

Q

◆1/2✓Tsys

1 K

◆1/2✓ �⌫

10 kHz

◆1/4✓1 min

tint

◆1/4

, (29)

where we have adopted experimental parameters similar to those of ADMX [120]. Recent advances in superconducting

cavity technology suggest that achieving Q = 107 with B0 = 6 T may be possible in the near future [121], and of

course a longer integration time is possible for a dedicated GW search.

In a realistic setup, the signal bandwidth �⌫ will be determined by a combination of factors. For instance, �⌫

is bounded from below by, e.g., the intrinsic frequency spread of the GW source or the drift of the cavity resonant

frequency, and it is bounded from above by the cavity bandwidth ⇠ !g/(2⇡Q). Our conservative benchmark of

�⌫ = 10 kHz corresponds to the cavity bandwidth for Q = 105 and !g/2⇡ = 1 GHz, similar to that of the ADMX

cavity. The fundamental lower bound on the bandwidth is given by the frequency resolution �⌫ & 1/tint, which
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Interesting sensitivity 
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• Several well motivated beyond the standard model  sources: 

• Primoridal black hole mergers 
• Chirp signals 

• GW from boson clouds around BHs 
• (BH super radiance) 
• Monochromatic over long timescales 

• Stochastic GW background 
• Even lower energy 
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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

`

⇣
↵

0.1

⌘⇣
✏

10�3

⌘✓
dL

kpc

◆�1✓
mPBH

10�6M�

◆
, (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

✓
mPBH

10�6M�

◆⇣
↵

0.1

⌘�15
✓
�i � �f

0.5

◆�1

, (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�
�
.
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[Gabriele Franciolini, Anshuman Maharana, 
Francesco Muia; arXiv:2205.02153v1]

• Displayed expected experimental sensitivities for PBHs: 

• Assuming GW signal long enough to ring up cavity 

• E.g.: given for ADMX,SQMS @  mPBH ≈ 10−10M⊙
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Figure 7. We plot characteristic GW amplitude h0 emitted by a PBH binary merger at a distance
dL = dyr. Each color reports a different value of mPBH ⇢ (10

�4
÷ 10

�11
)M� as indicated in the

insets. The highest part of the filled band corresponds to the strain obtained assuming the maximum
theoretical merger rate Rmax

PBH (see Sec. 2.2.4), while the lowest curve corresponds to the strain values
obtained for fPBH = 1 in the standard scenario using Eq. (2.26). For each experimental apparatus,
we report four different lines, corresponding to the four integration times allowed by the signal
with masses spanning four decades below the heaviest observable merger. For example, considering
for example the DMR detectors, each line from top to bottom corresponds to different integration
times set by the maximum time spent by mergers of masses mPBH = (10

�5
, 10

�6
, 10

�7
, 10

�8
)M�

around the frequency of f ' 400 MHz. See the main text for a complete description of the detector
specifications.

For the case of the SPD detectors described in Sec. 3.1, the sensitivity curves from top
to bottom refer to PBH inspirals with masses

mPBH ⇢

8
>><

>>:

(10
�6

, 10
�7

, 10
�8

, 10
�9

)M� HSPD,

(10
�7

, 10
�8

, 10
�9

, 10
�10

)M� MADMAX,

(10
�8

, 10
�9

, 10
�10

, 10
�11

)M� IAXO,

(3.10)

respectively. Note that the short duration of the various signals in these frequency bands
makes the sensitivity degrade significantly. We do not show smaller masses as the signal
amplitude becomes increasingly distant from the detectors’ reach.

For DMR detectors, the curves that we plot in Fig. 7 are evaluated using the quality
factors of the signals corresponding from top to bottom to

mPBH ⇢ (10
�5

, 10
�6

, 10
�7

, 10
�8

)M� DMR. (3.11)

Note, therefore, that the top curve is applicable to the signal corresponding to MPBH =

10
�5

M� PBH inspirals, which are close to the chirp phase (Q ' 1) at the right end of the
DMR frequency band. For this case, which represents the best case scenario in terms of
detectability, the gap between the DMR sensitivity curve and the loudest signal from PBH

– 28 –
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• Supax: superconducting axion search @ Mainz 

• First results on dark photons presented in poster by Tim Schneemann 
• Will study spherical cavities  
• Study of new SC materials for resonant cavity experiments 

The Global Network of Cavities to Search for Gravitational Waves
(GravNet): A novel scheme to hunt gravitational waves signatures from
the early universe
Kristof Schmieden1 and Matthias Schott1,2

1
PRISMA+ Cluster of Excellence, Institute of Physics, Johannes Gutenberg University, Mainz, Germany,

2
Department of Physics, Stony Brook University, USA

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)

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

• Larger fields - smaller volume

• Depends on cavity material:  
•High purity copper: ~5ᐧ104 
• Superconducting:  difficult in high magnetic field! 

