Global Network of Cavities to Search for Gravitational Waves:

GravNet

A novel scheme to hunt gravitational waves signatures from the early universe

EPS-HEP, Hamburg, 2023

Kristof Schmieden, Matthias Schott

1G|U

O Cluster of Excellence
8 U p H x P R i S M A+ Precision Physics, Fundamental Interactions
and Structure of Matter



http://arxiv.org/abs/2308.11497

Introduction - Gravitational Waves

e Observation of gravitational waves by LIGO/Virgo is certainly
a breakthrough in fundamental physics

e First observation on 14th of September 2015:
» Two ~30 solar mass black holes merging about 1.3 ® 5
billion light-years from Earth. \\&* -
N 08* §
e Frequency range: 10-1000 Hz RSN
=2
e However, there should/could be many other sources of
gravitational waves o
o
e Primordial black hole merges \@\\&* R
e Boson clouds (BH superradiance) (@“5@@% T
o \ny tc>f

e Those GW would have frequencies in the GHz regime

e Should search for high frequency GW
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http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102

Conversion of GWs into Photons @ cﬁsiiif?'ﬁ\"iv sl

e Two contributing effects

e Assuming conversion cavity with volume V within const. B-Field

. O
e GW deforms cavity A3 A
@OQ\(\’\Q
e Oscillating change of magnetic flux @\ki;é\@‘ e Resonant excitation of EM field in Cavity
e Excitation of EM field cf? o | |
N e Produced EM power given by:
e Direct conversion of gravitons to photons via the inverse . .
Gertsenshtein effect
Psz'g — §ngv5/3(nnhOBO)2M 2
0

Kristof Schmieden EPS-HEP 23/08/2023 3


https://arxiv.org/abs/2112.11465

Similarity to Axion Searches

e Axion Haloscopes:

e RF cavity in magnetic tield -> Primakov conversion of axions to photons
e Resonant excitation of cavity mode

e Cavity based haloscopes are sensitive to GWs

e GW:
e [ypical quadruple structure
e Preferred mode: TM 020
e Current direction dependent on GW

e AXiONS:
e Preferred mode: TM 010
e Current dependent on B-field direction
e | itle overlap with GW mode
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Similarity to Axion Searches @ i'»iz.félx"w JG

SRS
3

e Axion Haloscopes: R

e RF cavity in magnetic tield -> Primakov conversion of axions to photons
e Resonant excitation of cavity mode

e Cavity based haloscopes are sensitive to GWs

tint
. GW | Projected Sensitivities of Axion Experiments
. wg/2m € [0.465, 1.02] GHz
e Typical quadruple structure ADMX (@ 5300% B0 =731, 120s
e Preferred mode: TM 020 R —
e Current direction dependent on GW HAYSTAC (@~ 310" Bo =9 8 120s
wg/2m € [1.46, 1.65] GHz
CAPP | Ll % s Dk k 1208
) wg/2m = 26.531 GHz
e AXIONS: ORGAN |9 13100 By =TT 40
* Preferred mode: TM 010 -
e Current dependent on B-field direction squs params. - V/A@ 1_0610033 T“—LlKV// A 1d
e | itle overlap with GW mode e ' ' '
10—24 10—23 10—22 10 21 10 20 10 19

