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General GW Detectors

] E=a s | |y o L —— IS
LIGO Detector (Livingston) Weber Bar Detector NAUTILUS (ROG Collaboration)
https://www.ligo.caltech.edu/page/observatories-collaborations (access: 13/04/2023) (arXiv:1009.1138 [Astro-ph.IM])

~ 10 Hz — 10 kHz ~ 1 kHz

Wanted:
e Detector that is small and has a high sensitivity
e Detector that is sensitive across a large frequency range

Particularly interesting: = 10 kHz: New Physics!
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https://www.ligo.caltech.edu/page/observatories-collaborations

Heterodyne Cavity Experiments

* Idea: GW couples to the electromagnetic field in a cavity and is resonantly enhanced

Direct Coupling

Mechanical li
(Gertsenshtein Effect) echanical Coupling

4l 775:1,77(]?1

VWWWWWWWWWWWW\, 3, B,

wg = w1 — Wy ~ O(1KkHz) to O(1 GHz)

* Note: Modes should be distinguishable: High Quality factors desired!
- Use Superconducting Radio Frequency (SCRF) Cavities (Q ~ 101?)
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Design

e Optimal Geometry (for mechanical coupling): Sphere (Lobo, Phys. Rev. D, 52, 1995)
* Problem: Spheres have no nearly degenerate modes and are not easily tunable

* Solution: Use two coupled spheres with central tuning cell
(Ballantini et al, arXiv:gr-qc/0203024 (2005))

Berlin et al., arXiv:hep-ph/2303.01518v1 (2023)
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Electromagnetic Modes

* Important Mode: TE;14, because it allows for a [ = 2 transition between the modes

wo = 1.773430 GHz

Aw =~ 16 kHz

wq = 1.773446 GHz
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The MAGO Collaboration

* The idea is not new! First proposals for heterodyne EM-detectors were made in the
1970s (e.g.: V.B. Braginskii et al. Zh. Eksp. Teor. Fiz. 65 (1973))

* They led to the MAGO collaboration at INFN, which has already built three prototypes

/ D . 7 1 e
MAGO constant coupling (thanks to (Ballantini et al., arXiv:gr-qc/0203024 (2005))
Gianluca Gemme)

PACO Prototype (thanks to
Gianluca Gemme)

The funding was stopped in 2005, MAGO never made a physics run
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DESY and FNAL

DESY and FNAL are now interested in reactivating the research on heterodyne cavities

Main reasons:

* High frequency range (i.e. above ~ 10 kHz) is interesting for new physics
Aggarwal et al., arXiv:gr-qc/2011.12414v2 (2021)

* Heterodyne cavity experiments could be also used for axion research
Berlin et al., arXiv:hep-ph/2112.11465 (2019)

* DESY and FNAL host many experts on cavity technologies

The tunable prototype will come to DESY in a few weeks!

Main goals of my master thesis

* Understanding and developing the theoretical background

* Applying the results to the MAGO cavity



Theoretical Background

The starting point is the Einstein-Maxwell Action:
4 1 ua ,vp
Sem = | d"xy=g | — 79" 9" FEuwFag

With the weak field approximation:
Iuv :77,uv+h,uv gt =nHV — h#v V=g = 1+ h% +0(h2)
We get the Lagrangian:
1 1
Lgm = — 7 R F*Y — EjélffAu

U a uv v au U av
]eff v < a a >

2

(Inverse) Gertsenshtein-Effect!
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Adding Mechanical Wall Deformation

Gravitational Waves induce a tidal force density
- > 1
fi(t,X) = —pc®R;0,(t, X)x; Ruapy = 7 (0a0phu + 0,0 hep — 040y hary — 0By hyp)
leading to a displacement of the cavity boundaries governed by the equation
N e
p(x) 32 puAu — (A + w)V(V - u) = (X, t).

u: Displacement vector

We use a separation ansatz:

o Up (D), (X)p(X)AV = My,
W68 = ) D (®)
m=t fn® =] f@EO - dp@dv
Vcav
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The Full Lagrangian

We can now write down the full Lagrange function of a cavity disturbed by a
gravitational wave:

L—jd3 [ ]eff U 4FM,VFIuv] ZI Mql o MwlCIl +CIlfl

J

‘ Y : I\/Iechanlcal Part

Electromagnetic Part

Note that: jie=0(h) = jiA, =jiA, + 0(h?)
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Using the Proper Detector Frame

: : : h®
* Gertsenshtein current is not gauge independent! jhe =0, <T“Fw + RY FH — h“aF‘W>

* We have to use a physical gauge, i.e. the proper detector frame:
Marzlin K P Phys. Rev. D 50 888 (1994)

Goo=—(1+3d- %)%+ (& xX)?—ye0 — 2(d X X'y — (@ X ¥)'(& X %) y;;
Goi = (B X B); —yo; — (@ X ¥)yy;

9ij = 6ij = vij

2
o 3)lx""xlx""1 e X (B, . Bk, Rokor) (9) - [(n 4 3) + 2(n + 2)dx + (n + 1)(d@x)?]
2

2
(n+ 3)!

