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Figure 7: The constraints on the fraction of dark matter composed of PBHs, fPBH, as a
function of their initial mass, MPBH,i (in grams). Moving rightward (with increasing MPBH,i),
the line atMPBH,i = 1 g corresponds to PBHs forming instantly after inflation ends, assuming
the highest possible energy scale of inflation. To the right, part (a) illustrates a window where
dark matter can entirely consist of Planck-mass relics (PrW), with the upper limit defined
by part (b) (cyan), which represents PBH domination (ePBHd) Eq. (3.2). Note that even
though the constraints on �i are weaker than ePBHd, the resulting constraint on fPBH does
not change. Further right, part (c) (green) shows constraints derived by mapping � into fPBH,
assuming PBHs evaporate into Planck-mass relics - see Eq. (3.1). Parts (d), (e), and (f),
adapted from [31], show additional constraints: (d) describes evaporating PBHs whose mass
has not significantly decreased since formation, (e) highlights an asteroid-mass window (AW)
where non-evaporating PBHs can account for all dark matter, and (f) presents constraints
on stable PBHs. If PBHs do not leave relics after evaporation, fPBH = 0 for MPBH,i values
to the left of the vertical line at t0, as these PBHs would have fully evaporated.

In this study, we revisit the pre-BBN regime and provide new constraints on the ini-
tial PBH mass fraction, �i, and the present-day PBH abundance, fPBH, within this weakly
constrained window. Our analysis incorporates the e↵ects of Planck-scale relics and a pos-
sible early PBH-dominated phase. We find that PBHs forming relics between BBN and the
present day are subject to significantly tighter constraints—by up to 25 orders of magni-
tude—compared to stable-mass PBHs, as illustrated in Fig. 7. Notably, there exists a viable
parameter region in which Planck relics could constitute the entirety of dark matter, specifi-
cally for initial masses MPBH,i . 106 g. A comprehensive set of constraints on the formation
fraction �i is presented in Fig. 5.

We further analyse the impact of early PBH binary formation on gravitational
wave (GW) signatures and BBN constraints. Our results indicate that early-time merg-
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Figure 7: The constraints on the fraction of dark matter composed of PBHs, fPBH, as a
function of their initial mass, MPBH,i (in grams). Moving rightward (with increasing MPBH,i),
the line atMPBH,i = 1 g corresponds to PBHs forming instantly after inflation ends, assuming
the highest possible energy scale of inflation. To the right, part (a) illustrates a window where
dark matter can entirely consist of Planck-mass relics (PrW), with the upper limit defined
by part (b) (cyan), which represents PBH domination (ePBHd) Eq. (3.2). Note that even
though the constraints on �i are weaker than ePBHd, the resulting constraint on fPBH does
not change. Further right, part (c) (green) shows constraints derived by mapping � into fPBH,
assuming PBHs evaporate into Planck-mass relics - see Eq. (3.1). Parts (d), (e), and (f),
adapted from [31], show additional constraints: (d) describes evaporating PBHs whose mass
has not significantly decreased since formation, (e) highlights an asteroid-mass window (AW)
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sible early PBH-dominated phase. We find that PBHs forming relics between BBN and the
present day are subject to significantly tighter constraints—by up to 25 orders of magni-
tude—compared to stable-mass PBHs, as illustrated in Fig. 7. Notably, there exists a viable
parameter region in which Planck relics could constitute the entirety of dark matter, specifi-
cally for initial masses MPBH,i . 106 g. A comprehensive set of constraints on the formation
fraction �i is presented in Fig. 5.

We further analyse the impact of early PBH binary formation on gravitational
wave (GW) signatures and BBN constraints. Our results indicate that early-time merg-
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• Large range of experimental approaches tackling HFGW 
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• Conversion of GWs (gravitons) into Photons
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• Spin interaction 
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jeff ∝ ωghB0ei(kgz−ωgt)

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
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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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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]
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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
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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
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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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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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Requirement		 	 	 	 	 	 	 	 Technical implementation  

• Electromagnetic field 		 	 	 	 => B-Field 

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

• Noise suppression 	 	 	 	 	 	 => Cryogenic setup 

• High sensitivity 	 	 	 	 	 	 	 => Low Noise, high gain DAQ 

[arXiv:2505.07541]
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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
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" ffiffiffi

μ
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κ hλ

#
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with K being the Hermitian matrix
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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,
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Denoting the total distance traveled by the GW as D, this
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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
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The new Supax Experiment @ Bonn
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• Axions & GWs 

• Temperature: 	 	 10 mK
• B-field: 	 	 	 	 	 12 T 
• Usable volume: 		  = 9 cm x 20 cm  
• Freq. range: 	 	 	 2 GHz - 7GHz 
• Up to 3 cavities in parallel

Ø
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Fig. 1. CAD Drawing of the three-cavity design of

the Supax experiment including holding structure

and tuning mechanism.

