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• 2016 breakthrough in fundamental physics:  

• Observation of gravitational waves by LIGO / Virgo 

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.
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[PRL 116, 061102 (2016)] 

• Frequency range: 10-1000 Hz 

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102
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• 8 years later:  
• 90 observed GW events, > 200 Candidate events 
• Able to start statistical analysis 
• New observational window into the universe established  

O4 on going

10 August 2024 update
“LIGO, Virgo, and KAGRA have adopted a change to 
the end date for the O4 observing run, which 
previously had been set as February 2025. It has been 
decided to extend the O4 run, to allow for greater 
preparation of upgrade hardware that will be installed 
for O5. The new end date for O4 is 9 June 2025.”
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● The two LIGO detectors are now running 
with a sensitivity of 140-180 Mpc, and with 
duty cycles of 70-80% 

● Virgo is running with a sensitivity of 50-55 
Mpc, and with duty cycle of ∼ 80% 

● (so far) 81 significant detection candidates  
(almost all BBHs; no BNS; most likely  a 
NS-BH)

14

Sky localization and public alerts
User guide

HasNS: The mass of at least one of the binary components is 
consistent with a NS.
HasRemnant: A non-zero amount of NS material remained 
outside the final remnant compact object
HasMassGap: The mass of at least one of the binary 
components lies in the hypothetical “mass gap” between NS 
and BH 7

to quickly send out alerts to the 
global array of ground- and 

space-based telescopes via the 
NASA’s Gamma-ray 

Coordinates Network (GCN)
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• 2023:  First observation of GW in Pulsar timing array data 
 [Gabriella Agazie et al 2023 ApJL 951 L8]

https://iopscience.iop.org/article/10.3847/2041-8213/acdac6/pdf
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• 2023:  First observation of GW in Pulsar timing array data 
 [Gabriella Agazie et al 2023 ApJL 951 L8]

identical time-dependent delay for all pulsars (i.e., a delay with
monopolar correlations).

Gair et al. (2014) showed that, for a pulsar array distributed
uniformly across the sky, HD correlations can be decomposed
as
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where the P cosl ab( )x are Legendre polynomials of order l
evaluated at the pulsar angular separation ξab. In other words,
an HD-correlated signal should have no power at l= 0 or l= 1.

We can perform a frequentist generic correlation search
using Legendre polynomials79 with the multiple-component
optimal statistic (MCOS; Sardesai & Vigeland 2023)—a
generalized statistic that allows multiple correlation patterns
to be fit simultaneously to the correlation coefficients ρab.
Figure 7 shows the constraints on A A gl l

2 2= obtained by
fitting the correlations ρab to this Legendre series using the
MCOS and marginalizing over CURNγ noise parameter poster-
iors. The quadrupolar structure of the data is evident, along
with a small but significant monopolar contribution.

The same feature from the Legendre decomposition appears
if we use the MCOS to search for multiple correlations
simultaneously: a multiple regression analysis favors models
that contain both significant HD and monopole correlations
(see Appendix G). From simulations of 15 yr–like data sets (see
Appendix H.1), we find a p-value of 0.11 (~2σ) for observing a
monopole at this significance or higher with a pure-HD
injection of amplitude similar to what we observe. We also
perform a model-checking study to assess whether the observed
monopole is consistent with the HD13/3 model (see
Appendix H.2), and we find a p-value of 0.11 for producing
an apparent monopole when the signal is purely HD13/3. Thus,
we conclude that it is possible for an HD-correlated signal to
appear to have monopole correlations in an optimal statistic
analysis at this significance level.

In contrast, Bayesian searches for additional correlations do
not find evidence of additional monopole- or dipole-correlated
red-noise processes; as shown in Figure 2, the Bayes factors for
these processes are ∼1. We also perform a general Bayesian
search for correlations using a CURNfree + HDfree +
MONOPOLEfree + DIPOLEfree model, which allows for indepen-
dent uncorrelated and correlated components at every
frequency bin. We note that this analysis is more flexible than
the ones described above, which assume a power-law power
spectral density. We find no significant dipole-correlated power
at any frequency, and we find monopole-correlated power only
in the second frequency bin ( f2= 3.95 nHz); posteriors of
variance for that bin are shown in the right panel of Figure 6.
Motivated by this finding, we perform a search for HDγ +

SINUSOID, which includes a deterministic sinusoidal delay
(applied to all pulsars alike, as appropriate for a monopole)
with free frequency, amplitude, and phase. The sinusoid’s
posteriors match the free-spectral analysis in frequency and
amplitude; however, the Bayes factor between HDγ + SINU-
SOID and HDγ calculated using two methods (Hee et al. 2015;
Hourihane et al. 2023) is only ∼1, so the signal cannot be
considered statistically significant. Astrophysically motivated

Figure 6. Left: posteriors of Fourier component variance Φi for the CURNfree (left) and HDfree (right) models (see Section 2), plotted at their corresponding frequencies
fi = i/T, with T the 16.03 yr extent of the data set. Excess power is observed in bins 1–8 (somewhat marginally in bin 6); Hellings–Downs-correlated power in bins
1–5 and 8. The dashed line plots the best-fit power law, which has γ ; 3.2 (as in Figure 1(d)); the fit is pushed to lower γ by bins 1 and 8. The dotted line plots the
best-fit power law when γ is fixed to 13/3; it overshoots in bin 1 and undershoots in bin 8. Right: posteriors of variance Φ2 in Fourier bin 2 ( f2 = 3.95 nHz) in a
CURNfree + HDfree + MONOPOLEfree + DIPOLEfree model, showing evidence of a quasi-monochromatic monopole process (dashed). No monopole or dipole power is
observed in all other bins of that joint model, with ΦCURN,i and ΦHD,i posteriors consistent with the left panel.

Figure 7. Multiple-component optimal statistic for a Legendre polynomial
basis Equation (12) with l 5max = . The violin plots show the distributions of
the normalized Legendre coefficients A A gl l

2 2= over CURNγ noise parameter
posteriors. The black dashed line shows the Legendre spectrum of a pure-HD
signal, with the median posterior AHD

2ˆ .

79 A Bayesian method for fitting correlations using Legendre polynomials can
be found inNay et al. (2023).
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shift technique, which removes interpulsar correlations by
adding random phase shifts to the Fourier components of the
common process (Taylor et al. 2017). We find false-alarm
probabilities of p= 10−3 and p= 5× 10−5 for the observed
Bayes factor and optimal statistic, respectively (see Figure 3).

For our fiducial power-law model ( f−2/3 for characteristic
strain and f−13/3 for timing residuals) and a log-uniform
amplitude prior, the Bayesian posterior of GWB amplitude at
the customary reference frequency 1 yr−1 is AGWB =
2.4 100.6

0.7 15´-
+ - (median with 90% credible interval), which is

compatible with current astrophysical estimates for the GWB from
SMBHBs (e.g., Burke-Spolaor et al. 2019; Agazie et al. 2023b).
This corresponds to a total integrated energy density of

9.3 10gw 4.0
5.8 9W = ´-

+ - or 7.7 10 ergs cmgw 3.3
4.8 17 3r = ´-

+ - -

(assuming H0= 70 km s−1Mpc−1) in our sensitive frequency

band. For a more general model of the timing-residual power
spectral density with variable power-law exponent −γ, we find
A 6.4 10GWB 2.7

4.2 15= ´-
+ - and 3.2 0.6

0.6g = -
+ . See Figure 1(b) for

AGWB and γ posteriors. The posterior for γ is consistent with the
value of 13/3 predicted for a population of SMBHBs evolving by
GW emission, although smaller values of γ are preferred;
however, the recovered posteriors are consistent with predictions
from astrophysical models (see Agazie et al. 2023b). We also note
that, unlike our detection statistics (which are calibrated under our
modeling assumptions), the estimation of γ is very sensitive to
minor details in the data model of a few pulsars.
The rest of this paper is organized as follows. We briefly

describe our data set and data model in Section 2. Our main
results are discussed in detail in Sections 3 and 4; they are
supported by a variety of robustness and validation studies,

Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines of evidence for the presence of
Hellings–Downs correlations in the 15 yr NANOGrav data set. Throughout we refer to the 68.3%, 95.4%, and 99.7% regions of distributions as 1σ/2σ/3σ regions,
even in two dimensions. (a) Bayesian “free-spectrum” analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated
stochastic process at frequencies i/T, with T the total data set time span. The blue represents the posterior median and 1σ/2σ posterior bands for a power-law model;
the dashed black line corresponds to a γ = 13/3 (SMBHB-like) power law, plotted with the median posterior amplitude. See Section 3 for more details. (b) Posterior
probability distribution of GWB amplitude and spectral exponent in an HD power-law model, showing 1σ/2σ/3σ credible regions. The value γGWB = 13/3 (dashed
black line) is included in the 99% credible region. The amplitude is referenced to fref = 1 yr−1 (blue) and 0.1 yr−1 (orange). The dashed blue and orange curves in the

Alog10 GWB subpanel show its marginal posterior density for a γ = 13/3 model, with fref = 1 yr−1 and fref = 0.1 yr−1, respectively. See Section 3 for more details. (c)
Angular-separation-binned interpulsar correlations, measured from 2211 distinct pairings in our 67-pulsar array using the frequentist optimal statistic, assuming
maximum-a-posteriori pulsar noise parameters and γ = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each
includes approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned reconstruction accounts for
correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black line shows the Hellings–Downs correlation pattern, and the binned
points are normalized by the amplitude of the γ = 13/3 common process to be on the same scale. Note that we do not employ binning of interpulsar correlations in our
detection statistics; this panel serves as a visual consistency check only. See Section 4 for more frequentist results. (d) Bayesian reconstruction of normalized
interpulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot the marginal posterior densities (plus median and
68% credible values) of the correlations at the knots. The knot positions are fixed and are chosen on the basis of features of the Hellings–Downs curve (also shown as a
dashed black line for reference): they include the maximum and minimum angular separations, the two zero-crossings of the Hellings–Downs curve, and the position
of minimum correlation. See Section 3 for more details.
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https://www.esa.int/ESA_Multimedia/Images/2021/09/The_spectrum_of_gravitational_waves
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 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
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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,
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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
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A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps
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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
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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! 
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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
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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.

PHYSICAL REVIEW LETTERS 126, 021104 (2021)

021104-2

• 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 ] 
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Without loss of generality, we assume that the magnetic
field points in the ê1 direction. See Fig. 1. In this coordinate
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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
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=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
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: 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
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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-
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• Electromagnetoc field  
• (Source of virtual photons) 		 	 => B-Field 

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

• Noise suppression 	 	 	 	 	 	 => Cryogenic setup 

• High sensitivity 	 	 	 	 	 	 	 => Low Noise, high gain DAQ 
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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
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osc=ð2ΔlÞ [25,26], corresponding to an
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given by
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In the Supplemental Material [31] we demonstrate that this
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• Suspicious similarity with axion haloscopes 

• Indeed: Identical setup  

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
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10-15 m

Naive estimate gives: 

EDMn  

[https://cds.cern.ch/record/198102/]

≈ 10−16 e cm

CPV in QCD

CPT |n > = |n >

+

-

⃗r

⃗d = q ⋅ ⃗r
Dipole moment
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10-15 m

Naive estimate gives: 

EDMn  

[https://cds.cern.ch/record/198102/]

≈ 10−16 e cm

CPV in QCD

Why is EDM so 
small ?

Phys. Rev. Lett. 124 (8) 081803: 

EDMn = 0.0 ± 1.1stat ± 0.2sys × 10−26e cm

CPT |n > = |n >

+

-

⃗r

⃗d = q ⋅ ⃗r
Dipole moment

https://cds.cern.ch/record/198102/%5D
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Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion
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Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion
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Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion
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Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion
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Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion
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VI Reasons to like Axions

1. … may solve the strong CP problem 

2. … may be Dark Matter 

3. … may explain anomalous star cooling 

4. … may explain TeV transparency of intergalactic space 

5. … may contribute to (g-2)µ  

6. … are well motivated by string theory
[arXiv:0605206]

•  Axion-like fields emerge in string theory in 10D -> 4D compactifications 
as Kaluza-Klein zero modes of ten-dimensional form fields

[A. Ringwald 2014 J. Phys.: Conf. Ser. 485 012013]

https://arxiv.org/abs/hep-th/0605206
https://iopscience.iop.org/article/10.1088/1742-6596/485/1/012013
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• Dedicated cavities needed for 
GW detection 

• Optimal geometry?

conducted in two parts: a cooling ramp between 6 and 300 K and a
heating ramp between 310 and 450 K. Fig. 3 shows the two experi-
mental setups used for each section of the temperature range. The
fractional frequency shift for both ramps was measured through 2-port

S-parameters, with the cooling ramp using a Keysight Fieldfox N9914A
portable vector network analyser (VNA) and the heating ramp using a
lab based Keysight VNA. Due to a wider available frequency range in
the heating ramp setup, higher order modes, TM210 and TM310, were
also observed between 310 and 450 K to investigate the influence of
field magnitudes distribution on CTE. The cooling system used for the
low temperature range is a Bluefors dilution fridge with a cooling rate
of 0.2 K/min. The AM microwave cavity resonator was clamped to the
still plate with copper straps and the temperature of the cavity was
directly measured using a calibrated diode thermometer. To ensure
good thermal contact with the plate, the rough as-manufactured surface
of the cavity was polished until visually smooth. For the high tem-
perature range, the cavity was heated in a Memmert UF 30 oven with a
1 K/min heating rate. A National Instruments (NI) NI-cDAQ-9171 was
used to interface two temperature sensors and a NI LabVIEW program
was used to record all measurements during the oven ramp. A com-
parison between the Keysight and Fieldfox VNAs was performed to
ensure consistency in frequency measurements. Measurements of the
voltage transmission coefficient, S21, taken under the same environ-
mental conditions produced a deviation of ≈20 kHz between the re-
sonant frequency of TM010 recorded by the two measurements systems.
Therefore random errors are very small, less than 0.1% owing to the
high precision of frequency measurement, but a systematic error of±
1 K in temperature measurement around room temperature results in
a± 0.3% error in CTE.

4. Results and discussion

The resonant frequency of the PBF produced cylindrical cavity
across the full temperature range is shown in Fig. 4. At ∼310 K there is
a deviation from the trend line in the absolute values of the resonant
frequency when comparing the fridge and oven measurements. This is
due to the design of the cavity containing a hole at the top and bottom.
Since the electric field of the TM010 mode is central and parallel to the
axis of the cavity, the electric field leaks from the hole. This fringing
field will interact with materials external to the cavity, in this instance
the copper strip attaching the cavity to the cold plate of the dilution
fridge. The exact proximity and material was not replicated in the oven
ramp and explains the deviation from the trend line. At temperatures
above ∼150 K, we observe that the resonant frequency is linearly
proportional to the ambient temperature. When cooled to temperatures
lower than ∼150 K, the resonant frequency starts to saturate and is no
longer linearly dependent on temperature, while at temperatures below
∼40 K this tends to a constant. The inset of Fig. 4 are S21 traces at three
temperature points with the corresponding Q factor values. We observe
that at lower temperatures the 3 dB bandwidth is narrow with a higher
Q factor, relating inversely to electrical resistance. Comparing the
measured Q factor values to an equivalent cavity produced via

Fig. 2. (a) Cylindrical cavity produced through laser powder bed fusion, (b)
electric and magnetic field magnitude distributions of TM010, TM210 and TM310

modes.

Fig. 3. Photograph of the experimental setup for the dilution fridge (6–300 K)
and oven ramps (310–450 K).

Fig. 4. Resonant frequency shift of TM010 as a function of temperature. The
dashed line is added as a guide to the eye. Inset plot of normalised S21 traces at
different temperatures.

R. Gumbleton, et al. Additive Manufacturing 30 (2019) 100841

3

E - field distribution

• Fundamental differences to Axions: 

• Quadrupol vs. Dipole structure 

• GWs are transient signals!  

• Long integration times not useful 
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• Dedicated cavities needed for 
GW detection 

• Optimal geometry?