• Target:   106  
• Achieved:  3ᐧ105 (CAPP, non tunable) 

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

Metamaterials

14T solenoid magnet 
(existing)

8GHz cavity 
(existing)

Cryo LNA (42dB)

Cavity supportlHe Cryostat

→ to vacuum pumpHe return ←

lHe feed →
← lN2 feed

Cryo circulator

LNA (36dB)

← signal injection
→ to spectrum analyser

Cryo Attenuators

Cryo switch

[arXiv:2308.08337]

https://arxiv.org/abs/2308.08337
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• But what about  combining various setups?  
Disclaimer 

 This is not a fully fledged proposal in all glory detail  

 Rather intended as basis for discussions 
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• Current efforts focus on improving single cavity sensitivity 

• But what about  combining various setups?  

 Vcomb =
itω

N ∑
i

Vieiϕi ∝ NV0

, Vi = V ϕi = ϕ

• Hence the signal power scales linearly in N!
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Fig. 4. Left: Equivalent circuit for one mode of a single-port cavity, Middle: Schematic of an N-Port Power Combiner /

Divider, Right: Equivalent circuit for one mode of a two-port cavity

4.1 Setup

As discussed in the previous section, typical commer-
cially available (and therefore cost-e�cient) high-field
magnets have a cylindrical volume of a high constant
magnetic field. Typical dimensions range between radii
of 2 to 5 cm with a height of 10 to 40 cm. The coupling
constant of GW signals to the cavity is in the order of
¥ 0.1 for cylindrical cavities, but 1 for spherical cavi-
ties. Assuming a constant magnetic field in a cylindrical
value of r = 4 cm and h = 24 cm, one can either fit one
cylindrical cavity with those dimensions or three spher-
ical cavities of r = 4 cm. Comparing the e�ect on Psig

between one cylindrical and one spherical cavity, this
implies a factor on P

cylinder

sig /P
spherical

sig of ¥ 12 due to
larger volume of the cylinder, but a factor of ÷

2 = 0.01
due to the coupling. The overall e�ect on Psig is roughly
up to a factor 10 in favor of a spherical cavity. Using
three coupled cavities instead will increase the e�ective
volume three fold and the SNR by a factor of 6, as can
be seen from eq. 1.

According to those considerations, we foresee three
cavities for one experimental setup of GravNet, each
with a radius of 4 cm, placed in a constant magnetic
field of 14 T with a height of 24 cm. Finally, we assume
that the readout system for GravNet will be based on
Josephson Parametric Amplifiers (JPAs) with system
temperatures of 0.1 K.

An overview of all critical parameters of one exper-
imental GravNet setup is given in Table 1.

4.2 Sensitivities

We think it is realistic to assume that the final GravNet
experiment will combine N = 10 individual experimen-
tal locations across the globe, each hosting three cav-
ities as detailed in the previous section. Assuming 1s
integration time and the sensitivity for each setup as
listed in Table 1, the sensitivity on h0 will improve by
a factor N to h0 < 5 · 10≠24. This requires a phase
aligned combination of the time-series data of each of
the setups, yielding a linear increase in the SNR with
increasing number of setups. To this end the direction
of the incoming GW has to be known to be able to
calculate the relative phase di�erences between the se-
tups depending on their geographic location. This can

Setup Supax GravNet

Shape cyl. spher.

f0 [GHz] 8.3 5.0

Volume [l] 0.128 0.21

Q0 39600 10
6

÷ 0.08 0.6

Tsys [K] 5 0.1

B [T] 14

int. time 1 s

n cavities 1 3

noise power [W] 1.5 · 10
≠21 W 6.2 · 10

≠23 W

h0(Psig = Pnoise) 7.1 · 10
≠21

5.2 · 10
≠23

Table 1. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconducting, spherical cavity with 4 cm radius.

be achieved by assuming any direction of the GW, com-
bining the data and searching for signal and then scan-
ning through both angles defining the direction of the
GW.

The sensitivity can be trivially increased by increas-
ing the integration time of the cavity signals. While
integration times over hours are feasible, this requires
a source with stable frequency over the at least the
intended integration time. Bosonic clouds exhibiting
gravitational superradiance a superb candidate.

Integrating for two hours instead of 1 second leads
to an improved by one order of magnitude on the GW
strain, reaching h0 < 5.6 · 10≠24 for a single setup and
consequently about 5 ·10≠25 for ten setups. The depen-
dence of the sensitivity on h0 on the integration time is
shown in Figure 5.

4.3 Possible Extensions

It should be noted that one could in principle also com-
bine di�erent cavity layouts and magnet systems into
GravNet, which are then testing di�erent resonance fre-
quencies and di�erent sensitivities. Since such a setup
would certainly introduce a certain model dependence
in particular when searching for transient signals, its
final e�ciency still has to be studied in detail.

