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Our (incomplete) view of the universe
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95% not detectable incomplete
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Credit: JWST NASA * ,

Gravitational waves

probe all components and may come from the early universe
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Introduction - Gravitational VWaves u
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GW Strain
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Introduction - Gravitational VWaves

GW Strain
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e High frequency gravitational
wave (HFGW) sources

e Could explain dark matter
* No astrophysical backgrounds

* (No known sources)
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e High frequency gravitational
wave (HFGW) sources

e Could explain dark matter

* No astrophysical backgrounds

* (No known sources)

e \ery weak existing limits for
e f=1MHz ... 10 GHz

GW Strain

10-3 100
Frequency [HZ]
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Introduction - Gravitational VWaves u

UNIVERSITAT

e High frequency gravitational
wave (HFGW) sources

e Could explain dark matter

* No astrophysical backgrounds

* (No known sources)

e \ery weak existing limits for
e f=1MHz ... 10 GHz

GW Strain

Dedicated eftort probing high
frequency gravitational waves

10-3 100
Frequency [HZ]
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Sources of HF GW - Primordial Black Holes 7
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Primordial black holes:

e Black holes created in the early universe
e Not limited to the mass range of stellar BHs

Why are PBH interesting objects?

e Density unknown

e Merging events expected
e | ow mass — High frequency
® Fast transients

Kristof Schmieden |dentification of Dark Matter - June 2026 A
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Primordial black holes:

e Black holes created in the early universe
e Not limited to the mass range of stellar BHs

Why are PBH interesting objects?

e Density unknown

e Merging events expected
e | ow mass — High frequency
® Fast transients

Could be dark matter
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Sources of HF GW - Primordial Black Holes 7
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Primordial black holes:

e Black holes created in the early universe

. . .
e Not limited to the mass range of stellar BHs Why are PBH interesting objects*

AW ':-

MicroLensing GWs °§

Evaporation Accretion

ePBH.d era

1077

Could be dark matter

1078

Planck—mass
10~°

relics
10—10

€:)

Inflation

1 10° 1019 1015 1020 1033 1039 1033
arXiv:2506.16154 Mppn,i(g)

Kristof Schmieden |dentification of Dark Matter - June 2026 A


https://arxiv.org/abs/2506.16154

Sources of HF GW - Primordial Black Holes 7

UNIVERSITAT

Primordial black holes:

e Black holes created in the early universe

. . .
e Not limited to the mass range of stellar BHs Why are PBH interesting objects*

AW ':-

MicroLensing GWs °§

Evaporation Accretion

ePBH.d era

1077

Could be dark matter

1078

Planck—mass
10~°

relics
10—10

() e Expected Strain: > 10724

e (If all of DM is PBH, one event per year)

Inflation

1 10° 1019 1015 1020 1033 1039 1033
arXiv:2506.16154 Mppn,i(g)
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Detecting I1gh requency




Detection Principles _

UNIVERSITAT IO |

e | arge range of experimental approaches tackling HFGW

* Three Categories:
* Spin interaction
e Something is mechanically deformed

* Conversion of GWs (gravitons) into Photons

[arXiv: 2501.11723]

4.2 Detection at frequencies beyond current detectors . . . . . . . . . . .. .. ... .. 31
4.2.1 Optically levitated sensors . . . . . . . . . . . . .., 31

32 GravNet [arXiv:2603.24645]
4.2.3 GW to electromagnetic wave conversion in a static electric field . . . . . . . 33
4.2.4 Resonant polarisation rotation . . . . . . . . . . . . ... ... ... .. 33

... 33 MAGE [SciRep 13, 10638 (2023).
4.2.7  Superconducting TINES . . . . . v v v v vt e e e e e e e e e e 34 https://doi.org/10.1038/]

34 Eur. Phys. J. C (2023) 83:766
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Detection Principles

e | arge range of experimental approaches tackling HFGW

l

|

* Three Categories:
* Spin interaction
e Something is mechanically deformed

* Conversion of GWs (gravitons) into Photons

[arXiv: 2501.11723]

4.2 Detection at frequencies beyond current detectors . . . . . . . . . . ..
4.2.1 Optically levitated sensors . . . . . . . . . . . .. .. .. ....