ø = 48mm, GravNet prototype cavity 

P. Schwaller et. al. arXiv:2404.08572

• Collaboration with our theory 
colleagues at Mainz: 

conducted in two parts: a cooling ramp between 6 and 300 K and a
heating ramp between 310 and 450 K. Fig. 3 shows the two experi-
mental setups used for each section of the temperature range. The
fractional frequency shift for both ramps was measured through 2-port

S-parameters, with the cooling ramp using a Keysight Fieldfox N9914A
portable vector network analyser (VNA) and the heating ramp using a
lab based Keysight VNA. Due to a wider available frequency range in
the heating ramp setup, higher order modes, TM210 and TM310, were
also observed between 310 and 450 K to investigate the influence of
field magnitudes distribution on CTE. The cooling system used for the
low temperature range is a Bluefors dilution fridge with a cooling rate
of 0.2 K/min. The AM microwave cavity resonator was clamped to the
still plate with copper straps and the temperature of the cavity was
directly measured using a calibrated diode thermometer. To ensure
good thermal contact with the plate, the rough as-manufactured surface
of the cavity was polished until visually smooth. For the high tem-
perature range, the cavity was heated in a Memmert UF 30 oven with a
1 K/min heating rate. A National Instruments (NI) NI-cDAQ-9171 was
used to interface two temperature sensors and a NI LabVIEW program
was used to record all measurements during the oven ramp. A com-
parison between the Keysight and Fieldfox VNAs was performed to
ensure consistency in frequency measurements. Measurements of the
voltage transmission coefficient, S21, taken under the same environ-
mental conditions produced a deviation of ≈20 kHz between the re-
sonant frequency of TM010 recorded by the two measurements systems.
Therefore random errors are very small, less than 0.1% owing to the
high precision of frequency measurement, but a systematic error of±
1 K in temperature measurement around room temperature results in
a± 0.3% error in CTE.

4. Results and discussion

The resonant frequency of the PBF produced cylindrical cavity
across the full temperature range is shown in Fig. 4. At ∼310 K there is
a deviation from the trend line in the absolute values of the resonant
frequency when comparing the fridge and oven measurements. This is
due to the design of the cavity containing a hole at the top and bottom.
Since the electric field of the TM010 mode is central and parallel to the
axis of the cavity, the electric field leaks from the hole. This fringing
field will interact with materials external to the cavity, in this instance
the copper strip attaching the cavity to the cold plate of the dilution
fridge. The exact proximity and material was not replicated in the oven
ramp and explains the deviation from the trend line. At temperatures
above ∼150 K, we observe that the resonant frequency is linearly
proportional to the ambient temperature. When cooled to temperatures
lower than ∼150 K, the resonant frequency starts to saturate and is no
longer linearly dependent on temperature, while at temperatures below
∼40 K this tends to a constant. The inset of Fig. 4 are S21 traces at three
temperature points with the corresponding Q factor values. We observe
that at lower temperatures the 3 dB bandwidth is narrow with a higher
Q factor, relating inversely to electrical resistance. Comparing the
measured Q factor values to an equivalent cavity produced via

Fig. 2. (a) Cylindrical cavity produced through laser powder bed fusion, (b)
electric and magnetic field magnitude distributions of TM010, TM210 and TM310

modes.

Fig. 3. Photograph of the experimental setup for the dilution fridge (6–300 K)
and oven ramps (310–450 K).

Fig. 4. Resonant frequency shift of TM010 as a function of temperature. The
dashed line is added as a guide to the eye. Inset plot of normalised S21 traces at
different temperatures.

R. Gumbleton, et al. Additive Manufacturing 30 (2019) 100841
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E - field distribution

• Fundamental differences to Axions: 

• Quadrupol vs. Dipole structure 

• GWs are transient signals!  

• Long integration times not useful 

https://arxiv.org/abs/2404.08572
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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

[arXiv:2112.11465]

• Ideal setup:  
• Axion setup has NO overlap with GW mode!

• Signal lifetime:  
• Axions: 		 	 	 	 	 infinite 	 => Integration time O(100s) 
• GW merging events: 	 µs - ms 	 => Need new analysis techniques

https://arxiv.org/abs/2112.11465
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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

14

10�24 10�23 10�22 10�21 10�20 10�19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2⇡ � [0.65, 1.02] GHz

Q � 8 � 10
4, B0 = 7.5 T

Vcav = 136 L, Tsys � 0.6 K

!g/2⇡ � [5.6, 5.8] GHz

Q � 3 � 10
4, B0 = 9 T

Vcav = 2 L, Tsys � 0.13 K

!g/2⇡ � [1.6, 1.65] GHz

Q � 4 � 10
4, B0 = 7.3 T

Vcav = 3.47 L, Tsys � 1.2 K

!g/2⇡ = 26.531 GHz

Q � 1.3 � 10
4, B0 = 7 T

Vcav � 0.0078 L, Tsys � 4 K

!g/2⇡ � [1, 2] GHz

Q � 10
6, B0 = 5 T

Vcav = 100 L, Tsys � 1 K

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

120s

120s

120s

4d

1d

t_int

Interesting sensitivity 
range for PBH

[Detecting high-frequency gravitational waves with microwave cavities
   Asher Berlin, Diego Blas, Raffaele Tito D'Agnolo , Sebastian A.R. Ellis
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• Ideal setup:  
• Axion setup has NO overlap with GW mode!

• Signal lifetime:  
• Axions: 		 	 	 	 	 infinite 	 => Integration time O(100s) 
• GW merging events: 	 µs - ms 	 => Need new analysis techniques

https://arxiv.org/abs/2112.11465
https://arxiv.org/abs/2112.11465
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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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Need to tune the cavity over a vast 
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What we do 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]

Magnet @ HIM in D. Budkers group

14T solenoid magnet 

8GHz 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

https://arxiv.org/abs/2308.08337
https://arxiv.org/abs/2308.08337
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Current Efforts at Mainz - SupAx / GravNet
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• Magnet bore: 89mm 
• Inner cryostat diameter: 50 mm

• Suppression of 300K noise from outside: 
• Attenuators on input lines @ 4K 

• Isolator (Circulator) before Preamp 
• Reduction of residual RF reflection 

• Cryo Preamp @ 4K, 10GHz:  
• Gain:	 36 dB 
• Noise: 3.8K (0.06dB)

14T solenoid magnet 

8GHz cavity 

Cryo LNA (36dB)

Cavity supportlHe Cryostat

→ to vacuum pumpHe return ←

lHe feed →
← lN2 feed

Cryo circulator

LNA (38dB)

← signal injection
→ to spectrum analyser

Cryo Attenuators

Sample tube

• New haloscope setup for R&D and physics

• Cavity resonance frequency:  
• 8.4 GHz
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Supax / GravNet - Measurements
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Magnet  
(warm bore)

Cryostat

Inset Top
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Supax / GravNet - DAQ system
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• Readout 

• 40 MHz realtime IQ data: 200MB/s 
• Realtime FFT, averaging and DQ

RF Cavity Pre-amp: 
LNF-LNC4_16B 

Attenuator

Spectrum 
analyser: 
RSA518

RF input

DAQ PC via USB3

Circultaor 

26 dB

Pre-amp

26 dB
T

T

P

• Slowcontrol 

• Temperature and pressure sensors 
• Monitoring with Influx + Grafana 

• T: PID control  
• P: Actuator in development

T : Environmental sensors
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Supax / GravNet - DAQ system

26

• Readout 

• 40 MHz realtime IQ data: 200MB/s 
• Realtime FFT, averaging and DQ

RF Cavity Pre-amp: 
LNF-LNC4_16B 

Attenuator

Spectrum 
analyser: 
RSA518

RF input

DAQ PC via USB3

Circultaor 

26 dB

Pre-amp

26 dB
T

T

P

• Slowcontrol 

• Temperature and pressure sensors 
• Monitoring with Influx + Grafana 

• T: PID control  
• P: Actuator in development

T : Environmental sensors

• Readout - Future 

• JPA based readout  
• Eventually: Quantum detectors for single photons
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Axions vs. Gravitational waves in haloscopes
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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 range

[Detecting high-frequency gravitational waves with microwave cavities
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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
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, (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
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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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• Resonant excitation of EM field in Cavity 

• Produced EM power given by: 

Pa
sig ∝ QV (ηdgγB0)2

PGW
sig ∝ ω3

gQV5/3(ηqh0B0)2

https://arxiv.org/abs/2112.11465
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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
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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
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Additional the GW couples directly to the EM field
via the inverse Gertsenshtein e�ect. In other words:
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in Maxwell’s equations, leading to an electromagnetic
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resonantly enhanced using microwave cavities and the
generated radio frequency power detected.