• Assumed single setup 

• 14T B-field, about 10cm diam., 30cm long 
• 3 spherical cavities @5GHz, SC, high Q  
• 1s integration time

• Phase aligned combination voltages from of N cavities:

Disclaimer 

 This is not a fully fledged proposal in all glory detail  

 Rather intended as basis for discussions 
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• How sensitive can we get with 10 setups, scattered around the globe 

• Assumptions:  

• Sampling of Waveform -> offline combination of phase aligned IQ data 

• 10 setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−23
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• Assumptions:  

• Sampling of Waveform -> offline combination of phase aligned IQ data 

• 10 setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−23
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log10 m /M
⊙ = 10 −7. . .10 −15

 1s integration
• Phase alignment for distributed setups: 

• If signal seen in 3 cavities: direction of GW can be reconstructed 

• Otherwise: scan through all possible directions and repeat combinations 
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• How sensitive can we get with 10 setups, scattered around the globe 

• Assumptions:  

• Sampling of Waveform -> offline combination of phase aligned IQ data 

• 10 setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−23
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 1s integration
• Phase alignment for distributed setups: 

• If signal seen in 3 cavities: direction of GW can be reconstructed 

• Otherwise: scan through all possible directions and repeat combinations 

• No frequency tuning needed:  

• PBH signals are fast transients 

• Single frequency sufficiency 
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• How sensitive can we get with 10 setups, scattered around the globe 

• Assumptions:  

• Sampling of Waveform -> offline combination of phase aligned IQ data 

• 10 setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−23

• Longer integration times 

• Sensitivity gain with integration time t1/4 
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Fig. 5. Shown in the sensitivity on the GW strain h0 in

dependence on the integration time for the resonant cavity

setup with parameters assumed as shown in Table 1.

5 GravNet as Photon Counting Experiment
(GravNet-2)

5.1 Setup

As discussed in Section 3.3, the shape of the cavity does
not increase the likelihood of a conversion, but only the
active volume of the cavity within the magnetic field
is relevant. Given that the cost driving factor is always
the magnet system, but not the design of the cavities,
we assume the same magnet setup as in GravNet-1 but
assume two independent cylindrical cavities with di-
mensions of r = 4 cm and h = 12 cm instead of three
spherical cavities. While the volume increases the sen-
sitivity with V

5/3, one gains significantly more due to
the Binomial probabilities, discussed in Section 3.3.

5.2 Sensitivities

Similar to GravNet-1, we assume again N=10 di�erent
experimental setups, i.e. N = 20 operational single and
independent cavities. The cavities operate at a reso-
nance frequency around 5GHz and exhibit a volume of
0.6 l. The single RF photon detection e�ciency is taken
to be 50%, a dark count rate of 10 Hz and a time reso-
lution of 0.2 ms are assumed, as discussed in section 3,
the following sensitivities are expected.

Assuming a coincidenz time window of 0.2 ms, each
setup, consisting of 2 independent cavities, will show a
coincidence dark count rate of 1.2 counts per minute.
Requiring a coincidence of 5 cavities in total a dark
count rate of 1 in 190 years is expected.

The e�ciency to detect the coincident production of
RF photons in at least 5 out of 20 cavities is calculated
using the binomial distribution with n = 20 and p = 0.5
where P (x Ø 5) = 99.4%.

The question if how this translates to a sensitivity
on the GW strain h0. The photon flux from thermal

noise at 0.1 K and a sensitive bandwidth of 1 kHz is
about 10 photons per second at a photon energy of 5
GHz. At 1 MHz sensitive bandwidth the photon flux in-
creases to 400 Hz. Decreasing the temperature to 0.01 K
reduces the thermal photon flux by one order of mag-
nitude. Hence we assume for the following a photon
flux of 10 Hz from thermal radiation and a negligible
contribution to the dark count rate from the detector
itself. Clearly, to be able to discriminate the thermal
noise photons to a signal from a BPH merging event a
coincidence measurement is needed, as indicated above.

The photon flux Õ generated by a GW can be esti-
mated by dividing the signal power by the photon en-
ergy Õ = Psig/h‹. Using eq. 1 and assuming Q0 = 106

and ÷ = 0.1 the photon flux generated in one cav-
ity in dependence on the GW strain is shown in Fig.
8. Two cavity dimensions are shown: GravNet-a and
GravNet-b, whose parameters are summarized in Table
2. The smaller cavity (GravNet-a) shows a signal pho-
ton flux comparable to the thermal noise of 10 Hz at
h0 = 1.7 ◊ 10≠21 while the larger cavity (GravNet-b)
reaches that flux at h0 = 1.6 ◊ 10≠24.

Setup GravNet-a GravNet-b

radius 40 mm 40 cm

length 12cm 50 cm

Volume [m3
] 6 ◊ 10

≠4
0.25

Q0 10
6

10
5

Tsys [K] 0.1 0.1

B [T] 14 9

noise power [W] 4.4 · 10
≠23 W 4.4 · 10

≠23 W

h0(Psig = Pnoise) 1.6 · 10
≠22

3.4 · 10
≠24

“-flux [1/s] 10 10

Table 2. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconducting, spherical cavity with 4 cm radius.

