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New elements on

the search for high frequency

gravitational waves with
4

haloscopes/resonant cavities

Based on arXiv:2303.06006

With Aurélien Barrau (LPSC), Juan Garcia Bellido (IFT)
and Thierry Grenet (INéel institute).
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High frequency gravitational waves
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Review paper: N. Aggarwal et. al.,
arXiv:2011.12414
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What is a haloscope?

CHaloscope: experiment searching for axion dark matter in our galactic halo)

Axion DM behaves like a classical oscillating field
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What is a haloscope?

CHaloscope: experiment searching for axion dark matter in our galactic halo)

Axion DM behaves like a classical oscillating field
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Power Spectrum

HEE

Frequency

Unknown axion mass
requires a tunable resonator

Credits: Raphael Cervantes, University of Washington
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What is a haloscope?

CHaloscope: experiment searching for axion dark matter in our galactic halo)

Axion DM behaves like a classical oscillating field
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Unknown axion mass
requires a tunable resonator
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Credits: Raphael Cervantes, University of Washington
Credits: https://cajohare.github.io/AxionLimits/

( Different possible conﬁgurationa

Field Warmdia. RF-cavitydia. Frequency
43T 11.5 GHz

GrAHal platform taken C - W © = 277 2,67 GhHz
: S 1757 0.79 GH

as a benchmark Grenoble Axion Haloscopes ’

— 1 95T 0.34 GHz

T. Grenet et. al., arXiv:2110.14406 .. Ideal for a haloscope )
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Axion electrodynamics
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Axion electrodynamics
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Generated current: Jo = —Javyy B— o7 +VaXE Current aligned along B

® Power extracted from the cavity: Psz‘gnal X g?vaQQV& ~ 1022 W —» To be amplified!
m

a

® Noise: Pnoise X Tsys

é )

4 key ingredients
for a good haloscope:

High magnetic fields
Good cavity (high QV)
Good amplifiers

L Low temperatures )
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Axion electrodynamics
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® Power extracted from the cavity: Psz‘gnal X g?vaQQV& ~ 1022 W —» To be amplified!
m

a

@ Noise: Pnoise X Tsys s 5
BAO Antenna 20 Extracted

AV, : Width of the resonant mode

é . . )
4 key ingredients Avg : Width of the axionic pic

for a good haloscope:

High magnetic fields
Good cavity (high QV)
Good amplifiers
Low temperatures
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GW electrodynamics

Einstein-Maxwell action:

1
SEM = /d4513\/ —g (—ZgwgyﬂFuuFaB)

Guv = M + Py 5 | <1

1 1 h
SEM — —Z/délCC\/—gFMVF'UJV =l §/d4x8,, lgF’uV —I—h(I;Fa’u S thOW] A'u —|—O (hz)

h
Effective current: ]gﬂ-‘ =0, <§F“V + hY F*F — tho”/)

Result from Berlin, Blas et. al. , arXiv:2112.11465

Jeff ~ wghBO
i
iy | 3 The direction of the current # Agrae e ool
iy | . depends on the GW properties s
GW
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The search for hfGWs with resonant cavities

® GW signal extracted from the cavity

Result from Berlin et. al. 1 3 5/3
’ wQVe,

PrignGw = =
arXiv:2112.11465 sign,GW — %G cav

Coupling coefficient between the effective
current and the cavity modes

A

| fvcav d3fE:(z-j+,>< |

. 1/2
Vet (... PTEN2)

cav

Mn

® Signal to Noise ratio estimated by the radiometer equation:

P, sig leff

NR ~
> kBTsys Av
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The search for hfGWs with resonant cavities

® Focus on binary systems of (ligcht) black holes
A. Barrau, J.G. Bellido, T. Grenet, K. M, arXiv:2303.06006

Working at fixed frequency (~ GHz)
does not fix the masses!