The sensitivity of such experiments depends on the
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quencies spanning from super massive binary black hole
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objects and up to GHz for GWs from the cosmic grav-
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a gravitational wave that is passing through a cavity
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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
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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
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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
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from TTI [7].
In order to be able to measure the quality factor in this
configuration a switch was necessary to bypass the low noise
amplifier. The signal from the critical coupled port goes from
the switch to one port of a vector network analyser while the
weakly coupled port goes directly to the device.
The magnet bore was filled with liquid helium which has a
dielectric constant of 1.049343 at 4.2K [8]. The insertion into
a dielectric de-tunes our cavity and results in a resonance
frequency of about 8.8GHz during data-taking. Fig. 5 shows
the experimental set-up. Two cavities were installed at the
same time in the magnet bore of 54mm diameter. The bottom
cavity was the Nb3Sn coated cavity and the top one the HTS-
tape cavity. A Hall sensor was attached onto the bottom cavity
in order to align the cavity with the magnetic field.

Fig. 5: Schematics of the experimental set-up for the quality
factor measurements and axion data taking in a 11T magnetic
field at CERN.

V. RESULTS

The quality factor for each cavity was calculated from the S-
parameter measurements with a vector network analyser using
the 3dB method to determine Ql:

Ql =
f0

�f3dB
, (2)

where f0 is the frequency of the maximum amplitude and
�f3dB the bandwidth at - 3 dB. The coupling of the strongly
coupled port was determined using the reflection parameters.
During the measurement in liquid helium we observed a fast

frequency drift which interfered with the Q measurement and
suspect pressure fluctuations to be responsible for this shift.
For each measurement we recorded a frequency range of
2MHz measuring 10 001 points in this range. The frequency
sweep took about 6 seconds and the drift in the frequency
within this time is reflected by the error bars of the Q values
in Fig. 6. The magnetic field was ramped up in 1T steps with
a speed of 10A/s(about 1000 Ampere per Tesla). Afterwards
the field was kept constant for 10 minutes and the quality
factor of both cavities was measured. The results for the
Q0 of both cavities are shown in Fig. 6. The quality factor
of the HTS tape cavity remained almost constant between
60 000 and 80 000 up to 11.6T, while Nb3Sn decreased
considerably and performed worse than our copper reference
cavity above 3T.Investigations about this behaviour are
ongoing. The HTS cavity outperformed the copper cavity by
50% in quality factor and increased the sensitivity of our
axion data-taking. These physics results will be the object of
a separate publication.

Fig. 6: Results of quality factor measurements with the cavity
immersed in liquid helium.
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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].
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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
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from TTI [7].
In order to be able to measure the quality factor in this
configuration a switch was necessary to bypass the low noise
amplifier. The signal from the critical coupled port goes from
the switch to one port of a vector network analyser while the
weakly coupled port goes directly to the device.
The magnet bore was filled with liquid helium which has a
dielectric constant of 1.049343 at 4.2K [8]. The insertion into
a dielectric de-tunes our cavity and results in a resonance
frequency of about 8.8GHz during data-taking. Fig. 5 shows
the experimental set-up. Two cavities were installed at the
same time in the magnet bore of 54mm diameter. The bottom
cavity was the Nb3Sn coated cavity and the top one the HTS-
tape cavity. A Hall sensor was attached onto the bottom cavity
in order to align the cavity with the magnetic field.

Fig. 5: Schematics of the experimental set-up for the quality
factor measurements and axion data taking in a 11T magnetic
field at CERN.

V. RESULTS

The quality factor for each cavity was calculated from the S-
parameter measurements with a vector network analyser using
the 3dB method to determine Ql:

Ql =
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, (2)

where f0 is the frequency of the maximum amplitude and
�f3dB the bandwidth at - 3 dB. The coupling of the strongly
coupled port was determined using the reflection parameters.
During the measurement in liquid helium we observed a fast

frequency drift which interfered with the Q measurement and
suspect pressure fluctuations to be responsible for this shift.
For each measurement we recorded a frequency range of
2MHz measuring 10 001 points in this range. The frequency
sweep took about 6 seconds and the drift in the frequency
within this time is reflected by the error bars of the Q values
in Fig. 6. The magnetic field was ramped up in 1T steps with
a speed of 10A/s(about 1000 Ampere per Tesla). Afterwards
the field was kept constant for 10 minutes and the quality
factor of both cavities was measured. The results for the
Q0 of both cavities are shown in Fig. 6. The quality factor
of the HTS tape cavity remained almost constant between
60 000 and 80 000 up to 11.6T, while Nb3Sn decreased
considerably and performed worse than our copper reference
cavity above 3T.Investigations about this behaviour are
ongoing. The HTS cavity outperformed the copper cavity by
50% in quality factor and increased the sensitivity of our
axion data-taking. These physics results will be the object of
a separate publication.

Fig. 6: Results of quality factor measurements with the cavity
immersed in liquid helium.
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NbN     

• 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) 
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• Working setup

• Sensitive to HFGW ( ~ GHz ) 

• Which sources can be seen?  

• Is there anything emitting GHz 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 

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

• First observed sources:          Black hole merging events

• Chirp signals 

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

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

• First observed sources:          Black hole merging events

• Chirp signals 

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

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102
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• Chandrasekhar limit: 		 	 	 	 	 Up to 1.4  white dwarfs are stable 
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 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⊙
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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.
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• Frequency range: 10-1000 Hz 
• Primordial black hole mergers

• Chirp signals

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102
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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.
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• Frequency range: 10-1000 Hz 

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

• Primordial:

• Hypothetical BHs created shortly after the big bang, 
before the first stars were formed  

• Not limited to the narrow mass range of stellar BHs

• Primordial black hole mergers

• Chirp signals

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102
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• Primordial black hole merges 
• 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)
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• Sources for HFGWs: 

• Primordial black hole merges 
• 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⊙

• 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
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• Sources for HFGWs: 

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

Why are PBH interesting objects? 

 Could be dark matter • How many could we possibly expect? 
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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 –

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

• Assuming   

• Allowed for: 

fPBH = ΩPBH /ΩDM = 1

[arXiv:1906.05950]

where F+,⇥(✓) is a function that depends on the binary orientation angle ✓, G+,⇥(t) corre-
sponds to the binary oscillation phase, and

h0 =
4

dL
(Gmc)

5/3
(⇡f)

2/3

' 9.77⇥ 10
�34

✓
f

1GHz

◆2/3✓
mPBH

10�12M�

◆5/3✓
dL

1 kpc

◆�1

, (2.29)

where mc = (m1m2)
3/5

/(m1 +m2)
1/5 is the chirp mass for two BHs with masses m1 and

m2 (in the last step we have used m1 = m2 = mPBH), and dL is the distance from the
observer. Adopting the stationary phase approximation, the GW signal in Fourier space
is [198]

h̃+,⇥(f) = A+,⇥e
i +,⇥(f)

, (2.30)

where the explicit expressions for  +,⇥(f) and A+,⇥ are given e.g. in [197]. Assuming equal
mass binaries, the characteristic strain hc(f) ⌘ 2f |h̃(f)| is

|hc(f)| ' 4.54⇥ 10
�28

✓
mPBH

10�12M�

◆5/6✓
dL

kpc

◆�1✓
f

GHz

◆�1/6

, (2.31)

where we have used that ignoring the angular dependence one has |h̃(f)| ⇡ |h̃+(f)| ⇡

|h̃⇥(f)|. This modeling of the GW signal only includes the inspiral phase of the binary
up to the ISCO frequency in Eq. (1.1), before the objects plunge, merge and the ringdown
signal is emitted by the remnant BH reaching its stationary configuration. This is, however,
sufficient for our purposes as only the GW signal produced during the inspiral phase can last
for a sufficiently long time to allow for potential detection (see more details in Sec. 3). We
also observe from Fig. 3 that for binaries at the edge of the galactic DM enhancement (e.g.
mPBH & 10

�6
M� and high fPBH), the characteristic distance grows roughly as dyr / mPBH.

On the other hand, the characteristic strain scales as hc / m
5/6
PBH. This means that one

expects a similar strain from characteristic inspiralling sources within such a mass range,
unless mPBH & 10

�3
M�.