The target rate of accidental coincidences (ac) from
the thermal noise are set to one per year. This defines
the length of the allowed coincidence window ∆t in de-
pendence on the number of required coincidences k and
the background rate bkg:

1/∆t = (bkg · secPerYear)1/(k≠1) · bkg

The dependence is also shown in Figure 9. Knowing the
needed coincidence interval we can continue and calcu-
late the e�ciency to detect one photon from a GW in
k detectors within the coincidence window. The result
is shown for various assumptions on the signal photon
flux in Figure 10, assuming 20 independent detectors
in total. A photon flux of Õ = 30 Hz is not reliable de-
tected any more, while for a photon flux of Õ = 40 Hz

a detection e�ciency of 1 is still reached using a coinci-
dence of 18 out of 20 cavities with a coincidence window

, 2h integration timeh0 < 10−24
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• GW strain: largest if merging is imminent (closest to innermost stable circular orbit) 

• Frequency drift large

as they emit GWs, they get closer and closer to each other and eventually merge. As
they are approaching, the GW frequency, which is twice the orbital frequency, grows. The
number of cycles that the binary spends at a given frequency f is determined by [199],

Ncycles =
f
2

ḟ
' 2.16⇥ 10

6

✓
f

109 Hz

◆�5/3✓
mPBH

10�9M�

◆�5/3

. (2.33)

Ncycles is an important quantity because it determines whether the signal can be considered
to be approximately monochromatic, if Ncycles � 1. In the stationary phase approximation,
a GW signal with an approximately constant amplitude h0 as defined in Eq. (2.29) produces
a characteristic strain

hc(f) =

s
2f2

ḟ
h0 , (2.34)

where ḟ can be explicitly written as [200]

ḟ =
96

5
⇡
8/3

m
5/3
c f

11/3
' 4.62⇥ 10

11 Hz2
✓

mPBH

10�9M�

◆5/3✓
f

GHz

◆11/3

, (2.35)

and we considered two equal mass PBHs m1 = m2 = mPBH. Note that only close to the
ISCO frequency, namely at the final phase of the merger, the prefactor f

2
/ḟ ⇠ O(1), and

then hc(f) is of the same order of magnitude as the GW amplitude h0.

When comparing a GW signal with a detector sensitivity curve, one has to compare the
observation time tobs with the characteristic time of variation of the frequency tf = f/ḟ . If
tobs ⌧ tf, the observation time sets an upper bound on N

obs
cycles < Ncycles and the characteristic

strain is mainly determined by h0

hc(f) '

q
N

obs
cycles h0 , for tobs ⌧ tf . (2.36)

In the opposite limit, when tobs � tf, then one can observe the signal for its entire duration
and the characteristic strain is enhanced by a factor

p
Ncycles with respect to the GW

amplitude
hc(f) '

p
Ncycles h0 , for tobs � tf . (2.37)

Note that Eq. (2.36) is also valid for strictly monochromatic sources, for which the prefactor
f
2
/ḟ in Eq. (2.34) is not well-defined and the condition tobs ⌧ tf is always satisfied.

In other words, for a coherent GW signal, hc(f) represents the maximum signal that can
be observed at a given frequency, as it takes into account the maximum enhancement due
to the intrinsic number of cycles spent by the binary at that frequency. If the observation
time is smaller than the characteristic time of variation of the GW frequency, then the GW
signal is suppressed by a factor (N

obs
cycles/Ncycles)

1/2 with respect to hc.
In Fig. 4 we plot the detector sensitivity curves against the characteristic strain hc,

which is an upper bound on the observable signal, for a binary located at a distance dyr

– 14 –

• To resonantly excite a cavity:  

• GW frequency must stay within resonator bandwidth  

•   

• Very short integration times O(ms) or below for larger BH masses

ω/Q ≈ 1010Hz /106 = 10kHz

• Resonant detection difficult for HFGWs from PBH mergers! 

• Alternative? 



Kristof Schmieden EPS-HEP 23/08/2023

Alternative for fast transient signals - Photon Counting

11

• Recent progress in R&D for single RF photon counters 

• Several technologies under study 

• Current Biased Josephson Junctions  
• Kerr Josephon Parametric amplifiers 
• Transmon Q-Bit readout

[arXiv:2302.07556 ]
[arXiv:2308.07084 ]
[arXiv:2307.03614 ]

• Shown single photon efficiency: 43% @ 90 Hz dark count rate

• Measurement boils down to a coincidence measurement ! 

• Coincidence window and needed number of coincident detectors optimised depending on 