Strain Sensitivity hg
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High Frequency Gravitational Waves @ PR|SMA+
. 10_18 UL T T N AL UL I R T N LI AR T
e Several well motivated beyond the standard model sources: 10-19 Resonant Cavitie g£ 2 ]
m!..-.._.‘ 9: - 2
= 151 EI =< ?
e Primoridal black hole mergers L 2t g - E
. . 10-22 ERRE =5 ~ ; 1
o E e 0 © RN : 2
Chirp signals 102 e et - ?
v@o 10~ ;E XO/SMQ é
e GW from boson clouds around BHs 10~25F '
: —926F
e (BH super radiance) }8;5
* Monochromatic over long timescales 10-25¢
10—292_
e Stochastic GW background 10730 B e T Y TR
cven lower enar 100 107 108 10? 1010 10M 10%
o Fv W
gy f [Hz]
-13 -11 -9 -7 -9 -3
— I
10716 | ' | ' | | |
107181 = |llll 2 .
1020k 2 e -
. . o 10-2F ° s -
e Displayed expected experimental sensitivities for PBHSs: Lo-24f 5 |
o 10720} H = 8|
e Assuming GW signal long enough to ring up cavity = o0k ) - s
10730} B -
e E.g.: given for ADMX,SQMS @ mpg, ~ 1071°M 10-32f L UF -
10734} e .
. ‘\.\\
10_36_ . | . | . | . | . | . | . |‘\\.‘~ A
104 10  10® 10 102 10 10 10 10%
f [Hz]
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Typical setup @ i'»iz.féﬁw |

[arXiv:2308.08337]

e Supax: superconducting axion search @ Mainz LNA (36dB)

— to spectrum analyser
< signal injection

e First results on dark photons presented in poster by [im Schneemann
o Will study spherical cavities He return < |
e Study of new SC materials for resonant cavity experiments

I — to vacuum pump
IHe feed — I
| — N2 feed

IHe Cryostat ................ CaV|ty Support

- Cryo Attenuators

1 I\/Ietamatenals {‘

t

S —

-Cryo LNA (42dB)
1 % 1 --Cryo circulator
_ 3175/3 2 -Cryo switch
Pszg — §ngv / (nnhOBO) 2
IUQC - 8GHz cavity
(existing)

14T solenoid magnet
(existing)

- ® Depends on cavity material: |
*High purity copper: ~5-104 |
* Superconducting: difficult in high magnetic field! |
e Target: 106 [

e Achieved: 3:105 (CAPP, non tunable) ]i
* Materials under study Nb38n HTS materlals (YBCO) ;

B . 01 agnet use i
e Up to 20T envisioned *
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How to become more sensitive? @ CESET?R'?\"Z+ f

e Current efforts focus on improving single cavity sensitivity

e But what about combining various setups”
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How to become more sensitive? @ E'?E‘i?ib\'e"iv f

e Current efforts focus on improving single cavity sensitivity Disclaimer

e But what about combining various setups” o | |
This is not a fully fledged proposal in all glory detail

Rather intended as basis for discussions
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How to become more sensitive? @ pR.EA'w f

e Current efforts focus on improving single cavity sensitivity Disclaimer

e But what about combining various setups” o | |
This is not a fully fledged proposal in all glory detail

Rather intended as basis for discussions
* Phase aligned combination voltages from of N cavities:

0,

_ Lp;
comb — \/N Ve XX NVO
l ? Setup Supax GravNet
. | _ Shape cyl. spher.
Vi=V.¢i=¢ fo [GHZ] 8.3 5.0
Volume 1] 0.128 0.21
_ _ _ | Qo 39600 10°
* Hence the signal power scales linearly in N! . 0.08 0.6
Tiys [K] 5 0.1
e Assumed single setup B [T] 14
int. time 1s
e 14T B-field, about 10cm diam., 30cm long n cavities 1 3
e 3 spherical cavities @5GHz, SC, high Q noise power [W] | 1.5-10"*' W | 6.2-107* W
e 1s integration time ho(Psig = Proise) | 7.1-107°0 | 52-107%
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Grath - globalnetor or HG ettion o o o @ PleSI\"/\A’f

e How sensitive can we get with 10 setups, scattered around the globe

e Assumptions:
e Sampling of Wavetorm -> oftline combination of phase aligned |Q data
e 10 setups as shown before