JPA

HEMPT

ReflectionTransmission Pump

Cavity C1 C2 C3

D1

Fig. 2. Schematic view of the cryogenic RF layout. The receiver

signal path is shown in red. The calibration signal path is shown

in black.

allows for highly precise, cryo-compatible positioning of the rod with micron-level resolution. The fixed endcaps
on the top and bottom of the copper block are coated with ReBCO tapes, as are the 40 rectangular walls formed
by sides of the tetracontagon, ensuring superconducting performance across the entire inner surface. These tapes
significantly reduce surface resistance and are key to reaching a target quality factor of Q0 ¥ 4.5 ◊ 105. In the
initial experimental phase, the cavities will be machined from bulk copper, with an expected quality factor around
Q0 ¥ 60,000. The integration of ReBCO coatings is planned as a future upgrade to enhance performance.

For fine-tuning, 3He gas pressure within the cryostat is regulated between 0 to 1 mbar at temperature ranges
where the He remains gaseous. Adjusting the gas pressure alters the dielectric constant inside the cavities, thereby
refining the resonance conditions and providing an additional fine-tuning capability for resonance frequency ad-
justments.

The TM010 mode exhibits the largest sensitivity to the axion field and is chosen as readout mode. The tripple-
cavity setup o�ers several advantages. The ability to scan multiple resonance frequencies simultaneously while
optimally using the available magnetized volume significantly improves the search e�ciency for axions. Addition-
ally, the combination of a simple mechanical structure for coarse tuning and a gas-based fine-tuning mechanism
ensures both flexibility and precision in frequency adjustments. These design choices are based on extensive pre-
liminary studies, as discussed in Section 5.2. Each cavity is equipped with two ports, one critically coupled and
one very weakly coupled to the target cavity mode. In all designs the length of the strongly coupled antenna is
adjusted via a piezo driven actuator, which is able to move the antenna port in a range of ±0.5 mm.

To scan the mass range envisioned between 10 µeV to 20 µeV three tripple-cavities will be used.

2.3 Readout

Each cavity is equipped with its own dedicated readout chain. Consequently, the readout system described below
is implemented two times in parallel. The cryogenic RF layout is illustrated schematically in Fig. 2. The strongly
coupled port of each cavity is connected to a Josephson Parametric Amplifier (JPA) via two circulators. The JPA
provides a gain of 20 dB. One circulator isolates the JPA from incoming signals reflected o� the cavity, while the
other separates the input and output signals of the JPA. A directional coupler is used to inject the JPA pump
tone into the input line without interference.

The output of the JPA is routed through a third circulator to a HEMT amplifier, located at the 4 K stage of
the cryostat. From there, the signal continues to the room-temperature electronics. To minimize thermal noise, the
pump tone for the JPA is attenuated with 20 dB attenuators at both the 4 K and base temperature stages of the
cryostat. All signal lines connecting the cavity, JPA, and HEMT input are implemented using superconducting
cables to minimize losses.

The weakly coupled port of the cavity is connected to the Vector Network Analyzer (VNA) at room temperature
via an isolator and a 20 dB attenuator at the 4 K stage, enabling transmission measurements through the cavity.
For reflection measurements at the strongly coupled port, the third port of circulator C1 is connected via a 20 dB
attenuator at base temperature, and an additional attenuator at 4 K to the VNA at room temperature. The
room-temperature electronics include a commercial pump-tone generator for the JPA, a Vector Network Analyzer
(VNA), and a real-time spectrum analyzer with an integrated low-noise preamplifier.