• Background rate (thermal, detector noise) 
• Signal Rate

2

Figure 1. a) Principle of the photon detector. Two cavities,
the buffer (orange) and the waste (green), are coupled to a
transmon qubit whose non-linearity allows the modes to be
mixed. A pump tone (purple) triggers a four-wave mixing
process, converting an incoming buffer photon into a long-
lived qubit excitation and a waste photon quickly dissipated
into the environment, making the reversal process impossi-
ble. b) Schematic of the SMPD chip. The transmon qubit
(blue) at frequency !q/2⇡ = 6.184 GHz is capacitively cou-
pled to two CPW resonators: the buffer (characteristic see
c.) and the waste (!w/2⇡ = 7.704 GHz, w/2⇡ = 1.8 MHz).
Two Purcell filters are added to protect the qubit from ra-
diative relaxation. The tunability of the detector is ensured
by inserting a SQUID, driven by a flux line (red), in the
buffer resonator. c) Evolution of the buffer frequency with
the respect to the magnetic flux through the SQUID. Or-
ange points are data, solid red line is a fit, and dashed black
line represents the buffer Purcell filter frequency. Due to
the frequency detuning between the buffer and its filter, the
buffer bandwidth b varies with its frequency. Red square
represents the operating point. d) Cyclic operation of the
SMPD consisting in three steps repeated continuously. The
detection window (D) consists in switching on the pump tone
during Td = 10 µs to allow the conversion of the incoming
photon. The measurement window (M) consists in applying
a readout pulse on the waste resonator to measure the qubit
state. The reset window (R) is a conditional loop to reini-
tialize the qubit in its ground state. The average detector
blind time is Tm + Tr = 1.9 µs.

mixing process, directly provided by the transmon qubit
Hamiltonian. The incoming photon impinging on an in-
put resonator with frequency !b (called "buffer" mode,
orange in Fig. 1a) combines with a pump tone at fre-
quency !p and is converted into an excitation in the
transmon qubit mode at frequency !q and an additional

photon in an output resonator mode at frequency !w

(called "waste" mode, green in Fig. 1a). This four-wave
mixing process is described by the Hamiltonian

Ĥ4WM =
p
�b�w

⇣
⇠b̂�̂

†
ŵ

†
+ ⇠

⇤
b̂
†
�̂ŵ

⌘
, (2)

where b̂, ŵ are the annihilation operators correspond-
ing to the buffer mode and waste mode, �̂ is the lower-
ing operator corresponding to the qubit, ⇠ is the pump
amplitude in the qubit mode, and �b and �w are the
dispersive shifts of the transmon qubit with respect to
the buffer and waste modes [21]. For this process to
be activated, the pump frequency is tuned such that
!p+!b = !q+!w��w, to satisfy the four-wave mixing
resonance condition.

The irreversibility of the conversion is ensured by the
coupling of the waste resonator to a dissipative environ-
ment. While the qubit remains excited, the photon in
the waste resonator leaks out in the measurement line
at the rate w. The reciprocal four-wave mixing process
(second term in the parenthesis of Eq.(2)) is therefore
suppressed and the qubit is left in its excited state. The
detector behaves as an energy integrator, which is in-
dependent of the incoming photon waveform provided
that its spectral extension remains included than the
frequency linewidth of the buffer mode.

The four-wave mixing being a resonant process, it is
intrinsically narrowband. To make it a practical detec-
tor, our device is made frequency tunable to match the
photon frequency of interest by inserting a SQUID in
the buffer resonator (see Fig. 1b). The detector fre-
quency can be tuned from !b/2⇡ = 7.005 GHz at zero
magnetic flux applied to the SQUID to !b/2⇡ = 6.824

GHz at 0.25 flux quantum (see Fig. 1c). Two band-
pass Purcell filters are associated with the resonators
to prevent spurious decay of the qubit into the lines
[23]. Therefore, the buffer resonator linewidth depends
on its frequency detuning with respect to its Purcell fil-
ter. The bandwidth b/2⇡ = 3 MHz is maximal for
!b/2⇡ = 6.824 GHz. In the following, the detector is
characterized at !b/2⇡ = 6.979 GHz and b/2⇡ = 0.2

MHz. The fixed resonance frequencies of the device are
those of the waste resonator !w/2⇡ = 7.704 GHz and
the transmon qubit !q/2⇡ = 6.184 GHz. The relaxation
time T1 of the transmon qubit is measured to T1 ⇠ 37

µs (see Fig. 2d) and its equilibrium population fluctu-
ates around peq ⇠ 2 � 4 · 10�4 (see Fig. 2c,d), close to
the lowest reported [24–27].

The optimal pump characteristics (frequency !p/2⇡

and amplitude ⇠) are determined experimentally by
monitoring the qubit population while illuminating the
buffer mode with a weak coherent signal and by sweep-
ing the pump tone frequency and amplitude. As shown
in Fig. 2b, a large excited state population is found in
the qubit state conditioned on the presence of the illu-
minating tone for a pump frequency of !p/2⇡ = 6.885

GHz. This value is in good agreement with the mode

[arXiv:2307.03614 ]
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• Background rate:  

• Average thermal power in cavity @ 0.1K ~ 4x10-23 W, corresponding to 10 photons / s @ 5 GHz  

• Could be lowered going to lower temperatures (challenging) 

• Assuming advances in the near future on the single photon sensors:  

• Detector dark count rate will drop significantly -> negligible  

• Parameter used for Calculation: 

• Allowed accidental coincidence rate: <= 1/year 

• Background rate: 10 Hz 
• N detectors: 20
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• Overall signal efficiency dependent on detector efficiency, coincidence window and signal photon flux: 

•          = signal photon flux  

•
  , k = number of required coincidences, N = number of detectors 

ϵsingle = ϵdetΔtcoincidenceΦsig Φsig

ϵtot = ∑
i>k

(N
k ), p = ϵsingle

• Parameter used for Calculation: 