An important property of inspiralling sources is the GW signal duration. If we consider
an equal mass PBH binary with m1 = m2 = mPBH, the coalescence time can be written
as [197]

⌧(f) ⇡ 83 sec

✓
mPBH

10�12M�

◆�5/3✓
f

GHz

◆�8/3

. (2.32)

Using Eq. (2.32), one can find the time spent by the inspiral phase to span a given frequency
interval. This quantity will be crucial when computing the detector sensitivities in Sec. 3.
In Fig. 3, we show the time it takes for an equal-mass binary to span at least half a decade
of frequencies. We warn the reader, however, that the time spent spanning a very narrow
resonant frequency band could be much smaller than what is estimated in Eq. 2.32. We
will discuss this in detail in the next section.

2.4.1 GW amplitude vs characteristic strain

The variation of the GW frequency plays a crucial role in the definition of the characteristic
strain for coherent GW signals. Let us consider for instance two BHs in the inspiral phase:

– 13 –

h0

https://arxiv.org/abs/2205.02153
https://arxiv.org/abs/2205.02153
https://arxiv.org/abs/19606.05950
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where we have used that ignoring the angular dependence one has |h̃(f)| ⇡ |h̃+(f)| ⇡

|h̃⇥(f)|. This modeling of the GW signal only includes the inspiral phase of the binary
up to the ISCO frequency in Eq. (1.1), before the objects plunge, merge and the ringdown
signal is emitted by the remnant BH reaching its stationary configuration. This is, however,
sufficient for our purposes as only the GW signal produced during the inspiral phase can last
for a sufficiently long time to allow for potential detection (see more details in Sec. 3). We
also observe from Fig. 3 that for binaries at the edge of the galactic DM enhancement (e.g.
mPBH & 10

�6
M� and high fPBH), the characteristic distance grows roughly as dyr / mPBH.

On the other hand, the characteristic strain scales as hc / m
5/6
PBH. This means that one

expects a similar strain from characteristic inspiralling sources within such a mass range,
unless mPBH & 10

�3
M�.

An important property of inspiralling sources is the GW signal duration. If we consider
an equal mass PBH binary with m1 = m2 = mPBH, the coalescence time can be written
as [197]

⌧(f) ⇡ 83 sec

✓
mPBH

10�12M�

◆�5/3✓
f

GHz

◆�8/3

. (2.32)

Using Eq. (2.32), one can find the time spent by the inspiral phase to span a given frequency
interval. This quantity will be crucial when computing the detector sensitivities in Sec. 3.
In Fig. 3, we show the time it takes for an equal-mass binary to span at least half a decade
of frequencies. We warn the reader, however, that the time spent spanning a very narrow
resonant frequency band could be much smaller than what is estimated in Eq. 2.32. We
will discuss this in detail in the next section.

2.4.1 GW amplitude vs characteristic strain

The variation of the GW frequency plays a crucial role in the definition of the characteristic
strain for coherent GW signals. Let us consider for instance two BHs in the inspiral phase:
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h0

• Distance = dyr = radius of sphere with  PBH 
merger / year 

• Slope change: impact of local DM over density

≥ 1

10-14 10-12 10-10 10-8 10-6 10-4
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100

101
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103

104

Figure 3. Left: Charactetistic size of a region containing at least a merger event per year. The
change in slope happening around 10

�5
M� corresponds to where the local DM enhancement start

decreasing, i.e. for r & r�. Right: Time it takes for a BH binary of masses m1 = m2 = m to span
a range of frequencies at least as large as half a decade above fst.

where we defined the overdensity factor �(r) ⌘ ⇢DM(r)/⇢̄DM. Therefore, one finds that this
correction falls within the range �(r) ⇢ (1÷ 2⇥ 10

5
) .

Accounting for this local enhancement factor, we compute the volume Vyr, or equiva-
lently the distance dyr ⌘ (3Vyr/4⇡)

1/3, enclosing the region where one expects at least one
merger per year, on average. We will neglect the effect of cosmological redshift as it is
irrelevant for the small distances we are concerned with. We define the number of events
per year Nyr within the volume Vyr as

Nyr ⌘ �t

Z dyr

0
dr4⇡r

2
R

local
PBH(r) , (2.27)

where we set �t = 1yr. In Fig. 3, we show the distance dyr as a function of PBH masses
and abundance for Nyr = 1 and assuming a narrow PBH mass distribution. It is interesting
to notice that when the characteristic merger distance becomes larger than O(10) kpc,
the galactic overdensity decreases significantly and dyr changes slope, leading to steeper
dependence on PBH mass. Once �(r) ⇠ O(1), the slope goes back to the one expected from
the volume factor and a constant merger rate per unit volume.

2.4 Gravitational wave strain and signal duration

As we will see in the following, two crucial properties of PBH mergers affects the binary
detectability. These are the characteristic GW strain and the GW signal duration. The
leading-order GW signal from a BH inspiral for the two polarizations h+,⇥ in the stationary
phase approximation (assuming that the frequency varies slowly) can be written as [197]

h+,⇥(t) = h0 F+,⇥(✓)G+,⇥(t) , (2.28)
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https://arxiv.org/abs/2205.02153
https://arxiv.org/abs/2205.02153
https://arxiv.org/abs/19606.05950
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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)
• … 
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• 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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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

`

⇣
↵

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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• Monochromatic, coherent signal! 

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

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

Very low strain expected:
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[arXiv:2312.14679]


https://arxiv.org/html/2312.14679
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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]
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⇣
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⌘✓
dL
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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

✓
mPBH

10�6M�

◆⇣
↵

0.1
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✓
�i � �f

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

https://arxiv.org/abs/2205.02153
https://arxiv.org/abs/2205.02153
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• Most interesting UHFGW source: Primordial black hole merges 

• Fast transient signal! 

• Typically ~10ms - 100ms in GHz range 

• Long integration times are not applicable! 

• Analysis strategies: 

• Frequency domain analysis with short integration intervals 

• Time-domain analysis

• To resonantly excite a cavity:  

• GW frequency must stay within resonator bandwidth  

•   

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

ω/Q ≈ 109Hz /105 = 10kHz

·f = 4.62 ⋅ 1011Hz2 ( mPBH

10−9M⊙ )
5/3

( f
GHz )

11/3
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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 = 14 T 
• f0 = 8 GHz 

         h0 > 10−22

 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 … 
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• Up to 14T magnets in use 
• Up to 20T envisioned 
• Factor 2 Gain

• Overcome frequency / volume relation 
• Meta - materials 
• Gain > 2 

• 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) 

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
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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)

• Expect > 1 order of magnitude 
gain in strain sensitivity:  

h0 > 10−23
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• Wire medium can be mechanically tuned by changing the lattice period
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• Tuneable over large frequency range!
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[ Gianpaolo Carossi ]
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[Tim Schneemann]• Current efforts focus on improving single cavity sensitivity 

• But what about  combining various setups?  
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 Vcomb =
itω

N ∑
i

Vieiϕi ∝ NV0

, Vi = V ϕi = ϕ
• Hence the signal power scales linearly in N!

• Phase aligned combination voltages from of N cavities 
• RF amplitude (voltage): 

• Sensitivity on h0 scales with  
• Allows for new analysis techniques exploitng phase / timing 
relations

N
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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.

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . 1

2 Sources of high frequency gravitational waves . . . 2

3 Basic Considerations on Cavity Designs . . . . . . 2

4 GravNet as Resonant Cavity Experiment (GravNet-

1) . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

5 GravNet as Photon Counting Experiment (GravNet-

2) . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

6 Conclusion . . . . . . . . . . . . . . . . . . . . . . 7

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)

[Tim Schneemann]• Current efforts focus on improving single cavity sensitivity 

• But what about  combining various setups?  
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Network of distributed GW detectors 

• Various possibilities 

• Time evolution of ms spectra
• Easy, very noisy 

• Simultaneous fit of time series data 
• Computationally challenging 

• Coincident experiment 
• Requires single RF photon detection
• Technique developed here at KIT

Combining information of distributed detectors 
at various frequencies! 