104

U . resonant frequency 0.1
of the detector

10°° e : .~

T . time to merger _ v=0.34 GHz

.. v=2.67 GHz

107  0.01 1000.00 108
T [s]

Killian Martineau - LPSC Paris Workshop PBH-GW




The search for hfGWs with resonant cavities

Psig Lo 1 3 5/3 2
SNR ~ Fn o\ Av ~+ | Peigngw = §wGWQ‘/ca<f (mmhB)

GrA’*HaI SNR > 1 = Sensitivity estimates:

Grenoble Axion Haloscopes
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Extremely
encouraging

Killian Martineau - LPSC Paris Workshop PBH-GW




The search for hfGWs with resonant cavities

Psi te 1
SNR ~ — + | Pignow = 50w QVad’ (1hB)’

kB Tsys AN 2 cav

GrA’*HaI SNR > 1 = Sensitivity estimates:

Grenoble Axion Haloscopes
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Extremely What about

encouraging Bl this value?
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The search for hfGWs with resonant cavities

Psi te 1
SNR ~ — + | Pignow = 50w QVad’ (1hB)’

kB Tsys AN 2 cav

GrA’*HaI SNR > 1 = Sensitivity estimates:

Grenoble Axion Haloscopes

hos|a7x 10722 (234 GH 1701 5.01 x 107! m3) ¢ /107 3
| g L Veav Q ,

. (267 GHz i 0.1 27T 1.83 x 10~3 m3\ ¢ 10° 1
2 n Veav Q
—5 .3\ 2 5
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Extremely But What about

encouraging this value?

Hypothesis made:
The signal must remain coherent and located in the [Is it reallyj

experimental frequency bandwidth during at least 1s possible?
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The search for hfGWs with resonant cavities

® The frequency of GWs coming from binary systems drifts with time f(y) —

96 G/\/tc>g u
gﬂ' V3

® Time during which the signal drifts in the frequency sensitivity bandwidth:

5 _s8 _s8 1 (GM.\
tAuN%W Sy 3@ 1( 3 )

tAV(V: MC) [S]
10%
Integration time =<
~1yr s

~
4ac_ T~
10>~ 7~

Fast decrease of the signal

----v=0.34GHz duration with the mass

0.1 TSN S0 S e v =2.67 GHz

------ = 11.47 GH
Sampling time S Y z :
106" ~ The heavier the BHs, the closer

they are to their merging

1041;
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The search for hfGWs with resonant cavities

P, sig leff

NR ~
S R kBTsys Av

>1 3 different regimes:

1) Effective time given by the signal frequency drift through the frequency bandwidth of the cavity
teff = LAy

b > 2.0 x 10=2L x (287 GHz 12 0.1\ (27 T\ (183 x 10-*m? G 105 b\ T Me \®
. v Ui By Veav Q 04 K 10_14M@

2) Effective time limited by the duration of the experiment Very small chirp masses

The signal would spend “more time than available” within the cavity bandwidth
tAay > tmax = leff — Tmax

2.67 GHz\ 7 /0.1\ /27 T\ /1.83 x 10~3 m3\ 6 /107 3
h>5.3x 1022 ——
> 58210 X( v > (U)(BO)( Veav ) (Q)

3) Effective time limited by the sampling rate Highest chirp masses accessible

The time spent by the signal within the experimental bandwidth is smaller than the inverse sampling frequency
2
teff = tAy/tmin

P a g 1018 o (267 GHz 5701\ (27 T\ (183 x 103 m3\ ¢/ Ty \? [ Mec \°
| v n )\ By Vear 04K, \10°M,
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The search for hfGWs with resonant cavities

Strain sensitivity

60s>¢,,>0.1 ms 0.1 ms > &,
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10 10-18
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The search for hfGWs with resonant cavities

Accessible distance

D max [m]

| £y, >60s 60 s > £, > 0.1 ms 0.1 ms > &,
1012

e o N 7/ /75 Mo M)
e o 107°

Killian Martineau - LPSC Paris Workshop PBH-GW




The search for hfGWs with resonant cavities

Number of expected events
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Nevents Yr
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The search for hfGWs with resonant cavities

Take away message:

Time analyses are mandatory to derive realistic
estimates

Not a small correction but a huge effect

Drastically reduces the sensitivity, thus the accessible distance

® Possibilities to increase the signal:

- Time domain analyses

- Coupling to different modes in the cavity
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Thank you!
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