• Allowed accidental coincidence rate: <= 1/year 

• Background rate: 10 Hz 
• N detectors: 20 
• : 0.5ϵdet
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Signal Rate = 60 Hz

Signal Rate = 50 Hz

Signal Rate = 40 Hz

Signal Rate = 30 Hz

• With 20 detectors a photon flux of 40 Hz can be detected 
with an efficiency of 1 within a coincidence interval of 32ms
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• Signal photon flux depends on conversion region: 

• a) Magnet dimensions as before (9cm diameter),   B = 14T 
• b) Assuming large NMR magnet (80cm diameter), B =   9T

• With 20 detectors a photon flux of 40 Hz can be detected 
with an efficiency of 1 within a coincidence interval of 32ms
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Fig. 5. Shown in the sensitivity on the GW strain h0 in

dependence on the integration time for the resonant cavity

setup with parameters assumed as shown in Table 1.

5 GravNet as Photon Counting Experiment
(GravNet-2)

5.1 Setup

As discussed in Section 3.3, the shape of the cavity does
not increase the likelihood of a conversion, but only the
active volume of the cavity within the magnetic field
is relevant. Given that the cost driving factor is always
the magnet system, but not the design of the cavities,
we assume the same magnet setup as in GravNet-1 but
assume two independent cylindrical cavities with di-
mensions of r = 4 cm and h = 12 cm instead of three
spherical cavities. While the volume increases the sen-
sitivity with V

5/3, one gains significantly more due to
the Binomial probabilities, discussed in Section 3.3.

5.2 Sensitivities

Similar to GravNet-1, we assume again N=10 di�erent
experimental setups, i.e. N = 20 operational single and
independent cavities. The cavities operate at a reso-
nance frequency around 5GHz and exhibit a volume of
0.6 l. The single RF photon detection e�ciency is taken
to be 50%, a dark count rate of 10 Hz and a time reso-
lution of 0.2 ms are assumed, as discussed in section 3,
the following sensitivities are expected.

Assuming a coincidenz time window of 0.2 ms, each
setup, consisting of 2 independent cavities, will show a
coincidence dark count rate of 1.2 counts per minute.
Requiring a coincidence of 5 cavities in total a dark
count rate of 1 in 190 years is expected.

The e�ciency to detect the coincident production of
RF photons in at least 5 out of 20 cavities is calculated
using the binomial distribution with n = 20 and p = 0.5
where P (x Ø 5) = 99.4%.

The question if how this translates to a sensitivity
on the GW strain h0. The photon flux from thermal

noise at 0.1 K and a sensitive bandwidth of 1 kHz is
about 10 photons per second at a photon energy of 5
GHz. At 1 MHz sensitive bandwidth the photon flux in-
creases to 400 Hz. Decreasing the temperature to 0.01 K
reduces the thermal photon flux by one order of mag-
nitude. Hence we assume for the following a photon
flux of 10 Hz from thermal radiation and a negligible
contribution to the dark count rate from the detector
itself. Clearly, to be able to discriminate the thermal
noise photons to a signal from a BPH merging event a
coincidence measurement is needed, as indicated above.

The photon flux Õ generated by a GW can be esti-
mated by dividing the signal power by the photon en-
ergy Õ = Psig/h‹. Using eq. 1 and assuming Q0 = 106

and ÷ = 0.1 the photon flux generated in one cav-
ity in dependence on the GW strain is shown in Fig.
8. Two cavity dimensions are shown: GravNet-a and
GravNet-b, whose parameters are summarized in Table
2. The smaller cavity (GravNet-a) shows a signal pho-
ton flux comparable to the thermal noise of 10 Hz at
h0 = 1.7 ◊ 10≠21 while the larger cavity (GravNet-b)
reaches that flux at h0 = 1.6 ◊ 10≠24.

Setup GravNet-a GravNet-b

radius 40 mm 40 cm

length 12cm 50 cm

Volume [m3
] 6 ◊ 10

≠4
0.25

Q0 10
6

10
5

Tsys [K] 0.1 0.1

B [T] 14 9

noise power [W] 4.4 · 10
≠23 W 4.4 · 10

≠23 W

h0(Psig = Pnoise) 1.6 · 10
≠22

3.4 · 10
≠24

“-flux [1/s] 10 10

Table 2. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconducting, spherical cavity with 4 cm radius.