e Effective signal power increased by factor 10

e Strain sensitivity increased by factor4/10 ~ 3

hy < 107, 1 second integration time

Kristof Schmieden EPS-HEP 23/08/2023 8



GravNet - a global network for HFWG detection f - o @ i'»iz{én"nA+

e How sensitive can we get with 10 setups, scattered around the globe

e Assumptions:
e Sampling of Wavetorm -> oftline combination of phase aligned |Q data
e 10 setups as shown before

e Effective signal power increased by factor 10

e Strain sensitivity increased by factor4/10 ~ 3

= 1015
1077
-19
hy < 10723, 1 second integration time :%_212&%/ DMN.
1023
1072% =
* Phase alignment for distributed setups: 1027
102 -
e |[f signal seen in 3 cavities: direction of GW can be reconstructed 1o81= 7% Primordial Black Holes
105 o v esenant o megration
- _ : : : - : - VNet- | |
e Otherwise: scan through all possible directions and repeat combinations 10 GravNet_Zacoummg_BOmg
1073 &= GravNet-2b counting - 30ms
10—39_.I T BN SN AN N AN SN SRR NN NN SN AN N NN NN AR NN BN N N BN NN N
10* 102 1 10% 10* 10° 10° 10" 1010 10" 10" 10*°

f [Hz]
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GravNet - a global network for HFWG detection f o - @ i'»iz.fén"w v

e How sensitive can we get with 10 setups, scattered around the globe

| e No frequency tuning needed:
e Assumptions:

. | o | e PBH signals are fast transients
e Sampling of Wavetorm -> oftline combination of phase aligned |Q data

e Single frequency sufficiency

e 10 setups as shown before

e Effective signal power increased by factor 10

e Strain sensitivity increased by factor4/10 ~ 3

< 1015
1077
-19
hy < 10723, 1 second integration time :%_212&%/ DMN.
1023
1072% =
* Phase alignment for distributed setups: 1027
102 -
e |[f signal seen in 3 cavities: direction of GW can be reconstructed 1o81= 7% Primordial Black Holes
10°F o cravot1 resonant2n gt
e Otherwise: scan through all possible directions and repeat combinations 10 GravNet_Zacoummg_BOmg
10737 = GravNet-2b counting - 30ms
10—39_.I T AN AN N S NN NN AN S S N N N AN AN A A N
10%10% 1 10* 10* 10° 10° 10'° 10" 10" 10'° 10" 10*°

f [Hz]
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GravNet - a global network for HFWG detection f o - @ i'»iz{én"nA+

Z
e How sensitive can we get with 10 setups, scattered around the globe 2
3
£ 107
e Assumptions:
e Sampling of Wavetorm -> oftline combination of phase aligned |Q data
e 10 setups as shown before -
10
e Effective signal power increased by factor 10 ,
e Strain sensitivity increased by factor /10 = 3 P
1017 -
_ . . . 10_19__ LISA
hy < 107%, 1 second integration time 10_2@—\/ SN
1023
| - 2h integration 10% £
* Longer integration times 1027 =
1029
e Sensitivity gain with integration time t1/4 10 E Primordial Black Holes
a3 I GravNet-1 resonant 1s integration
10 s I GravNet-1 resonant 2h integration
h() < 10_24’ 2N in’[egration time 10° l B GravNet-2a counting - 30ms
10787 = GravNet-2b counting - 30ms
10—39_|| ' T I I N Y SN NN AN (NS NN S NN AN NS NN AN NS B NS B I S
10%102 1 10% 10* 10° 10° 10" 10210 10" 10" 10*°

f [HZz]
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PBH merger & high Q cavities @ CESET?RR% f

e GW strain: largest if merging is imminent (closest to innermost stable circular orbit)

e Frequency drift large

f= %W8/3m5/3f11/3 469 5 101 1,2 (e 5/3 f 11/3
’ C o 107" Mg GHz

—
o
w

......................................................................................................

—
o
N

e [0 resonantly excite a cavity:

........................................................................................................................................