4.2.3 GW to electromagnetic wave conversion in a static electric field
4.2.4 Resonant polarisation rotation . . . . . . . . ... . ... ...

4.2.7 Superconducting rings . . . . . . . . ...

e GW leads to source of
effective current in
Maxwell's equation

32 GravNet

53 MAGO
33 MAGE
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[arXiv: 2603.24645]

[arXiv: 2601.18719]

[Sci Rep 13, 10638 (2023).

https://doi.org/10.1038/]

J. C (2023) 83:766
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Mixer

l[: C C [arXiv:2505.07541]
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,E - Preamplifier Local Oscillator
h A - < > J O
/JV q/ g FFT Timeseries
g || S A
B Frequency> Time
I;IIagnletic Il=ieldl
Requirement
* Electromagnetic field => B-Field
* Resonant enhancement of signal => RF-resonator
* Narrow band experiment
e Noise suppression => Cryogenic setup
e High sensitivity => Low Noise, high gain DAQ
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* Electromagnetic field => B-Field
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The Neéw Supax Experiment @ Bonn

| t UNIVERSITAT [E[e]}[}
. & GWs [arXiv: 2603.24645]
e [emperature: 10 mK
e B-field: 12T
e Usable volume: @ =9cmx20cm
* Freq. range: 2 GHz - 7TGHz

Jp to 3 cavities in parallel

Kristof Schmieden |dentification of Dark Matter - June 2026 8
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The Neéw Supax Experiment @ Bonn

e [emperature:
B-field:

Jsable volume:
-req. range:

Jp to 3 cavities In

& GWs
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The New Supax Experiment e

UNIVERSITAT

Evaluation of analysis strategies DAQ commissioning @ LNF

DAQ procurement Cryostat + DAQ
1st Cavity prototype commissioning

Cryostat ordered | 2nd Cavity First physics measurement

+——t—+—1+— »

Aug. 25 Nov. 25 June 26 Oct. 26 =nd of 26

Readout system

TWPA — HEMT — RSA

Kristof Schmieden Identification of Dark Matter - June 2026 ®



GravNet - the HFGWV Detector Network

UNIVERSITAT

* |nitial proposal with 3 experimental sites: * Up to nine small resonant cavities
Bonn, Mainz, Frascati (Flash, QUAX) (5-8 GHz)

 Time-Synchronised detection of GW in multiple detectors
Each site can produce ‘triggers’

« Combined analysis of data from all sites

 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

Kristof Schmieden |dentification of Dark Matter - June 2026
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Expected Sensitvities - single cavity 7

UNIVERSITAT
e Search for transient signals 107 arXiv: 2603.24645]
* 3 S 10-8- Oetr < Qo
e < ns ... s, depending on signal source =
° é L e B S O
e Depends on energy deposited within signal E Lo-12 @\?\?x Sensitivity to GW
duration:; 3 transient signals
e Showing distance to detectable source o 107" —
-l e S I;I;Sa\/ity
h(r)nin —2.102! 10-16 10715 104 1/(\)4'—:;[;40;]12 10711 10710 10-°
Assuming: mppy = 107 M 1071 M 1077 M,
e At least Q cycles within cavity bandwidth r=6s t=2.7ms 6. 1010
e Optimal readout time —— »
e 95% CL Iimit & optimal filtering (SNR = 0.08) Faster transient

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

Kristof Schmieden |dentification of Dark Matter - June 2026 11
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Expected Sensitvities - Network & Single Photon Counting

Strain Limit

10—16 ,

= | I | 4 |
' [arXiv: 2603.24645] /
10717 & /
g /
| /
1071 F 4
/
: /
10~k /
;"""""""""'//AZt:].mS, QOI5X1O4
1020 p=====—- + B:t=1ms, Qo =5 x 10°
: 7
i /
102! pr—-= C:t=100ms, Qo =5 x 10°
10221 ' | ! !
10-% 107 107 1071% 107

PBH Merger Mass, Mppy |Mg]

°BH merger signals, assuming thermal

background only
e Target: h < 107%

Kristof Schmieden

e Only few orders of magnitude missing!

