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• 1 big cavity 100-300 MHz (FLASH)

• 9 small cavities (3+3+3) 6-8 GHz (incl. QUAX-LNF)

• GPS-based acquisition

• Leverage signal correlation among 

N sites to enhance sensitivity
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The haloscope (for axion search)

Primakoff effectØ Dilution refrigerator

Ø Low-noise receiver
(quantum-lim. or beyond)

Ø Resonant cavity (tunable)

Ø Strong magnet
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Detection principle of HFGW with cavities

Einstein-Maxwell action

Gertsenshtein effect:

A GW propagating through a static
background EM field sources a feeble EM field that

oscillates at the frequency of the GW
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laboratory experiments for the detection of gigahertz-
frequency signals. A GW propagating through a static
background EM field sources a feeble EM field that
oscillates at the frequency of the GW. Resonant detectors
are well-suited to the detection of such oscillating fields
provided that the GW is coherent over many oscillation
cycles. In fact, similar signals arise from other new physics
sources, most notably in the case of ultralight axion dark
matter that couples to electromagnetism. Motivated by the
tremendous progress in small-scale technology targeting
dark matter detection, we focus on setups that are either
identical or similar to existing experiments (such as ADMX
[46], HAYSTAC [47], ORGAN [48], and CAPP [49]),
which feature a resonant conducting cavity of size Ldet ∼
OðcmÞ–OðmÞ immersed in a strong static magnetic field.
Since the resonant frequencies of conducting cavities are
comparable to their inverse geometric size, such setups are
naturally sensitive to GWs in the gigahertz regime. Our
results also apply to other electromagnetic resonators, such
as LC circuits [50].
From a more general perspective, a second goal of this

work is to provide a description of how GWs couple to
electromagnetism in a manner that is largely agnostic to the
particular experimental setup. In performing such calcu-
lations, great care must be taken to preserve gauge
invariance (equivalent to consistently incorporating the
signal within a particular choice of frame). In particular,
GW signals are often computed in the so-called transverse-
traceless (TT) gauge, since the spacetime metric is espe-
cially simple in this case. However, in this frame, the
background EM field and the cavity modes do not coincide
with those in flat space. This has not always been taken into
account in previous calculations, which has led several
studies to conclude that no EM signal is generated when the
background magnetic field is aligned with the GW’s
direction of propagation. As we show in this paper, this
statement is at odds with gauge invariance. Our treatment
illustrates that existing experiments targeting axions, such
as ADMX and HAYSTAC, already have sensitivity to high-
frequency GWs and need only to reanalyze existing data
with a different signal template.
For the detectors considered in this work, complications

arising from gauge artifacts are avoided by noting that the
laboratory defines a preferred frame, the so-called proper
detector (PD) frame [51–53]. For this reason, the majority
of our calculations adopt the PD frame. However, in order
to demonstrate gauge invariance, we also perform a simple
toy example calculation in both the TT and PD frames to
show that they yield identical results. More generally, the
use of the PD frame has typically been restricted to
situations where the GW wavelength λg is much larger
than the size of the detector Ldet [51,52], such that it
suffices to keep only the leading OðL2

det=λ
2
gÞ corrections to

the flat spacetime metric. Here, we further improve upon
such calculations by resumming the GW perturbation to the

metric to all orders in Ldet=λg, allowing for the use of the
PD frame even when the GW is on resonance with the
cavity, which occurs when Ldet=λg ∼Oð1Þ.
The rest of this paper is organized as follows. In Sec. II,

we provide a conceptual overview of the class of exper-
imental signals discussed here and derive the GW-EM
coupling in the form of an effective current. We also
demonstrate gauge invariance between the TT and PD
frames with a simple toy example consisting of a GW
impinging on a background magnetic field in empty space.
This lays the foundations for applying this formalism to a
more realistic setup consisting of a resonant cavity
immersed in a magnetic field, for which we motivate the
optimally coupled cavity modes in Sec. III. Following a
brief survey of possible GW sources in Sec. IV, in Sec. V
we discuss the overall sensitivity of setups identical or
similar to existing dark matter haloscopes and catalog the
GW-cavity coupling coefficient for various resonant
modes, GW propagation directions, and GW polarizations.
Finally, in Sec. VI we conclude and give an outlook on
future detection possibilities. Appendix A contains addi-
tional details about cavity mode functions and energy
densities.