Yoo = Z
n=0

Yoi = Z e E (O 0, Roa) (@) < [(n+2) + (n + 1A
n=0

Yij = Z xkxlakr L xkn(y, ... 0, Rirji)(9) - [n + 1]
n=0

* Use long wavelength approximation A5 > L,y

1. o o
—> | ds?=—dt? <1 — Ehl{x‘x’) + dx'dx! &

* Neglect rotation and acceleration w = 0,a = 0



The Equations of Motion

Dissipative Terms External Oscillator
l l
. wWoq - 2 2v,—1/3 ) UO l Wy Ud .
bo(t) + —=bo (1) + wibo(t) = wiVeay' " qi(®) | Coobo(t) + |77 Corb1 (D) | +Jo+ - |7 ba
Qo Uy Qo | Uo
v w1 - 2 2v,—1/3 I Ul I w1 Ud .
bi(t) + b1 () + wib (t) = wiVeay' " qu(®) | Ci1b1(0) + |77 Ciobo(t) |+J1+ e |7 bg
Q1 Uo Q1 Us
b
iy 4 O 20 oy 2 Lo AT
G () + 0, (1) + wrqi(t) = v; + v;

The EoMs can be solved assuming \flab = UoCgobg + U1Ci1bf + 24/UqUs Coyboby

* The GW is monochromatic and propagates in z-direction
* wy K Wy, wq, so fast oscillating terms can be neglected (Aei®1t 4 Bel@gt ~ Bel®gt)

* q;(t) and b, (t) are small, we only need to consider leading order terms
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Solution

Direct Coupling

(Gertsenshtein Effect) Mechanical Coupling

WWWWWWWWWW\W E,, B,
i 77(];:1:77(]5%1

VWWWWWWWWWWWWWW\, E;, B,

W1
o = ——wyU
8 Qcpl 97012 BB — Y1V BB — Y1V

\ J |\ J

1wiCh; (hyls + hy )_BZH(’Q + 17151)

4

Ps

| 1
Mechanical Coupling Gertsenshtein Effect
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GW-Mechanical Coupling

* The Coupling Coefficients are given by:
V—1/3

cav
I, =2 _

v d3x p(X) (xu; (%) = yuy (1))

VCG,U

* Expected average scaling: I;(w;) ~ %
l

Linear Plot
0.05

0.04}

0.03}

0.02}

0.01}

0.00,

V—1/3

Iy = v d3x p(f)(xul,y(f) + yulx(f))

10°
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107 b

103
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M
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Logarithmic Plot

3 °
10-10 H i i i .
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Eigenmodes f; [kHz]

w; = 0.051 kHz w; = 4.098 kHz w; = 9.597 kHz

T, = —0.028 r, =—

0.019 I, =—0.008
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GW-Mechanical Coupling

2
. . . « . > 1 - — - -
* Dominating Coupling Coefficient: |céy| = j ds i,(x) [—BOB1 — eOEOEll
Cnorm S .uO
* Expected average scaling: ¢}, (w))| ~ 1
Linear Plot Logarithmic Plot
10°
107}
...................... 102
0.7 . G e e 103
0.6 .......................................................................... 104
EJEO'S— ....... ................... -;\‘E 10°
0.4 b e i 106
0.3k IR R . O PO 107
0.2 : 108
i ° i
0.1k it ds L 109
i : i ; 0 i i i ] i
3 . . : ; 10 H j i ; i i A H
0'00123456789 11 10 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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Eigenmodes f;[kHz

Eigenmodes f; [kHz]

D GO O

w; = 5.147 kHz
Cly =0.724

w; = 5.958 kHz
C{y = 0.162

w; = 10.726 kHz
cy = 0.061
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GW-EM Coupling

Again, we consider a monochromatic GW propagating in z-direction

Symmetric TEy11-Mode

|

j d3xH0(f)€0§0(f)El(f) ~ (.2
V.

o1 = S
H\/ UO Ul cav

B = d3xH, (%) L5 (%)B1() ~ 0.2
= — X — ~ ().
Tor =7 U, U, TR S

Vcav [

Antisymmetric TE;;1-Mode



Signal Power

Signal Power for a GW with strain hy = 10729,

2
w; L, |1 wiChy (hyTy + hyTy) B BiH (rk1m6y + A1nGy)

Pyg = 5—wglo |
g~ o0
& Qcpl 2 BB — 111 BB — vini
Damping Terms (Not considered in Berlin et al. (2023))
112
Note: y1y; ~ |C01|
Hz kHz MHz GHz

™1024
§ w =5.24kHz, |Cl,| =0.72 1107
1020} 11020
= 1033} 41023
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Noise Sources

Vibrations

Field Emission

Berlin et al, arXiv:hep-ph/1912.11048v1 (2019)
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Loading
&
Readout