"

UNIVERSITAT

e Coincidence setup: using 9 cavities

Dark count rate: < 10 Hz

—nergy deposited within bandwidth: >= 1y

|dentification of Dark Matter - June 2026
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Expected Sensitvities - Network & Single Photon Counting

a
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10_165 | ' ! / ! _ ] , -
- [arXiv: 2603.246495) // e Coincidence setup: using 9 cavities
—17 | i
10 // ‘ e Dark count rate: < 10 Hz
= 10718 L // e ENnergy deposited within bandwidth: >= 1y
E E / : [ [ [ |
~ 1079k // - 100 LAY o __ 3
= presenneneeeee S Art = 1ms, Qo =5 x 100 [arXiv: 2603.24645]
n 1-20 f——————- + B:t=1ms, Qo =5 x 10° _ 1077 ~
10720 . : .
s / - /
: : 2 ~
: / ~ 1079} " -
10~2! =+—-=" C:t=100ms, Qo =5 x 10° _ 3= -~
E ~~
i — 10_ B P> ~ N
10—22 | | | | 8 ?if(’
10—16 10—14 10—12 1010 10—8 g 10— 13 + /O‘//'/?./‘" _
PBH Merger Mass, Mpgn [Mo)] A N _
e PBH merger signals, assuming thermal 0
background only 10~ Y E -

e Target: h < 107%
e Only few orders of magnitude missing!

Kristof Schmieden
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Expected Sensitvities - How to Improve!

10_165 | | | |
C [arXiv: 2603.24645] /
10—17? //
: /
= 10718 ¢
E :
': 10—19 __ //
5 /o o
S R R EELLEELELLD / :t=1ms, Qg =5 x 10
N 1020 F======~ 7 B:t=1ms, Qy=>5 x 10°
: 4
I 7/
10-21 ===~ C:t=100ms, Qo =5 X 10°
10—22_ | | | l
10-1% 107* 10712 10710 10~%
PBH Merger Mass, Mppy |Mg]
e Target: h < 10~

e Only few orders of magnitude missing!

Kristof Schmieden

- 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

|dentification of Dark Matter - June 2026
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Take Away Messages

UNIVERSITAT

THE SEARCH FOR™ .~

.rgs?:;%ﬂ%f?é HFGW is a very intriguing new HIGH- FREQUENCY
: GRAVITATIONAL
WAVES

e | ots of challenges, lots of opportunities

e Combination of data from different detector USING RAD|°'FREQUEONC~Y
technologies AVITIES

* New haloscope at Bonn

e GravNet CDR: [arXiv: 2603.24645

Kristof Schmieden |dentification of Dark Matter - June 2026 L mage aenerated usina OpenAl’s ChatGPT (2025
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BACKUP SLIDES




Interested Parties in first combined Data Taking

Kristof

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

UNIVERSITAT

e
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Ambitious, but rewarding goal

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

Kristof Schmieden

|dentification of Dark Matter - June 2026
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Ambitious, but rewarding goal A

UNIVERSITAT

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

" [interterometers] have so low
sensitivity that they are of little

experimental interest”
p. 1014
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Ambitious, but rewarding goal A

UNIVERSITAT

Misner, Thorne, Wheeler, 1973

50 years of work, 23 attempts

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

" [interferometers] have so low e e M
sensitivity that they are of little i e
experimental interest” e N g