II. GW ELECTRODYNAMICS IN THE PROPER
DETECTOR FRAME

In this section, we provide a detailed discussion of GW
electrodynamics, paying particular attention to the role of
gauge invariance. Before presenting the technical details,
we give a conceptual overview of the signal strength and
the process of graviton-photon conversion in the language
of classical fields. As we show in the following sections, we
find this formalism particularly convenient at the level of
identifying optimal cavity modes and quantifying the
dependence of the signal on the GW’s direction of
propagation. Our notation and conventions follow those
of Ref. [53].
The GW-EM coupling is encapsulated in the Einstein-

Maxwell action

S ¼
Z

d4x
ffiffiffiffiffiffi−gp

"
−
1

4
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#
; ð1Þ

where Fμν is the EM field strength. To isolate the effect
of a GW, we first linearize the metric as gμν ¼ ημνþ
hμν þOðh2Þ, where ημν ¼ diagð−1; 1; 1; 1Þ is the flat-space
metric, hμν is the dimensionless GW strain, and OðhnÞ
denotes a quantity order-n in strain hμν. In the presence of a
static external B-field B0, the action contains OðhÞ terms
schematically of the form ∼hB ·B0. This implies that a
GW of frequency ωg can generate an EM field of typical
magnitude hB0 at the same frequency. Inside an EM cavity,
this signal will ring up coherently if ωg matches the cavity’s
resonant frequency. At the level of single quanta, this effect
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Fig. 1. Comparison of axion–photon conversion in a magnetic field (left) and gravitational-wave–to–photon conversion in
a strong electromagnetic background (right), i.e. the quadratic interaction of EM fields ω with GWs h

µω , illustrating the
close analogy between the two processes exploited in cavity-based searches.

response of long Fabry–Pérot arm cavities becomes strongly frequency dependent at fg → ωg/(2ε) ↭ O(10 kHz), as
the GW period becomes comparable to (or shorter than) the photon storage time and light travel time in km-scale
arms [10]. Recent analyses have emphasized that, in the shot-noise limited regime, interferometers can nonetheless
exhibit narrow high-frequency sensitivity features at multiples of optical free spectral ranges, and that detector
configurations can in some cases be tuned to scan such narrow bands [32–34].4 At the same time, extending inter-
ferometric searches deep into the ↭ 10 kHz regime requires dedicated characterization of the readout chain and
instrumental backgrounds at these frequencies, which is currently not standard in the large-scale GW-detector
program.

A second traditional approach is based on mechanical resonators (“Weber bars” and their modern descen-
dants) [10]. These devices are typically optimized for operation near their mechanical resonance frequencies (his-
torically in the kHz band), and their sensitivity generally degrades at much higher frequencies. Nonetheless,
resonant acoustic and phonon-trapping concepts have been proposed to target higher-frequency bands [35].

Overall, HFGW detection remains comparatively less explored than the sub-kHz regime. Motivated by the
potentially transformative implications of any detection in the MHz-GHz band, a growing body of work has
recently surveyed and advanced a range of HFGW concepts [4, 9]. This is also reflected by new proposals and
re-analyses using existing precision experiments, including re-interpretations of axion-haloscope data as HFGW
searches [36]. Since gravitation is universal and cannot be shielded, the passage of a GW can in principle imprint
itself on essentially any precise laboratory setup; this perspective underlies many of the emerging HFGW detection
strategies.

In GravNet , we focus on one of the most promising directions for realistic progress in the near term across
a broad frequency range: electromagnetic (EM) cavities operated in the presence of strong background EM fields,
and in particular strong magnetic fields. This choice is motivated by (i) the existence of technically mature cavity
and readout technology developed for axion and axion-like particle searches, and (ii) the ability to realize large
and stable background fields O(10 T) in compact detector volumes, enabling competitive GW-to-EM transduction
per detector size and resource footprint.