[arXiv: 2603.24645]

https://arxiv.org/abs/2603.24645
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significantly reduce surface resistance and are key to reaching a target quality factor of Q0 ¥ 4.5 ◊ 105. In the
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Q0 ¥ 60,000. The integration of ReBCO coatings is planned as a future upgrade to enhance performance.

For fine-tuning, 3He gas pressure within the cryostat is regulated between 0 to 1 mbar at temperature ranges
where the He remains gaseous. Adjusting the gas pressure alters the dielectric constant inside the cavities, thereby
refining the resonance conditions and providing an additional fine-tuning capability for resonance frequency ad-
justments.

The TM010 mode exhibits the largest sensitivity to the axion field and is chosen as readout mode. The tripple-
cavity setup o�ers several advantages. The ability to scan multiple resonance frequencies simultaneously while
optimally using the available magnetized volume significantly improves the search e�ciency for axions. Addition-
ally, the combination of a simple mechanical structure for coarse tuning and a gas-based fine-tuning mechanism
ensures both flexibility and precision in frequency adjustments. These design choices are based on extensive pre-
liminary studies, as discussed in Section 5.2. Each cavity is equipped with two ports, one critically coupled and
one very weakly coupled to the target cavity mode. In all designs the length of the strongly coupled antenna is
adjusted via a piezo driven actuator, which is able to move the antenna port in a range of ±0.5 mm.

To scan the mass range envisioned between 10 µeV to 20 µeV three tripple-cavities will be used.

2.3 Readout

Each cavity is equipped with its own dedicated readout chain. Consequently, the readout system described below
is implemented two times in parallel. The cryogenic RF layout is illustrated schematically in Fig. 2. The strongly
coupled port of each cavity is connected to a Josephson Parametric Amplifier (JPA) via two circulators. The JPA
provides a gain of 20 dB. One circulator isolates the JPA from incoming signals reflected o� the cavity, while the
other separates the input and output signals of the JPA. A directional coupler is used to inject the JPA pump
tone into the input line without interference.

The output of the JPA is routed through a third circulator to a HEMT amplifier, located at the 4 K stage of
the cryostat. From there, the signal continues to the room-temperature electronics. To minimize thermal noise, the
pump tone for the JPA is attenuated with 20 dB attenuators at both the 4 K and base temperature stages of the
cryostat. All signal lines connecting the cavity, JPA, and HEMT input are implemented using superconducting
cables to minimize losses.

The weakly coupled port of the cavity is connected to the Vector Network Analyzer (VNA) at room temperature
via an isolator and a 20 dB attenuator at the 4 K stage, enabling transmission measurements through the cavity.
For reflection measurements at the strongly coupled port, the third port of circulator C1 is connected via a 20 dB
attenuator at base temperature, and an additional attenuator at 4 K to the VNA at room temperature. The
room-temperature electronics include a commercial pump-tone generator for the JPA, a Vector Network Analyzer
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 Readout system

TWPA  HEMT  RSA → →

Aug. 25 Nov. 25 Oct. 26 End of 26

First physics measurement

Evaluation of analysis strategies

1st Cavity prototype

Cryostat ordered

Cryostat + DAQ 
commissioning

2nd Cavity

DAQ commissioning @ LNF 

June 26

DAQ procurement
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• Time-Synchronised detection of GW in multiple detectors

• Coincidence Experiment: Each site can produce ‘triggers'

• Combined analysis of data from all sites

GravNet - the HFGW Detector Network

10

• Requirement on synchronization: 

• Max. distance between sites / speed of light => ~ms 
• Better time-resolution for triangulation required


• Will use GPS time-stamping: cheap commercial hardware 

• Initial proposal with 3 experimental sites: 
Bonn, Mainz, Frascati (Flash, QUAX) 

• Collaboration is growing :-)

• Up to nine small resonant cavities  
 (5-8 GHz)
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Expected Sensitvities - single cavity

11

• Search for transient signals 
• Duration:  

• < ns … s, depending on signal source 
• Strain sensitivity: 

• Depends on energy deposited within signal 
duration; 

• Showing distance to detectable source

11

                                  
Assuming:  

• At least Q cycles within cavity bandwidth 
• Optimal readout time  
• 95% CL limit & optimal filtering (SNR = 0.08) 

hmin
0 = 2 ⋅ 10−21

Sensitivity to GW 
transient signals5 GHz

150 MHz

Qeff < Q0

[arXiv: 2603.24645]