The target rate of accidental coincidences (ac) from
the thermal noise are set to one per year. This defines
the length of the allowed coincidence window ∆t in de-
pendence on the number of required coincidences k and
the background rate bkg:

1/∆t = (bkg · secPerYear)1/(k≠1) · bkg

The dependence is also shown in Figure 9. Knowing the
needed coincidence interval we can continue and calcu-
late the e�ciency to detect one photon from a GW in
k detectors within the coincidence window. The result
is shown for various assumptions on the signal photon
flux in Figure 10, assuming 20 independent detectors
in total. A photon flux of Õ = 30 Hz is not reliable de-
tected any more, while for a photon flux of Õ = 40 Hz

a detection e�ciency of 1 is still reached using a coinci-
dence of 18 out of 20 cavities with a coincidence window
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• Achievable sensitivity:  

• h0 < 3x10-22  ….   3x10-24

• With coincidence time of 32ms! 
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• Signal photon flux depends on conversion region: 

• a) Magnet dimensions as before (9cm diameter),   B = 14T 
• b) Assuming large NMR magnet (80cm diameter), B =   9T

• With 20 detectors a photon flux of 40 Hz can be detected 
with an efficiency of 1 within a coincidence interval of 32ms
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Fig. 5. Shown in the sensitivity on the GW strain h0 in

dependence on the integration time for the resonant cavity

setup with parameters assumed as shown in Table 1.
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As discussed in Section 3.3, the shape of the cavity does
not increase the likelihood of a conversion, but only the
active volume of the cavity within the magnetic field
is relevant. Given that the cost driving factor is always
the magnet system, but not the design of the cavities,
we assume the same magnet setup as in GravNet-1 but
assume two independent cylindrical cavities with di-
mensions of r = 4 cm and h = 12 cm instead of three
spherical cavities. While the volume increases the sen-
sitivity with V

5/3, one gains significantly more due to
the Binomial probabilities, discussed in Section 3.3.

5.2 Sensitivities

Similar to GravNet-1, we assume again N=10 di�erent
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independent cavities. The cavities operate at a reso-
nance frequency around 5GHz and exhibit a volume of
0.6 l. The single RF photon detection e�ciency is taken
to be 50%, a dark count rate of 10 Hz and a time reso-
lution of 0.2 ms are assumed, as discussed in section 3,
the following sensitivities are expected.

Assuming a coincidenz time window of 0.2 ms, each
setup, consisting of 2 independent cavities, will show a
coincidence dark count rate of 1.2 counts per minute.
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count rate of 1 in 190 years is expected.

The e�ciency to detect the coincident production of
RF photons in at least 5 out of 20 cavities is calculated
using the binomial distribution with n = 20 and p = 0.5
where P (x Ø 5) = 99.4%.

The question if how this translates to a sensitivity
on the GW strain h0. The photon flux from thermal

noise at 0.1 K and a sensitive bandwidth of 1 kHz is
about 10 photons per second at a photon energy of 5
GHz. At 1 MHz sensitive bandwidth the photon flux in-
creases to 400 Hz. Decreasing the temperature to 0.01 K
reduces the thermal photon flux by one order of mag-
nitude. Hence we assume for the following a photon
flux of 10 Hz from thermal radiation and a negligible
contribution to the dark count rate from the detector
itself. Clearly, to be able to discriminate the thermal
noise photons to a signal from a BPH merging event a
coincidence measurement is needed, as indicated above.

The photon flux Õ generated by a GW can be esti-
mated by dividing the signal power by the photon en-
ergy Õ = Psig/h‹. Using eq. 1 and assuming Q0 = 106

and ÷ = 0.1 the photon flux generated in one cav-
ity in dependence on the GW strain is shown in Fig.
8. Two cavity dimensions are shown: GravNet-a and
GravNet-b, whose parameters are summarized in Table
2. The smaller cavity (GravNet-a) shows a signal pho-
ton flux comparable to the thermal noise of 10 Hz at
h0 = 1.7 ◊ 10≠21 while the larger cavity (GravNet-b)
reaches that flux at h0 = 1.6 ◊ 10≠24.
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Table 2. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconducting, spherical cavity with 4 cm radius.

The target rate of accidental coincidences (ac) from
the thermal noise are set to one per year. This defines
the length of the allowed coincidence window ∆t in de-
pendence on the number of required coincidences k and
the background rate bkg:

1/∆t = (bkg · secPerYear)1/(k≠1) · bkg

The dependence is also shown in Figure 9. Knowing the
needed coincidence interval we can continue and calcu-
late the e�ciency to detect one photon from a GW in
k detectors within the coincidence window. The result
is shown for various assumptions on the signal photon
flux in Figure 10, assuming 20 independent detectors
in total. A photon flux of Õ = 30 Hz is not reliable de-
tected any more, while for a photon flux of Õ = 40 Hz

a detection e�ciency of 1 is still reached using a coinci-
dence of 18 out of 20 cavities with a coincidence window
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• Achievable sensitivity:  

• h0 < 3x10-22  ….   3x10-24

• With coincidence time of 32ms! 

 Global network of HFGW detectors will be able 
to reach into the interesting region for PBH with 

existing technologies! 
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setup with parameters assumed as shown in Table 1.

5 GravNet as Photon Counting Experiment
(GravNet-2)

5.1 Setup

As discussed in Section 3.3, the shape of the cavity does
not increase the likelihood of a conversion, but only the
active volume of the cavity within the magnetic field
is relevant. Given that the cost driving factor is always
the magnet system, but not the design of the cavities,
we assume the same magnet setup as in GravNet-1 but
assume two independent cylindrical cavities with di-
mensions of r = 4 cm and h = 12 cm instead of three
spherical cavities. While the volume increases the sen-
sitivity with V

5/3, one gains significantly more due to
the Binomial probabilities, discussed in Section 3.3.