Two main cavity-based mechanisms have been considered in recent years. The first is the modification of cavity
eigenmodes due to e!ective boundary deformations induced by the GW (sometimes phrased as “shape distortion”
or parametric modulation) [28, 37]. The second is the generation of an e!ective EM current in the presence of a
background EM configuration, commonly referred to as the inverse Gertsenshtein e!ect [18, 38]. The origin of the
latter is straightforward: gravity couples universally to energy and momentum, and for EM fields the stress-energy
tensor is quadratic in the field strength (or equivalently in A

µ at the level of interactions), implying an interaction
of the schematic form shown in Figure 1. As a consequence, in the presence of a background EM field A

µ
b and a GW

h
µω , a signal field A

µ
s can be generated. For a background oscillating at frequency ωb, the induced signal appears

at sideband frequencies ωb ± ωg. In the following, we will mostly be concerned about the second mechanism, as
it is the one where more progress can be achieved in the near future. Both are compared in [28], and the inverse
Gertsenshtein e!ect is the leading e!ect for frequencies close to the resonant frequencies of the cavities, which also
supports focusing on this e!ect for a range of frequencies of the GWs.

The inverse Gertsenshtein e!ect is reminiscent of phenomenology from axion–photon interactions which, for
an axion field a with axion-photon coupling gaε , reads ↑ gaεa ϑE · ϑB, for which resonant radio-frequency cavities
in strong magnetic fields constitute one of the leading experimental search strategies [39]. A key implication is
that there exists substantial theoretical and experimental expertise—including mature cryogenic cavity operation,
low-noise RF amplification, and precision spectral analysis—that can be repurposed for HFGW detection. Indeed,
recent work has demonstrated the feasibility of re-analyzing haloscope data to place competitive constraints on
monochromatic HFGWs in the GHz band [36].

4 For instance, Refs. [32, 33] discuss high-frequency response and sensitivity structures of operating interferometers and
the possibility of accessing the kHz–tens-of-kHz range by adjusting optical parameters.



Detection principle of HFGW with cavities

Coupling coefficient

Effective current

Power deposit in resonant cavity
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Detection principle of HFGW with cavities

Example of coupling coefficient for different TM modes The coupling depends on:

• Mode geometry
• Direction of propagation
• Wave polarization
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What we don’t know: Sources

Ø PBH binary mergers. (chirped) 
𝑀!"# < 10$%&𝑀⨀ if number of cycles > 10(

Ø Superradiance. (monochromatic)
bosonic dark matter clouds (axions) around (P)BHs

Ø Processes in early universe. (stochastic)
inflation, phase transitions, topological defects…

HFGWs would allow to test fundamental physics, complement
astrophysics and probe the early universe phases
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GW + cavity simulations

Y. Borysenkova, T. Kvietkauskas, D. Amaral, S. Kalia, D. Blas

Time domain simulation of 
cavity response to GW chirps
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Coupling coefficients to res. modes

𝐶!"# 𝐶!"×

Younggeun Kim, 5 GHz cavity

Figures of merit to classify 𝐶!":

• max(𝐶!"# ) 𝑄

• max(𝐶!"× ) 𝑄

• 𝐶!"# 𝑄

• 𝐶!"× 𝑄

Order 0.1 couplings seem to be reachable
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Multimode DAQ demonstrator

TM010

TM011

TM012

QUAX-LNF cavity modes

Run control in MIDAS

TM010, TM011 and TM012 QUAX-LNF 
modes acquisition with GPS timestamp will 
be a demonstrator for FLASH and GravNet
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Coherence of N detectors

Significantly reduces 
accidental coincidences

Power readout Single photon counting, with N 
detectors in coincidence

Incoherent signals

Coherent signals

Increasing number of 
detectors strongly

enhances SNR
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Fig. 8. Expected signal-to-noise ratio (SNR) and background performance over one year with required cavity coincidence
order k for a network of cavities. Also shown are the probabilities to detect a true HFGW signal for a given coincidence
order, p

(k)
sig . The assumed cavity detection e!ciency is psig = 0.9 and the measurement window is taken to be ωt = 3 ms.