GravNet Idea 
[arXiv:2308.11497]

• Target sensitivity: h0 < 10-24  with ms - µs time resolution

http://arxiv.org/abs/2308.11497
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• Assumptions:  

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

• Setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−24

• How sensitive can we get with 10 setups, scattered around the globe 
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• Assumptions:  

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

• Setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−24
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17−10
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Ch

LISA

DMR

OSQAR

CAST

SQ
M

SAD
M

X

Primordial Black Holes
GravNet-1 resonant 1s integration
GravNet-1 resonant 2h integration
GravNet-2a counting - 30ms
GravNet-2b counting - 30ms

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 

• How sensitive can we get with 10 setups, scattered around the globe 
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• Assumptions:  

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

• Setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−24

4−10 2−10 1 210 410 610 810 1010 1210 1410 1610 1810 2010
f [Hz]

39−10

37−10

35−10

33−10

31−10

29−10

27−10

25−10

23−10

21−10

19−10

17−10

15−10

Ch

LISA

DMR

OSQAR

CAST

SQ
M

SAD
M

X

Primordial Black Holes
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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 

• No frequency tuning needed:  

• PBH signals are fast transients 

• Single frequency sufficiency 

• How sensitive can we get with 10 setups, scattered around the globe 
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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 
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What will be the next step in sensitivity? 

Possibly on photon detection side! 
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ADCCavity

Amp 1 Amp 2Circ

Noise from 1st amplifier is 
limiting the measurement!



Kristof Schmieden

Standard Quantum Limit

54

Breakthrough from Quantum Sensing:

• From linear amplification (LA) to  
counting single photons (SPD) 

SQL

I

Q
• Linear cavity
• Linear amp

Conventional haloscope: In-phase(I) and Out 
of phase (Q) conjugates limited by SQL 

Quantum + 
thermal noise

[I,Q]=i

4

linear amplification

• Measurement of amplitude and phase of EM wave: 
• Minimum noise corresponding to one quantum (c.f. 
zero point energy)

SQL

• Conventional haloscope:  
• In-phase(I) and Out of phase (Q) conjugates limited by SQL
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Breakthrough from Quantum Sensing:

• From linear amplification (LA) to  
counting single photons (SPD) 

SQL

I

Q
• Linear cavity
• Linear amp

Conventional haloscope: In-phase(I) and Out 
of phase (Q) conjugates limited by SQL 

Quantum + 
thermal noise

[I,Q]=i

4

linear amplification

• Measurement of amplitude and phase of EM wave: 
• Minimum noise corresponding to one quantum (c.f. 
zero point energy)

Shot noise
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• Change of paradigm   
• Number-Phase conjugates evade the SQL

SQL

• Conventional haloscope:  
• In-phase(I) and Out of phase (Q) conjugates limited by SQL
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[arXiv:2302.07556 ]
[arXiv:2308.07084 ]
[arXiv:2307.03614 ]

• Shown single photon efficiency: 43% @ 90 Hz dark count rate 
• Big R&D effort ongoing [ERC syn.:  “Dark Quantum” ]

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 ]

https://doi.org/10.1103/PhysRevLett.126.141302 

• Using Q-bits for single RF photon sensing  

• 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

https://doi.org/10.1103/PhysRevLett.126.141302
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efficiency that is linear in the number of measurements.
More importantly, for the detection of rare events, false
positives are exponentially suppressed with more repeated
measurements, as evident in Fig. 2(c).
Detector characterization.—To characterize the detector,

we populate the cavity by applying a weak drive (n̄ ≪ 1).
We map out the relationship between the probability of
injected and measured photons [Fig. 3(a)] by varying the
injected mean photon population (n̄ ¼ α2), performing 30
repeated parity measurements, and applying λthresh to
discriminate between one and zero photon events. We fit
this relationship with the function n̄meas ¼ ηn̄inj þ δ. We
obtain the efficiency of detection η ¼ 0.409# 0.055 and
the false positive probability δ ¼ 4.3# 1.1 × 10−4 at
threshold λthresh ¼ 105 with goodness of fit χ2fit ¼ 0.0048.
Figure 3(b) shows that the efficiency corrected false

positive probability (δ=η) initially decreases for low-like-
lihood thresholds λthresh, indicating a suppression of qubit-
and readout-based false positives. Leveling off at larger
thresholds indicates that the dominant source of false
positives is no longer detector errors, but rather a back-
ground of real photons.

False positives that occur when qubit errors are highly
suppressed (at large λthresh) are due to a photon background
in the storage cavity. In experiments with no photons
injected into the cavity, we observe events with high-
likelihood ratios comparable with those seen in experi-
ments with injected photons [Fig. 3(c)]. The detector thus
correctly identifies real photons that set the background for
dark matter searches. We measure the background cavity
occupation to be n̄c ¼ 7.3# 2.9 × 10−4, corresponding to a
temperature of 39.9# 2.2 mK.
Because the measured cavity photon temperature is

greater than the physical 8 mK temperature of the device
there must be coupling to extraneous baths. One contri-
bution, arising from coupling to quasiparticles via qubit
dressing of the cavity [45], results in a photon population of
n̄qc ¼ 1.8# 0.1 × 10−4 (see Supplemental Material [9]).
Suppression of quasiparticle production could be achieved
by enhanced infrared filtering, extensive radiation shield-
ing, gap engineering, and quasiparticle trapping [46–48].
Other sources of background photons could include black-
body radiation from higher temperature stages of the
dilution refrigerator, poorly thermalized or insufficiently
attenuated microwave lines, or amplifier noise [49,50].
Hidden photon dark matter exclusion.—By counting

photons with repeated parity measurements and applying
a Markov-model-based analysis, we demonstrate single-
photon detection with background shot noise reduced to
−10log10

ffiffiffiffiffi
n̄c

p
¼ 15.7# 0.9 dB below the quantum limit.

We use this detection technique to conduct a narrow band
hidden photon search. We collect 15,141 independent
measurements where the injected n̄ is well below the
background population n̄c and the time between measure-
ments is much longer than either cavity or qubit timescale.
Each measurement consists of integrating the signal
(for the cavity lifetime, Ts

1 ¼ 546 μs) and counting the
number of photons in the cavity with 30 repeated parity
measurements (30 × tm ¼ 300 μs). The total search time is
15; 141 × ð546þ 300Þ μs ¼ 12.81 s with a duty cycle of
546 μs=846 μs ¼ 65% (8.33 s of integration). We apply a
detection threshold of λthresh ¼ 105, such that the qubit and
readout errors are suppressed below the background photon
probability (1=ðλthresh þ 1Þ < n̄c). We count 9 photons in
15,141 measurements. Accounting for the systematic
uncertainties of the experiment (statistical uncertainties
are dominant, see Supplemental Material [9] for full
treatment of all systematics [51,52]), a hidden photon
candidate on resonance with the storage cavity
(mγ0c2 ¼ ℏωs), with mixing angle ϵ > 1.68 × 10−15 is
excluded at the 90% confidence level. Figure 4 shows
the regions of hidden photon parameter space excluded by
the qubit-based search, assuming the hidden photon com-
prises all the dark matter density (ρDM ¼ 0.4 GeV=cm3).
The detector is maximally sensitive to dark matter candi-
dates with masses within a narrow window around the
resonance frequency of the cavity. This window is set by
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FIG. 3. Detector characterization. (a) After a variable initial
cavity displacement, 30 repeated parity measurements of cavity
photon state are performed and a threshold λthresh is applied to
determine the cavity population. Detector efficiency (η) and false
positive probability (δ) are determined from the fit in orange. The
dashed red line corresponds to the standard quantum limit, which
results in the noise equivalent of one photon occupation. (b) The
efficiency corrected false positive probability (δ=η) vs threshold
(λthresh) curve asymptotes at high thresholds, indicating qubit
errors are now a subdominant contribution to the total detector
false positive probability. (c) Histograms of log-likelihood ratios
of all events for two different injected mean photon numbers. The
histogram y axis is cut off at four counts to view the rare events at
high log-likelihood ratios. The dashed gray line corresponds to
λthresh ¼ 105 used in (a). The unexpected photon events when
very small photon numbers are injected with log-likelihood ratios
are from a photon background occupying the storage cavity rather
than detector error-based false positives.

PHYSICAL REVIEW LETTERS 126, 141302 (2021)

141302-4
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Effective noise  
Tnoise = 40 mK

Detection efficiency: 	 	 	  
False positive probability: 	

ϵ = 0.41
δ = 4.3 ⋅ 10−4

 SQL: average occupation number: n̄ = 1

https://doi.org/10.1103/PhysRevLett.126.141302
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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.