                   

              *                      
mPBH = 10−15 M⊙ 10−13 M⊙ 10−9 M⊙

t = 6 s t = 2.7 ms 6 ⋅ 10−10s

(*) Time t in bandwidth , 5 GHz / 50kf0/Q

Faster transient

https://arxiv.org/abs/2603.24645


Kristof Schmieden Identification of Dark Matter - June 2026

10°16 10°14 10°12 10°10 10°8

PBH Merger Mass, MPBH [MØ]

10°22

10°21

10°20

10°19

10°18

10°17

10°16

S
tr

ai
n

L
im

it

O
pt

im
al

In
te
gr
at
io
n

A: t = 1 ms, Q0 = 5 £ 104

B: t = 1 ms, Q0 = 5 £ 105

C: t = 100 ms, Q0 = 5 £ 105

10°16 10°14 10°12 10°10 10°8

PBH Merger Mass, MPBH [MØ]

10°17

10°15

10°13

10°11

10°9

10°7

10°5

D
is

ta
n
ce

L
im

it
[p

c]

1 AU

Optim
al Int

egr
atio

n

A
B

C

Expected Sensitvities - Network & Single Photon Counting
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• PBH merger signals, assuming thermal 
background only 

• Target: h <   

• Only few orders of magnitude missing!
10−24

• Coincidence setup: using 9 cavities 
• Dark count rate: < 10 Hz 
• Energy deposited within bandwidth: >= 1 γ

[arXiv: 2603.24645]

https://arxiv.org/abs/2603.24645
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Expected Sensitvities - How to Improve?
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• Target: h <   

• Only few orders of magnitude missing!
10−24

• How to increase sensitivity? 
• Need to be able to measure sub-
photon energy deposits

• Photon number is wrong observable

• Need to measure 
• Phase or Amplitude 

[arXiv: 2603.24645]

https://arxiv.org/abs/2603.24645
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Take Away Messages

14
14

• Searching for HFGW is a very intriguing new 
research topic 

• Lots of challenges, lots of opportunities
• Combination of data from different detector 
technologies 

• New haloscope at Bonn 

• GravNet CDR: 

[Image generated using OpenAI’s ChatGPT (2025)]

[arXiv: 2603.24645]

https://arxiv.org/abs/2603.24645
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Interested Parties in first combined Data Taking

16
2

Beijing (CN): Magnetometer; Hz
Chicago (US): OLS; 100 kHz
Milan (EU-IT): BAW; 1 MHz
Perth (AU): BAW, RF Cavity; 1 MHz, 10 GHz
Mainz (EU-DE): RF Cavity, Magnetom.; Hz,10 GHz
Frascati (EU-IT): RF Cavity; 100 MHz ,10 GHz
Legnaro (EU-IT): RF Cavity, e-spin; 10 GHz
Bonn (EU-DE): RF Cavity; 10 GHz
Tenerife (EU-ES): Dielectric: 10 GHz, 30 GHz
Manchester (GB): RF Cavity: 30 GHz
Abu Dhabi (AE): Dielectric; 300 THz
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Ambitious, but rewarding goal
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“ [interferometers] have so low 
sensitivity that they are of little 
experimental interest” 
p. 1014 
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Sources of HF GW

18

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

• Not limited to the mass range of stellar BHs 

• Primordial black hole mergers

1818



Kristof Schmieden Identification of Dark Matter - June 2026

Sources of HF GW

18

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

• Not limited to the mass range of stellar BHs 

• Primordial black hole mergers

18

• Formation:  

• Small scale perturbation in early universe  

• Amplitude of space-time curvature perturbations 
enhanced during inflation  

• Post-inflation collapse if energy density large enough 

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

18
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Sources of HF GW

18

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

• Not limited to the mass range of stellar BHs 

• Primordial black hole mergers

18

• Formation:  

• Small scale perturbation in early universe  

• Amplitude of space-time curvature perturbations 
enhanced during inflation  

• Post-inflation collapse if energy density large enough 

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

GravNet - Matthias Schott (Uni. Bonn)

Astrophysical Sources

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

significantly in the ultra-high frequency 
(UHF) band

7

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

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

• Merging frequency depending on PBH 
mass 
• Focus on inspiral:  

• Sweep of huge frequency span

18
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• Challenge: 