5.2 Sensitivities

Similar to GravNet-1, we assume again N=10 di�erent
experimental setups, i.e. N = 20 operational single and
independent cavities. The cavities operate at a reso-
nance frequency around 5GHz and exhibit a volume of
0.6 l. The single RF photon detection e�ciency is taken
to be 50%, a dark count rate of 10 Hz and a time reso-
lution of 0.2 ms are assumed, as discussed in section 3,
the following sensitivities are expected.

Assuming a coincidenz time window of 0.2 ms, each
setup, consisting of 2 independent cavities, will show a
coincidence dark count rate of 1.2 counts per minute.
Requiring a coincidence of 5 cavities in total a dark
count rate of 1 in 190 years is expected.

The e�ciency to detect the coincident production of
RF photons in at least 5 out of 20 cavities is calculated
using the binomial distribution with n = 20 and p = 0.5
where P (x Ø 5) = 99.4%.

The question if how this translates to a sensitivity
on the GW strain h0. The photon flux from thermal

noise at 0.1 K and a sensitive bandwidth of 1 kHz is
about 10 photons per second at a photon energy of 5
GHz. At 1 MHz sensitive bandwidth the photon flux in-
creases to 400 Hz. Decreasing the temperature to 0.01 K
reduces the thermal photon flux by one order of mag-
nitude. Hence we assume for the following a photon
flux of 10 Hz from thermal radiation and a negligible
contribution to the dark count rate from the detector
itself. Clearly, to be able to discriminate the thermal
noise photons to a signal from a BPH merging event a
coincidence measurement is needed, as indicated above.

The photon flux Õ generated by a GW can be esti-
mated by dividing the signal power by the photon en-
ergy Õ = Psig/h‹. Using eq. 1 and assuming Q0 = 106

and ÷ = 0.1 the photon flux generated in one cav-
ity in dependence on the GW strain is shown in Fig.
8. Two cavity dimensions are shown: GravNet-a and
GravNet-b, whose parameters are summarized in Table
2. The smaller cavity (GravNet-a) shows a signal pho-
ton flux comparable to the thermal noise of 10 Hz at
h0 = 1.7 ◊ 10≠21 while the larger cavity (GravNet-b)
reaches that flux at h0 = 1.6 ◊ 10≠24.
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Table 2. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconducting, spherical cavity with 4 cm radius.

The target rate of accidental coincidences (ac) from
the thermal noise are set to one per year. This defines
the length of the allowed coincidence window ∆t in de-
pendence on the number of required coincidences k and
the background rate bkg:

1/∆t = (bkg · secPerYear)1/(k≠1) · bkg

The dependence is also shown in Figure 9. Knowing the
needed coincidence interval we can continue and calcu-
late the e�ciency to detect one photon from a GW in
k detectors within the coincidence window. The result
is shown for various assumptions on the signal photon
flux in Figure 10, assuming 20 independent detectors
in total. A photon flux of Õ = 30 Hz is not reliable de-
tected any more, while for a photon flux of Õ = 40 Hz

a detection e�ciency of 1 is still reached using a coinci-
dence of 18 out of 20 cavities with a coincidence window
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• Achievable sensitivity:  

• h0 < 3x10-22  ….   3x10-24

• With coincidence time of 32ms! 

 Global network of HFGW detectors will be able 
to reach into the interesting region for PBH with 

existing technologies! 

 Significant room for improvements: 
more detectors, larger volumes, higher detector efficiency
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• To increase the sensitivity of halo scope style experiments we suggest to build a global network of detectors
• Remember: SNR scales linear with number of detectors!
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• Integrating measurement:  
• Sample RF data and combine phase aligned

• Typical integration times too long to be sensitive to BH merges!

• Photon counting style experiments: 
• Recent advancements in single RF photon detection allows to use 
coincidences of several detectors 

• Using 20 independent detectors: 

• Sensitivity: h0 < 3x10-22  ….   3x10-24

 Requires large meta material cavities  
( high frequency @ large volume)

• Single frequency sufficient to hunt for 
PBH mergers! 
• Could even combine measurements at 
different frequencies

tint > O(100s) [arXiv:2112.11465]

[arXiv:2308.11497]

https://arxiv.org/abs/2112.11465
http://arxiv.org/abs/2308.11497


Kristof Schmieden

Conclusion

16EPS-HEP 23/08/2023

• Many advantages in combining efforts to hunt for UHFGWs in coordinated way 

• GravNet would significantly improve the sensitivity on high frequency 
gravitational waves 

• Based on commercial magnet systems, which is comparatively cheap 

• Worldwide collaboration would share costs automatically with local lab-
based experiments 

• Easy exchange of R&D results and integration at all locations 

• Sensitivity to the PBH parameter space with existing technologies! 

 Interested? Let's have a coffee!

 GravNet is an idea up for discussion 

Based on [arXiv:2308.11497]

http://arxiv.org/abs/2308.11497