Left: The performance of a network of N = 9 cavities with assumed background probability per cavity and per measurement
window of pbkg = 0.03. Right: The performance of a network of N = 18 cavities with assumed background probability per
cavity and per measurement window of pbkg = 0.15.

suppressed to arbitrarily low levels by increasing the number of detectors and imposing appropriate coincidence
requirements. In contrast, the signal e!ciency is fundamentally limited by the sensitivity of individual detectors.

Consequently, the primary experimental objective must be to maximize the single-cavity detection e!ciency,
i.e. to optimize the detector sensitivity to the smallest possible gravitational-wave strains. Network operation and
coincidence analysis then provide a scalable and robust mechanism for background rejection, even in the presence
of relatively large per-detector background rates.

6.3 Expected sensitivity for an advanced readout system and multiple detectors

In the long-term perspective, the high-frequency detectors of GravNet are envisioned to be equipped with single-
photon detectors (SPDs) which are discussed in Sec. 3.6. In this configuration, the experiment becomes a counting
experiment, in which the dominant background contributions arise from thermal photons in the cavity and from
intrinsic dark counts of the SPDs. The background count rate of an individual detector is assumed to follow Poisson
statistics, with a mean determined by the sum of all noise contributions and proportional to the duration of the
detector readout window. The contribution from thermal (blackbody) radiation inside the cavity can be estimated
from the corresponding black body radiation Pbb, multiplied with the antenna absorption [97]. At millikelvin
temperatures and for GHz-scale frequencies, this thermal contribution is exponentially suppressed and remains
negligible at the envisioned operating temperature of 20 mK compared to the zero-point energy of the cavity as
shown in Fig. 6.

The signal threshold in number of photons Nsig is given by the allowed false positive rate, which is typically cho-
sen to be one per year, and the number of measurement interval within this period. Typical measurement intervals
for SPDs are on the order of milliseconds, yielding about 1010 measurement intervals per year. Correspondingly,
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of dark-matter detectors, starting from the global network of optical magnetometers for exotic physics searches
(GNOME [90, 91]), atomic-clock networks such as GPS.DM [92], as well as currently emerging multi-sensor net-
works [91] based on diverse sensors such as atomic spectrometers designed to detect fast (up to 100 MHz) oscillations
of fundamental constants [93] and ferromagnetic detectors of galactic axion-like particles (SHAFT [94]).

For the initial version of GravNet , we foresee operation with a large cavity at the FLASH magnet as well
as nine small-scale cavities at the laboratories in Bonn, Frascati and Mainz, where three cavities are operated
together in identical setups at each site. In the following discussion, we consider combining the signals of the nine
GHz cavities, operating at similar frequencies around 6 GHz. Two further simplifications are made: first, we ignore
the fact that higher modes can be additionally read out for each cavity, which would yield additional information
and hence increase the sensitivity. Second, we ignore the timing di!erence of incoming signals at the three network
nodes, which depends on the location of the HFGW source and can range between 0 and →3 ms.

Operating multiple HFGW detectors as a network provides a robust way to enhance sensitivity, reject instru-
mental backgrounds, and extract signal coherence. We discuss how the signal-to-noise ratio (SNR) scales with the
number of detectors Ncav, distinguishing between two detection strategies: continuous power readout and single-
photon counting. The scaling depends critically on whether the signal is combined coherently or incoherently and
on the statistical nature of the dominant noise. In this work, we distinguish between the intrinsic SNR used in
spectral analyses from correlation detection strategies. For a network of Ncav detectors linked incoherently, the
intrinsic SNR scales at most as

↑
Ncav, while in the ideal case of a coherent combination it scales linearly with Ncav.

The detector network provides further advantages from correlation strategies, in which each detector scans a time
window ωT for discrete candidates. In this case, increasing the number of detectors leads to a strong suppression
of the false alarm probability for a fixed intrinsic SNR.

In a power readout scheme the measured output of the i-th detector may be written as Pi(t) = Psig(t) + ni(t),
where Psig(t) denotes the signal contribution and ni(t) represents stochastic noise, assumed to be uncorrelated
between di!erent detectors. If the detector outputs are combined incoherently at the power level, the total signal
scales linearly with the number of detectors, while the noise adds in quadrature. The resulting network SNR
therefore scales as SNRnet =

↑
Ncav · SNRsingle. If, on the other hand, the signal phase information is preserved

and the detector outputs can be combined coherently, the signal amplitudes add linearly while the noise remains
incoherent. In this optimal case, the network SNR scales as SNRnet = Ncav · SNRsingle. Achieving this scaling
requires precise relative timing and phase calibration between detectors, as well as a su”cient signal coherence
time.