. 1014
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Ambitious, but rewarding goal

Misner, Thorne, Wheeler, 1973

GRAVITATION

Charles W. MISNER Kip S. THORNE John Archibald WHEELER

" [interterometers] have so low
sensitivity that they are of little

experimental interest”
p. 1014

Kristof Schmieden
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50 years of work, 23 attempts
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Ramer Welss
Barry C. Barish
Klp S. Thorne

“for decistve contributions to the LIGO detector and the obse tational waves

® Nobelprize.org
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Sources of HF GW

o black hole mergers

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

e Not limited to the mass range of stellar BHs

Kristof Schmieden |dentification of Dark Matter - June 2026
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Sources of HF GW

o black hole mergers

. BHs created shortly after the big bang,

before the first stars were formed

e Not limited to the mass range of stellar BHs

e Formation:

e Small scale perturbation in early universe

e Amplitude of space-time curvature perturbations

enhanced during inflation

e Post-intlation collapse if energy density large enough

e —> Population of PBHs
* Masses controlled by energy in one

Kristof Schmieden |dentification of Dark Matter - June 2026

ubble volume

UNIVERSITAT

A
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Sources of HF GW

o black hole mergers

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

e Not limited to the mass range of stellar BHs

* Formation:
e Small scale perturbation in early universe

e Amplitude of space-time curvature perturbations
enhanced during inflation

e Post-intlation collapse if energy density large enough

=> Population of PBHSs
e Masses controlled by energy in one Hubble volume

Kristof Schmieden |dentification of Dark Matter - June -

a
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* Merging frequency depending on PBH
mass

* Sweep of huge frequency span

1.0 F
0.5
0.0
-0.5

-1.0 K

i ——

Inspwal

KJK)Q‘

|

— Numerical relativity
B Reconstructed (template)
1 1

o~

|

\

Merger Rnng

|

|

|

down

time
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Analysis Strategies

* Challenge:

UNIVERSITAT

* Pick up (short) transient in time-series

* General approaches:
* Conversion to

* Analysis of data

 Short (ms - 1s) intervals of data * Optimal filtering:

* Easy, small computational
requirements

Kristof Schmieden

o Computationally expensive

* Requires filters covering all
accessible parameter space

|dentification of Dark Matter - June 2026
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Analysis Strategies

UNIVERSITAT

* Challenge:
* Pick up (short) transient in time-series

* General approaches:

* Conversion to * Analysis of data
 Short (ms - 1s) intervals of data * Optimal filtering:
* Easy, small computational  Computationally expensive

requirements - Requires filters covering all

accessible parameter space

. (Anomaly detection, Classifiers in time-domain)
* Need training data, much less fine grid than above
 Computationally easy

Kristof Schmieden |dentification of Dark Matter - June 2026
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e [emperature:

3-fleld:
Jsable volume:

“req. range:

Dual use: Axions & GWs

10 mK
121

d=9cmx20cm
|7

2 GHz - 7G

Jp to 3 cavities in parallel

- The Ne€w Supax Experiment

Kristof Schmieden

A

UNIVERSITAT IO |

Sensitivity to Axions:  [arXiv:2505.07541]



https://arxiv.org/abs/2505.07541

The New Supax Experiment e

UNIVERSITAT
e Dual use: & GWs [arXiv:2505.07541]
Frequency [MHz]
10° 104
e [emperature: 10 mK 10~
e B-fielq: 121 CAST
—10
o Jsable VO‘ume' @ — 9 Cm X 20 Cm 10 Neutron Stars
- SN 17 - usters
e Freq. range: 2 GHz - 7GHz L TR NS TAK . ZHEE B
e Up to 3 cavities in parallel L HIEE 2NN R
8 10—12§ g) Eég E/N§44/3
:%~ 1013 é ?; : KSNE
S cH
S0 - ; pDrst
- 107 LiN=o
0 00 = 0.45 GeV cm
10—6 T |1|O|_4
: Sensitivity to axions in