• Pick up (short) transient in time-series

Analysis Strategies

19

• General approaches: 

• Conversion to frequency domain 

• Short (ms - 1s) intervals of data

• Easy, small computational 

requirements


• Analysis of time-series data

• Optimal filtering: 

• Computationally expensive

• Requires filters covering all 

accessible parameter space 




Kristof Schmieden Identification of Dark Matter - June 2026

• Challenge: 

• Pick up (short) transient in time-series
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• Dual use: Axions & GWs 

• Temperature: 	 	 10 mK
• B-field: 	 	 	 	 	 12 T 
• Usable volume: 		  = 9 cm x 20 cm  
• Freq. range: 	 	 	 2 GHz - 7GHz 
• Up to 3 cavities in parallel 
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Fig. 1. CAD Drawing of the three-cavity design of

the Supax experiment including holding structure

and tuning mechanism.
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Fig. 2. Schematic view of the cryogenic RF layout. The receiver

signal path is shown in red. The calibration signal path is shown

in black.

allows for highly precise, cryo-compatible positioning of the rod with micron-level resolution. The fixed endcaps
on the top and bottom of the copper block are coated with ReBCO tapes, as are the 40 rectangular walls formed
by sides of the tetracontagon, ensuring superconducting performance across the entire inner surface. These tapes
significantly reduce surface resistance and are key to reaching a target quality factor of Q0 ¥ 4.5 ◊ 105. In the
initial experimental phase, the cavities will be machined from bulk copper, with an expected quality factor around
Q0 ¥ 60,000. The integration of ReBCO coatings is planned as a future upgrade to enhance performance.

For fine-tuning, 3He gas pressure within the cryostat is regulated between 0 to 1 mbar at temperature ranges
where the He remains gaseous. Adjusting the gas pressure alters the dielectric constant inside the cavities, thereby
refining the resonance conditions and providing an additional fine-tuning capability for resonance frequency ad-
justments.

The TM010 mode exhibits the largest sensitivity to the axion field and is chosen as readout mode. The tripple-
cavity setup o�ers several advantages. The ability to scan multiple resonance frequencies simultaneously while
optimally using the available magnetized volume significantly improves the search e�ciency for axions. Addition-
ally, the combination of a simple mechanical structure for coarse tuning and a gas-based fine-tuning mechanism
ensures both flexibility and precision in frequency adjustments. These design choices are based on extensive pre-
liminary studies, as discussed in Section 5.2. Each cavity is equipped with two ports, one critically coupled and
one very weakly coupled to the target cavity mode. In all designs the length of the strongly coupled antenna is
adjusted via a piezo driven actuator, which is able to move the antenna port in a range of ±0.5 mm.

To scan the mass range envisioned between 10 µeV to 20 µeV three tripple-cavities will be used.

2.3 Readout

Each cavity is equipped with its own dedicated readout chain. Consequently, the readout system described below
is implemented two times in parallel. The cryogenic RF layout is illustrated schematically in Fig. 2. The strongly
coupled port of each cavity is connected to a Josephson Parametric Amplifier (JPA) via two circulators. The JPA
provides a gain of 20 dB. One circulator isolates the JPA from incoming signals reflected o� the cavity, while the
other separates the input and output signals of the JPA. A directional coupler is used to inject the JPA pump
tone into the input line without interference.

The output of the JPA is routed through a third circulator to a HEMT amplifier, located at the 4 K stage of
the cryostat. From there, the signal continues to the room-temperature electronics. To minimize thermal noise, the
pump tone for the JPA is attenuated with 20 dB attenuators at both the 4 K and base temperature stages of the
cryostat. All signal lines connecting the cavity, JPA, and HEMT input are implemented using superconducting
cables to minimize losses.

The weakly coupled port of the cavity is connected to the Vector Network Analyzer (VNA) at room temperature
via an isolator and a 20 dB attenuator at the 4 K stage, enabling transmission measurements through the cavity.
For reflection measurements at the strongly coupled port, the third port of circulator C1 is connected via a 20 dB
attenuator at base temperature, and an additional attenuator at 4 K to the VNA at room temperature. The
room-temperature electronics include a commercial pump-tone generator for the JPA, a Vector Network Analyzer
(VNA), and a real-time spectrum analyzer with an integrated low-noise preamplifier.