The situation changes when considering a single-photon readout in each cavity. Here, the crucial aspect is
the dark-count rate, or background rate of single-photon detection per time step ωt. For a single detector, the
expected number of signal and background counts are denoted by µsig and µbkg, respectively, and are assumed to
follow Poisson statistics. For a network of Ncav independent detectors, the total expected signal count scales as

µ
net
sig = Ncavµsig, (13)

while the statistical uncertainty is dominated by background fluctuations,

εnet =
√

Ncavµbkg. (14)

The resulting network SNR is therefore given by

SNRnet = Ncavµsig√
Ncavµbkg

=
√

Ncav SNRsingle. (15)

Because photon counting is intrinsically incoherent, this
↑

Ncav scaling represents the optimal sensitivity improve-
ment achievable by increasing the number of detectors. For transient signals, additional discrimination against
background can be achieved by requiring temporal coincidence between photon detection events in multiple de-
tectors. Coincidence requirements significantly suppress false-positive rates by reducing the e!ective background,
thereby enhancing detection confidence.

Consider a network of Ncav single-photon detectors, each operated in independent measurement windows of
duration ωt. Let psig be the probability for a detector to register a signal photon if a GW is present, and pbkg
the probability for a background (noise) count, per measurement window. A k-fold coincidence is defined as the
detection of photons in at least k out of Ncav detectors within the same measurement window. For arbitrary psig,
the probability for a k-fold coincidence in a single measurement window is given by the binomial sum

p
(k)
sig =

N∑

j=k

(
N

j

)
(psig)j (1 ↓ psig)N→j , (16)
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Single-photon detector

No photon

Reflected photon

cavity

qubits

Reflected photon

Strong magnet

Itinerant photon

Conversion 
cavity

Coax cable

• Two qubits coupled to the 
same resonator

• Reduction of readout error

• Dark count rate 
improvement

1 qubit ~ 𝑃 1 0
2 qubits ~ 𝑃 1 0 %

13



Fabrication of 3D cavities and qubits

3D Al cavity designed in 
Frascati and fabricated in LNL

Qubit fabrication:

• From CNR-IFN with EBL technique
• From ConScience AB (Sweden)
• Homemade NbSe2 with 

exfoliation techniques
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QUAX and FLASH at LNF

QUAX FLASH

• ex-FINUDA magnet (B = 1.1 T)
• Large volume V = 4.25 𝑚&

• 𝑓'()*) = 120 ÷ 350 𝑀𝐻𝑧
• MSA SQUID amplification
• ex-Daphne cryogenics (T = 1.9 K)

• Magnet B = 8.5 T
• Volume V = 141 𝑐𝑚&

• 𝑓'()*) = 8.8 ÷ 9.1 𝐺𝐻𝑧
• TWPA amplification
• Dilution refriger. (T = 30 mK)
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Extensive physics reach

Vector Dark Matter Scalar Dark Matter Theories of Dark Energy

Axions

Forecasts for FLASH
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PBH mergers strain sensitivity

> 4 detectors in coincidence; required dark count of 10 Hz.
The transient is supposed to be shorter of the cavity readout time.
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Conclusions

Ø GravNet is an ambitious project to build a network of detectors for 
HFGWs to operate in coincidence

Ø Working groups are at work to finalize designs, simulations, 
analysis strategies and readout

Ø QUAX is a running experiment. FLASH is refining its cavity design 
and already has a cryogenic plant ready

Ø The other sites are under development (retrieval of dilution units, 
cavities, rf instruments etc)
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Detection of itinerant microwave photons

• Ramsey-like protocol => Qubit 
state depends on photon number

• After an interaction time tp the 
qubit acquires a phase of π

• Closing the cycle with a – π/2 pulse 
the qubit state is |e> only in 

presence of a photon

tp=π/2χ

−
𝜋
2

𝜋
2

−
𝜋
2

⟩|𝑒
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