40 weeks measurement time / block

See Poster by Stefan Horodenski on the
Kristof Schmieden [dentification of Dark Matter - June 2 AXIoN program (Su pax) 20
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Inverse Gertsenshtein Effect

"

UNIVERSITAT

Maxwell equations on variably curved space time

« Assume GW passing through a static B-field:

» Covariant Maxwell equations:

Ou(y/=8F"™) = ou(\/=88""8"'Fp) = 0

Ou(y/—8F*") = ou(y/=gn"*PF,5) = 0

F ~ — ﬁBoei(ng_wgt) — EBO
g 2 7 2 7

 Two polarisations of GW

h—l— __ A—I— ei(kgz—(,ugt)7 h, = ZAX ei(kgz—wgt)

Kristof Schmieden

|dentification of Dark Matter - June 2026

¢ Inverse effect calculated in 70ies

* \White-paper on HFGW detection: 2020

Inverse Gertsenshtein Effect

T ]

Gravitational
Wave
Conversion
Region

s

Generated
Electromagngetic
Wave

i B A1

Static
Magnetic
Field
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Inverse Gertsenshtein Effect .. "

UNIVERSITAT

Maxwell equations on variably curved space time

* Assume GW passing through a static B-field: e GW leads to source of effective current in
Maxwell’'s equation

» Covariant Maxwell equations:

]gff X () hBoel(k —Q t)

Ou(\/—gF™) = ou(/—g8"*¢"’F,p5) = 0
Ou(y/—8F*") = ou(y/=gn"*PF,5) = 0

e Conversion of GW energy into Photons

A A and vice-versal
F ~ — _+B06i(kgz—a)gt) — _+BO
! 2 2 R A
- AVAVAVAVAVAVAVIVAVVAVAVAVAVAY
 Two polarisations of GW

h—l— __ A—I— ei(kgz—(,ugt)7 h, — ZAX ei(kgz—wgt) B

Kristof Schmieden Identification of Dark Matter - June 2026 21
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Inverse Gertsenshtein Effect .. u

UNIVERSITAT

Maxwell equations on variably curved space time

* Assume GW passing through a static B-field: e GW leads to source of effective current in
Maxwell’'s equation

» Covariant Maxwell equations:

]gff X () hBoel(k —Q t)

Ou(y/=8F"™) = ou(\/=88""8"'Fp) = 0
Ou(y/—8F*") = ou(y/=gn"*PF,5) = 0

e Conversion of GW energy into Photons

A 2 and vice-versa!
Ex ~ — _+BOei(kgz—a)gt) — _+BO
2 Y o P S
AVAVAVAVAVAVAVIVVAVAVAVAVAVAY
How can this be used to detect

GWSs 7 B

Kristof Schmieden |dentification of Dark Matter - June 2026 21
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High Frequency Gravitational VWave - Strains

* Primoridal black hole mergers
e Chirp signals

e GW from boson superradiance
* Monochromatic over long timescales

e Stochastic GW background
* Even lower strains ...

e Ligo/ Virgo Signals
* BH mergers

Kristof Schmieden

Needed strain sensitivity

o« hy < 1072

o hy < 107

e hy < 10772

Observed Strain

o hy ~ 10722

|dentification of Dark Matter - June 2026

UNIVERSITAT

Expected Sensitivity:

* 1 cavity

e [ =100 mK
e B=12T
e fp = 8 GHz

hy > 10721

u

22



Noise contributions

Kristof Schmieden

107 -

=
o
o

Noise Equivalent Power [zZW/V Hz]
o

10—4_

UNIVERSITAT

1Hz dark count rate

50 mK thermal noise

5 & SQL

é = —— Thermal noise
S —— Dark count rate [1HZ]
=
O
2
Q
=

2 4 6 8 10

Frequnecy [GHZ]
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