A

Max. integration time [s]
o

e GW frequency must stay within resonator bandwidth

—h
<

e w/0 ~ 10'°Hz/10° = 10kHz

.......................................................................................................................................

—
<
N

e \Very short integration times O(ms) or below for larger BH masses

—h
<
w

10_16I | III1O_15I | II1O_14I III-IIIO_13 | | III1I6_12I | III1O_11
PBH mass [M_solar]

e Resonant detection difficult for HFGWs from PBH mergers!

e Alternative?

Kristof Schmieden EPS-HEP 23/08/2023 10



~Alternative for fast transient signals - Photon Counting @ ?Ei?‘ib\'“iv

e Recent progress in R&D for single RF photon counters
e Several technologies under study é

e Current Biased Josephson Junctions 'Pump x

o Kerr Josephon Parametric amplifiers L e——

e Transmon Q-Bit readout Qubit filter

Waste
resonator

e Shown single photon efficiency: 43% @ 90 Hz dark count rate

‘ Flux line

* Measurement boils down to a coincidence measurement !
e Coincidence window and needed number of coincident detectors optimised depending on

e Background rate (thermal, detector noise)
e Signal Rate

Kristof Schmieden EPS-HEP 23/08/2023
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Photon Counting - Coincidence Interval @ Cﬁsﬁiféx‘ﬁ\% ,

e Background rate:
e Average thermal power in cavity @ 0.1K ~ 4x10-23 W, corresponding to 10 photons /s @ 5 GHz
e Could be lowered going to lower temperatures (challenging)
e Assuming advances in the near future on the single photon sensors:

e Detector dark count rate will drop significantly -> negligible

0.035

e Parameter used for Calculation:

0.03

e Allowed accidental coincidence rate: <= 1/year

0.025

coincidence interval [s]

e Background rate: 10 Rz 0.02

e N detectors: 20

0.015

0.01

0.005

II‘I . IiIIIillliIIIiIIIiIIIiIIIiIIIi

2 4 6 8 10 12 14 16 18 20

number of coincidences
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Photon Counting - Signal efficiency @ Cﬁsiii?‘f\'i\"iv /

e Overall signal efficiency dependent on detector efficiency, coincidence window and signal photon flux:

= €,,Af, D ® .. = signal photon flux

Smgle oincidence > sig Sig

L €ror = Z ( ),p = €gingle » K = NUMbeEr of required coincidences, N = number of detectors

1>k
5 _I I l L | L | I | L L L | I | L | L | I—
& {f— —® Signal Rate =60 Hz - S PP P S
e Parameter used for Calculation: = | ~® SignalRate=50Hz | ' ' _
o 0 8— Signal Rate =40 Hz —
- 8 _ RN R L R S SRR —
 Allowed accidental coincidence rate: <= 1/year ke - 9 SignalRate=30Hz
&) — ; ; ; —
O |
e Background rate: 10 Hz D 0B —
* N detectors: 20 = i _
® €40 0.0 S
“ L e St o
02 ................................................................................................................................... _
e \With 20 detectors a photon flux of 40 Hz can be detected . _
with an efficiency of 1 within a coincidence interval of 32ms ol ‘. et - o
2 4 6 8 10 12 14 16 18 20

number of coincidences
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Photo Conting - Senitivi on )

e \Vith 20 detectors a photon flux of 40 Hz can be detected
with an efficiency of 1 within a coincidence interval of 32ms

sl
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@ 6
e Signal photon flux depends on conversion region: ? 185 E
LL 104
e a) Magnet dimensions as before (9cm diameter), B = 14T S 108
e p) Assuming large NMR magnet (80cm diameter), B = 9T § 102
Setup GravNet-a GravNet-b Sensitivity 1 (1
radius 40 mm 40 cm 10~
length 12cm 50 cm 1072
Volume [m?] 6 x 10~* 0.25 107
Oo 10 10 10:;1
Toys [K] 0.1 0.1 10 %5
B [T 14 9 strain h,