 Sensitivity to Axions: [arXiv:2505.07541]

See Poster by Stefan Horodenski on the 
Axion program (Supax)

https://arxiv.org/abs/2505.07541
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optimally using the available magnetized volume significantly improves the search e�ciency for axions. Addition-
ally, the combination of a simple mechanical structure for coarse tuning and a gas-based fine-tuning mechanism
ensures both flexibility and precision in frequency adjustments. These design choices are based on extensive pre-
liminary studies, as discussed in Section 5.2. Each cavity is equipped with two ports, one critically coupled and
one very weakly coupled to the target cavity mode. In all designs the length of the strongly coupled antenna is
adjusted via a piezo driven actuator, which is able to move the antenna port in a range of ±0.5 mm.

To scan the mass range envisioned between 10 µeV to 20 µeV three tripple-cavities will be used.

2.3 Readout

Each cavity is equipped with its own dedicated readout chain. Consequently, the readout system described below
is implemented two times in parallel. The cryogenic RF layout is illustrated schematically in Fig. 2. The strongly
coupled port of each cavity is connected to a Josephson Parametric Amplifier (JPA) via two circulators. The JPA
provides a gain of 20 dB. One circulator isolates the JPA from incoming signals reflected o� the cavity, while the
other separates the input and output signals of the JPA. A directional coupler is used to inject the JPA pump
tone into the input line without interference.

The output of the JPA is routed through a third circulator to a HEMT amplifier, located at the 4 K stage of
the cryostat. From there, the signal continues to the room-temperature electronics. To minimize thermal noise, the
pump tone for the JPA is attenuated with 20 dB attenuators at both the 4 K and base temperature stages of the
cryostat. All signal lines connecting the cavity, JPA, and HEMT input are implemented using superconducting
cables to minimize losses.

The weakly coupled port of the cavity is connected to the Vector Network Analyzer (VNA) at room temperature
via an isolator and a 20 dB attenuator at the 4 K stage, enabling transmission measurements through the cavity.
For reflection measurements at the strongly coupled port, the third port of circulator C1 is connected via a 20 dB
attenuator at base temperature, and an additional attenuator at 4 K to the VNA at room temperature. The
room-temperature electronics include a commercial pump-tone generator for the JPA, a Vector Network Analyzer
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This conversion occurs at all points in the magnetosphere. Therefore, a faraway observer

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

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

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

primary ingredients to support our analysis for the FRB observations.

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

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

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

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

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

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

the z-direction are:

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

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

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

condition in general relativity [34].

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

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

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

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

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

y + �By sin(!Bt), 0
⌘

[31, 32].

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

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

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

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

be constant. For completeness, details in the appendix.

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

and compare it with observational quantities in two steps:

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

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

4

• Two polarisations of GW


Maxwell equations on variably curved space time 

• Assume GW passing through a static B-field: 

∂μ( −gFμν) = ∂μ( −ggμαgνβFαβ) = 0

∂μ( −gF̃μν) = ∂μ( −gημναβFαβ) = 0

•  Covariant Maxwell equations:
gαβ = diag(1, − 1, − 1, − 1) + hαβ

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

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

https://arxiv.org/abs/2501.11723
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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
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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

• Conversion of GW energy into Photons 
and vice-versa!

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

jeff ∝ ωghB0ei(kgz−ωgt)

https://arxiv.org/abs/2501.11723
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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.
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• Conversion of GW energy into Photons 
and vice-versa!

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

jeff ∝ ωghB0ei(kgz−ωgt)

  
How can this be used to detect 

GWs ? 

https://arxiv.org/abs/2501.11723


Kristof Schmieden Identification of Dark Matter - June 2026

High Frequency Gravitational Wave - Strains

22

Needed strain sensitivity

•  

•  

• 

h0 < 10−24

h0 < 10−29

h0 < 10−32

• Ligo / Virgo Signals 
• BH mergers 

Observed Strain

• h0 ∼ 10−22

Expected Sensitivity: 

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

         h0 > 10−21

• Primoridal black hole mergers 
• Chirp signals 

• GW from boson superradiance 
• Monochromatic over long timescales 

• Stochastic GW background 
• Even lower strains … 
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Noise contributions
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50 mK thermal noise

1Hz dark count rate