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! 

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

existing technologies! 
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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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 Sensitivity

• 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, 
lower dark count rate
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• GW from axion super-radiance 

• Requires light black holes 

• Requires axions (or similar) 

Chapter 4. Research Program

have been developed and demonstrated in Mainz for upgrading the sensitivity of the whole net-
work to BSM physics [70], [71]. Overall we expect an improvement of 2-3 orders of magnitude in
sensitivity within PRISMA++. Furthermore, we will extend our search and analysis techniques to
cover ultralight DM candidates in a broad range of BSM scenarios such as axion stars, Q-balls,
exotic light fields and gravitationally focused ultralight DM streams.
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Figure 4.21: Searches for ultralight scalars and DM in
PRISMA++. Current limits and future sensitivity to the gradient
coupling of ultralight DM from the CASPEr experiments, and sen-
sitivity of GravNet to superradiance of ultralight axions.

The Trapping And Cooling of Tho-
rium Ions with Calcium (TACTICa)
project, initiated as a Helmholtz-
Excellence Initiative during PRISMA+

(Düllmann), set solid ground for per-
forming fundamental physics exper-
iments during PRISMA++. Thorium
is unique since it posesses a nu-
clear transition that can be excited
by lasers. We will exploit our exper-
tise on ablation and recoil sources
of ions of various thorium isotopes
in different charge states and the
tailor-made production of molecular
thorium-containing ions and extend
our studies on the spectroscopy of
mixed crystals with various Th/Ca
configurations, including crystals with multiple thorium atomic ions, to conduct precision measure-
ments based on quantum-logic techniques. Furthermore, we will take advantage of the recent
breakthrough in molecular theory bringing its level of precision on par with its atomic counterpart.
The expected output is higher-sensitivity BSM tests such as searches for ultralight scalars. With
these combined efforts, in PRISMA++ we will achieve a unique coverage of the parameter space
of ultralight DM and novel probes of the couplings of very light bosons.

Heavier scalars with masses in the MeV–TeV range are often motivated in models of particle DM,
where they are responsible for communicating between the dark and visible sectors. Searches for
the production and decay of such particles are therefore powerful probes of dark sectors. As one
starts probing smaller and smaller couplings, the lifetime of the mediator increases to macroscopic
length scales, which thus becomes a powerful discriminator to distinguish such signals from SM
physics. Within PRISMA++, this will enable us to probe dark sectors from new directions.
The NA62 experiment (Wanke), running until 2026, has already started searching for long-lived
particle decays in beam-dump mode and for their production in Kaon decays. The precise mea-
surement of the rare Kaon decay K+ → π+νν̄ in NA62 will further tighten model-independent
constraints on axion-fermion couplings (Neubert), probing new physics scales as high as 109 GeV.
A comprehensive analysis of weak decays involving axion-like particles will be brought to the next
level of precision (see 4.5.5), leading to improved bounds on the ALP couplings to quarks, gluons

60 July 9, 2024

[P. Schwaller]

 
(Expected sensitivity of GravNet)

10−13 − 10−12 eV

• If monochromatic GW signal is found: 

• Strong indication for super-radiance 

• New boson!
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Ultra-High-Frequency Gravitational Waves Initiative

Main aim to promote scientific progress in this new area of research, both from theoretical and 
experimental points of view 

Regular workshops organised (last one in Dec. 2023) to create a network of researchers and discuss  
the state-of-the-art of the field 

Summary of the first workshop 
published in a white paper 

Currently being updated to  
include latest results and  
developments 

Development of GW science in the frequency range above 10 kHz

arXiv:2011.12414v2

https://indico.cern.ch/event/1257532/https://indico.cern.ch/event/1257532/

https://indico.cern.ch/event/1257532/
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• Very few experiments with any interesting 
sensitivity

• Small community, very active 
• Growing field of research! 

• Currently driven by theory efforts
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• Very few experiments with any interesting 
sensitivity

• Small community, very active 
• Growing field of research! 

• Currently driven by theory efforts

• Classes of principle of detection: 

• Movement of a test-mass 

• Deformation of detector 

• Direct conversion into photons 

• Graviton — Magnon resonance

• But some experimental efforts ongoing ;)
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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

• Levitated Sensors 
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| 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

| 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

• MAGO experiment @ Desy

• Two EM levels achieved by coupling identical cavities 

• Different spacial field distribution (ω0 and ω𝛑, symmetric and anti-symmetric modes)
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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

high-frequency GWs may result in larger signals, but these
are less universal, such as those arising from the inspiral of
light primordial black holes [26–28] or the superradiant
production and annihilation of light bosons around nearby
black holes [29–31]; while slightly less generic, both would
point to exciting new physics if discovered.
In this work, we discuss an experimental strategy

capable of detecting these more speculative signals. The
approach we consider, based on the interaction between
electromagnetic (EM) and mechanical resonances, was
pioneered in the late 1970s [32–34] and led to a nascent
experimental effort by the Microwave Apparatus for
Gravitational Waves Observation (MAGO) Collaboration
in the early 2000s [35,36] which was unfortunately culled
before coming to fruition (a prototype version of this
experiment is currently in public display at the University
of Genoa). In our study, we combine an improved under-
standing of the signal and noise sources in a prototypical
setup to argue for reviving interest in this experimental
program.
The experimental setup is as follows. A superconducting

radio-frequency (SRF) cavity is prepared with two EM
resonant modes at frequencies ω0 and ω1. The first of these
we call the pump mode, which is to be loaded with EM
energy. A GW of frequency ωg ≪ ω0;ω1 ∼ 1 GHz inter-
acts with the pump mode and sources EM power at
ω0 ! ωg ≫ ωg, thereby constituting a frequency-
conversion or “heterodyne” process. The mode at ω1 is
initially empty and can be tuned such that the GW
frequency ωg matches the mode splitting, ωg≃ jω1−ω0j,

allowing for resonant transfer of EM energy from the pump
mode into this signal mode. As depicted schematically in
Fig. 1, two coexisting signal mechanisms can induce this
transition: (i) the direct coupling of gravity to the EM
energy in the pump mode through the inverse Gertsenshtein
effect [37,38] and (ii) the coupling of gravity to the
mechanical body of the cavity, which induces EM mode
mixing. As originally noted in Ref. [33] and discussed in
further detail here, the latter signal is parametrically
enhanced compared to the former for ωg ≪ ω0. In this
work, we show for the first time the potential reach of a
broadband setup, where the frequency splitting between
EM modes is held fixed. We find that operating the MAGO
detector in this manner has the potential to probe orders
of magnitude of new parameter space in the 10 kHz
to gigahertz range. The large quality factors Q ∼ 1011 of
SRF cavities allow them to act as efficient converters
of mechanical to EM energy and operate with much
smaller readout noise than the mechanical-EM transducers
employed in modern Weber bar experiments [39–42]. In
this sense, the optimal setup described here functions as a
Weber bar with significantly reduced EM noise, resulting in
increased sensitivity to GW frequencies that are outside the
bandwidth of the mechanical resonance. This is discussed
in more detail in Sec. VI. As a result, even for fixed EM
frequency splittings, in which case most GW frequencies
can only excite the signal off resonance, the reduced EM
noise allows this setup to potentially operate as an exquisite
broadband detector of high-frequency GWs. In this case,
such a search has the added benefit of being sensitive to

FIG. 1. Cartoon of a two-spherical-cell setup, illustrating the two coexisting signals. The pump mode E0 of the cavity is driven at
frequency ω0 ∼ 1 GHz (orange). The incoming gravitational wave of frequency ωg either directly couples to the electromagnetic fields
(left inset) or indirectly by exciting the mechanical vibrational modes at frequencies ωp (right inset), thereby sourcing electromagnetic
power at ω0 ! ωg. Thus, the signal mode E1 at frequency ω1 is resonantly excited if ωg ≃ jω1 − ω0j, which is read out by a directional
coupler centered around ω1. The mode profiles of the mechanical vibrations (as indicated by the solid boundary of the cells) and the
electromagnetic modes (orange and blue lines) are shown for an optimal configuration. A scan across various gravitational wave
frequencies amounts to tuning the electromagnetic frequency difference ω1 − ω0, which can be performed by, e.g., varying the diameter
of the central aperture connecting the two cells.
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where we have assumed tint ≳ Δω−1
osc and in the first and

second lines we have taken the GW frequency to be out
or in resonance with a higher (non-lowest-lying) mechani-
cal mode, respectively; in the latter case, the noise is
resonantly enhanced, reducing the SNR by a factor of