Kristof Schmieden EPS-HEP 23/08/2023

e Achievable sensitivity:
* ho <3x1022 ... 3x10-24

e \With coincidence time of 32ms!
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_Photon Counting - Sensitivity on o e

e \Vith 20 detectors a photon flux of 40 Hz can be detected
with an efficiency of 1 within a coincidence interval of 32ms

@ 6
e Signal photon flux depends on conversion region: ? 185 ;
L 404k
e a) Magnet dimensions as before (9cm diameter), B = 14T S 108
e p) Assuming large NMR magnet (80cm diameter), B = 9T § 102
Setup GravNet-a GravNet-b Sensitivity 1 (1
radius 40 mm 40 cm 10~
length 12cm 50 cm 1072
Volume [m?] 6 x 10~* 0.25 107
Oo 10 10 10:;1
Toys [K] 0.1 0.1 10 %5
B [T 14 9 strain h,

Global network of HFGW detectors will be able

to reach into the interesting region for P

existing technologies!

SH with
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* ho <3x1022 ...

e \With coincidence time of 32ms!

e Achievable sensitivity:

3x10-24
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Photo Conting - Senitivi on o o - o

e \Vith 20 detectors a photon flux of 40 Hz can be detected
with an efficiency of 1 within a coincidence interval of 32ms

@ 6
e Signal photon flux depends on conversion region: ? 185 ;
L 404k
e a) Magnet dimensions as before (9cm diameter), B = 14T S 108
e p) Assuming large NMR magnet (80cm diameter), B = 9T § 102
Setup GravNet-a GravNet-b Sensitivity 1 (1
radius 40 mm 40 cm 10~
length 12cm 50 cm 1072
Volume [m?] 6 x 10~* 0.25 107
Oo 10 10 10:;1
Toys [K] 0.1 0.1 10 %5
B [T 14 9 strain h,

Global network of HFGW detectors will be able

* ho <3x1022 ...

e Achievable sensitivity:

3x10-24

to reach into the interesting region for PBH with
existing technologies!

e \With coincidence time of 32ms!

Significant room for improvements:
more detectors, larger volumes, higher detector efficiency
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Summary @ i'»iz.féﬁw |

e Jo increase the sensitivity of halo scope style experiments we suggest to build a global network of detectors
e Remember: SNR scales linear with number of detectors!

e Intearating measurement: e Single frequency sufficient to hunt for
J J | PBH mergers!

e Sample RF data and combine phase aligned e Could even combine measurements at
different frequencies

 Typical integration times too long to be sensitive to BH merges!

. , = 10150 |
e Photon counting style experiments: 1017 L
e Recent advancements in single RF photon detection allows to use 1070 e
coincidences of several detectors 1 O_zé\/ DMN
. . 1072 '
* Using 20 independent detectors: s
L 10727 | i
e Sensitivity: ho < 3x1022 ... 3x10-24 ook oAt
10—31 N Primordial Black Holes
33 [ GravNet-1 resonant 1s integration
: 10 s B GravNet-1 resonant 2h integration
Requires large meta material cavities 107 | M GravNet-2a counting - 30ms
. 10787 k£ GravNet-2b counting - 30ms
(hlgh frequency@ |arge VOlume) 10—39 I T T T A T Y A T A A A A N A A A A T AT A A A A
10102 1 10%® 10* 10° 10° 10'° 10 10" 10" 10" 10°°
f [HZ]
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- Conclusion

GravNet is an idea up for discussion

e Many advantages in combining efforts to hunt for UHFGWs in coordinated way
e GravNet would significantly improve the sensitivity on high frequency
gravitational waves

e Based on commercial magnet systems, which is comparatively cheap

e \Worldwide collaboration would share costs automatically with local lab-

based experiments

e Fasy exchange of R&D results and integration at all locations

e Sensitivity to the PBH parameter space with existing technologies!

Interested? Let's have a coffee!
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