1=ðQnoise
p Þ2. Note that Eq. (23) distinguishes between the

EM-mechanical coupling ηEMmech for a mechanical mode that
is excited by either the GWor noise. For most of the modes
considered, each of these coupling coefficients isOð1Þ. We
also see that the mechanical-noise-limited SNR scales as
SNR ∝ t1=2int ω

4
g=SFp

ðωgÞ, which is a rapidly growing func-
tion of ωg in a scanning or broadband setup for most
sources of vibrational noise.
Instead, if thermal EM noise is the largest contributor,

which is valid for ωg ≳Oð1Þ MHz in a scanning setup (see
the left panel of Fig. 3), then the mechanical signal yields
an SNR that is approximately

SNREMnoise ≃
1

16
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This implies that the EM-noise-limited SNR scales as
SNR ∝

ffiffiffiffiffiffiffiffiffiffiffi
te=ωg

p
for a scanning search. It is also crucial

to compare the dependence on the EM quality factorQint in
Eqs. (23) and (24). In particular, the signal in a mechan-
ically noise-limited setup is independent ofQint, as both the
signal and noise are similarly enhanced by the large quality
factor. However, in an EM-noise-limited setup, larger Qint
suppresses thermal occupation of the signal mode, such that
the SNR scales as the square of the intrinsic EM quality
factor for fixed input power Pin. The fact that EM noise is
drastically reduced by Qint ≳ 1010 (or, equivalently, that
the EM-noise-limited SNR is enhanced compared to the
mechanically noise-limited one) is directly the reason why
a MAGO-like setup is more sensitive to high-frequency
GWs than modern Weber bars, since the latter employ
electrical readout schemes with much smaller EM
quality factors. We will revisit this point in more detail
in the next section.
In a broadband setup, amplifier noise dominates for ωg ≳

Oð100Þ kHz (see the right panel of Fig. 3). Taking ωg ≫
jω1 − ω0j and 10 kHz ≫ ω0=Q1, the approximate SNR of
an amplifier-noise-limited broadband experiment is

SNRðbroadbandÞ
ampnoise ≃

1

16

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πtint

2Δωosc

r
Qint
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jηgmechj2jηEMmechj2

Pin
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h20

ω0

ω2
g
:

ð25Þ

We see from Eq. (25) that the SNR decreases rapidly with
increasing ωg, since here the GW excites the signal mode
off resonance (i.e., ωg ≫ jω1 − ω0j), whereas the amplifier
noise is independent of the EM resonance. Unlike the
previous two examples, in this case overcoupling the signal
mode to the readout Qcpl ≪ Qint parametrically increases
the SNR, since amplifier noise is assumed to remain

FIG. 5. Reach of a MAGO-like setup to coherent GWs. The
mechanical (purple) and EM (blue) signals are separated for
visual comparison, but they would both be present in a single
experiment. The shaded purple and blue regions labeled “scan-
ning” and “scanning (EM)” show the sensitivity to mechanical
and EM signals, respectively, for a scanning setup in which
the EM mode splitting is matched to the GW frequency, i.e.,
ω1 − ω0 ¼ ωg and assuming vibrational noise as inferred by
recent Fermilab measurements of cavity microphonics. The solid
and dashed contours labeled “scanning (thermal)” and “non-
scanning (thermal)” show the sensitivity when vibrational noise is
attenuated to its irreducible thermal value, for a scanning or
broadband setup, respectively. In the latter case, the EM mode
splitting is fixed to the lowest-lying spin-2 mechanical resonance,
i.e., ω1 − ω0 ¼ minωp ∼ 10 kHz. In the scanning or broadband
setup, the time to cover an e-fold in ωg or the total experimental
time are fixed to 1 yr, respectively. The degree of overcoupling
to the readout is optimized for 105 ≤ Qcpl ≤ 1010 (fixed to
Qcpl ¼ 105) at each frequency for the scanning (nonscanning)
projections. Also shown in gray are existing limits from LIGO-
Virgo pulsar searches [72], AURIGA [41,67,73], BAW resona-
tors [18], and the holometer experiment [17]. The green shaded
region corresponds to signals generated from superradiant bo-
sonic clouds around black holes of mass M⋆ ∼M⊙ð105 Hz=ωgÞ
at a distance of 1 kpc (see Appendix F). Note that the LIGO-Virgo
bounds are specific to pulsars and therefore do not exclude
superradiance at these frequencies.

ASHER BERLIN et al. PHYS. REV. D 108, 084058 (2023)
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• Sensitivity from 10 kHz - 100MHz (with various cavities 

                        h0 > 10−22 h0 > 10−21

[Phys. Rev. D 108, 084058]
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The MAGO proposal

Initial idea from the 70s, which led to the MAGO proposal for a 
scaled-up experiment with 500 MHz cavities (not funded) 

During the R&D activities 3 SRF cavities were built, the first one  
used for a proof-of-principle experiment 

The third cavity 

• 2-cell cavity with optimised geometry and variable coupling cell 

• Never treated nor tested – on shelf for >15y @ INFN Genova 

In a collaborative effort, DESY/UHH - FNAL - INFN, continue the 
R&D studies with a goal to have synchronised observatories

… and its revival 
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• Piezoelectric resonator 

• Freq: MHz - GHz 

• Consumer product 

• GW deforms resonator  

• Periodically changing resonance frequency  
excites 

• Excitation of resonance 

3

Vol.:(0123456789)
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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/]

• Bulk acoustic devices 

https://doi.org/10.1038/
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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 

• Original Idea: 

• Weber bar 
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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

• Deformation of cavities 
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• Original Idea: 

• Weber bar: 2m x 1m aluminum rod 

• Sensitivity at ~kHz:  
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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

h0 < 10−16
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• All experiments face the challenge of  

• Tiny signals
• Ever present background (thermal, amplifiers, quantum noise) 

• Technological challenges vary with experimental approach 

• All technologies will move to quantum technology readout
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• New Era of GW astronomy  

• Frequencies from nHz to GHz of interest 

• Only two frequency windows accessible so far 

• Vast variety of experimental approaches 

• Mainz: Haloscope style cavity based detector 

• Many advantages in combining efforts searching for HFGWs in 
coordinated way 

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

Need to tune the cavity over a vast 
frequency range
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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: 
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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]
• Two contributing effects 

• Assuming conversion cavity with volume V within static 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 

https://arxiv.org/abs/2112.11465
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• Supax: new superconducting material for RF cavities: 

• NbN 

•  @ 8.4 GHz, 4 K 

• Measurements within B-field currently ongoing 

Q0 = 3 ⋅ 105
Cu cavity, coated with NbN at 
university of Siegen
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• 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

• Assumptions:  

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

• Setups as shown before 

• Effective signal power increased by factor 10 

• Strain sensitivity increased by factor 10 ≈ 3

, 1 second integration timeh0 < 10−23

• How sensitive can we get with 10 setups, scattered around the globe 
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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 PBH masses

ω/Q ≈ 1010Hz /106 = 10kHz

• No improvement with longer integration times! 

• Alternative? 
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• Similar approach as for low frequency BH mergers:  

• Analysis in time domain
• Data rates: ~100MB/s per channel for 10MHz bandwidth 

• Simultaneous fit of expected signal shape in all data streams 

• Exploiting all available information 

• + Increased sensitivity compared to time domain analysis  
•  - Significant increase in storage & CPU requirement 

• Sensitive to short transient signals

time a.u.

time a.u.
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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 

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

• Detector dark count rate will drop significantly -> negligible  

Kristof Schmieden

Photon Counting - Coincidence Interval

79

• 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
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• Parameter used for Calculation: 

• Allowed accidental coincidence rate: <= 1/year 

• Background rate: 10 Hz 
• N detectors: 20 
• : 0.5ϵdet

2 4 6 8 10 12 14 16 18 20

number of coincidences

0

0.2

0.4

0.6

0.8

1

si
gn

al
 d

et
ec

tio
n 

ef
fic

ie
nc

y

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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