Oscillator

Mechanical Noise
2 ngmS 4'7-[0’)1::}nin(‘)11} 1

& |A1 (w — (wo + wg))r W= Wo

w1 -2/3
Smech(w) = _1 U0Vcav/ |C(€1|

Q

Thermal Mechanical Noise

w0 ¢l w AmkgT 1
St <M @) = 5 VoV 0 | ;;}' o - ch—
1 l |A1 (w - (wo + wg))| 0

Thermal EM Noise

w? AmkgT w?
SiV) =54

Qf |A2 (a) — (a)o + wg))|2

Amplifier Noise

Samp(w) = Thw

Oscillator Phase Noise

w3 S,(w—w
Sosc(w) = 6ZQ_§UOC"2 <p( 0)
1

’ |A2 (a) - (a)o + wg))|2
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MAGO Sensitivity

We can now estimate the minimal measurable strain by setting:

The long wavelength approach

_ __sig !
SNR = P 1 may break down here
noise

Hz GHz Hz kHz MHz GHz
: ' ' ' ed 107 ' ' ' : ' ' : '
10703 LT NG e TR : . : 11013
10261 e SN 11016
10719 [ . E————— s 10
1022 meclhaniclal, fuIII noisé ] : 102
1028} -- mechanical, reduced noise  |--iienn {1028

1031|| — Gertsenshtein, full noise 1031
- - Gertsenshtein, reduced noise| :

10 Hz kHz MHz GI—F’z0 10 Hz kHz

(S
<
=

Minimal Measurable Strain h,,;,
Minimal Measurable Strain A,

11031

MHz GI—F’z0
Frequency w, /27 Frequency w, /27

Simulated Couplings Optimistic Values
(|c51| =1, @, = 5 kHz, [T, | = || = 0.5)
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Comparison to Previous Results

We compare the results to Berlin et al. (2023), which made the calculations for
idealized spherical cavities and unspecified coupling.

1012
10-+
[g=10
10-18
ho 10—20
10-22
1024
10-2%6

10-28

10812 1 : il ‘ , Ctifg12
] 1014 F a 3 g AT e ] 1014
. 1016 —110°16

]
—————
-

4102°

’ { g‘: Holometer

{1022

AURIGA

Minimal Measurable Strain h,,;,

. 10724 . .................. ............... ................ J10-24
y sl
— LIGO-Virgo b i
E— —— — — —— — 10-28 i i i i i 1028
10° 101 105 106 107 108 109 kHz Freqzﬂ;fcy . GHz
wy [Hz]
Berlin et al., arXiv:hep-ph/2303.01518v1 (2023) Our Result

* Main Difference: Berlin et al. (2023) assumed lowest lying mode at ~ 10 kHz

 We found the mode at ~ 0.05 kHz, which significantly reduces the mechanical
noise
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Sensitivity and Sources

Restriction due to
cavity ring-up time

Strain hg

I R R N
b ey, g
R Sy
10 I TEN SRS SO SR
10%
102
10
102
103t
10+
10
10 R
o o~ primordal Black Hole Mergers

0-41 : i i i i ] I I I I ] I ] I ] I ]

MAGO Sensitivity compared to possible exotic sources
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MAGO: Sensitivity

10-15

10"
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{1102
{110

1025

{10
{102°
{103t
{110
{110

1 0-37
10%
1041

nHz pHz mHz Hz kHz MHz GHz

Frequency f [Hz]

* Superradiance may be detectable, but PBHs seem to be out of reach
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Take Home Messages

* Heterodyne Cavity experiments can probe a very broad GW spectrum across
1 kHz — 1 GHz, where new physics could show up

 The GW-detector interaction is described by the mechanical and the
Gertsenshtein coupling

* The sensitivity of MAGO-like detectors already approaches the promising
region for new physics

* The MAGO prototype will soon come to DESY, where first measurements will
be carried out which are then compared with our simulations



Outlook

There are still a lot of things to do on the experimental and theoretical part of the
project!

Some ideas for the theoretical part:

* Making simulations with a precise model of the MAGO cavity
—> Compare them with measurements

* Finding geometries allowing for scans in the MHz-GHz regime

* Analyse the GWs that propagate along arbitrary directions

e Considering arrays of cavities in order to improve the sensitivity and
spatial resolution

* How do the couplings change when the cavity is deformed?



Thank You!



Backup 1: MAGO-Size and Parameters

We only had technical drawings for the cavity with constant coupling

. Temperature [K] | Density | Young’s Modulus ) . .

Material K] ke /m?) GPal Poisson’s Ratio
Cu OFE Annealed 8930 115 0.344
SS 316LN 293 7950 196 0.27
Nb RRR 300 8570 106 0.40
Cu OFE Annealed 8930 138 0.377
SS 316LN 2 7950 208 N/A
Nb RRR 300 8570 104.8 N/A
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Backup 2: Closer Look at the Signal Power

We found the total signal power

2
1 w2CEy(hyTy + hy Ty B ,BIH(K1770E1 + /1177031)

2 B1Bi — V1Y B1B1 — V1Y

w1 4

Psig =Tplwg 0

The remaining constant that we did not mentioned in the talk are

w ) 2 LW __1/—1/3
a; = Q—l + 2i(wo + wy) f1 = w? — (wo + wg) + lQ—l(wo + wy) V1= Veav' @5 Cgy
1 1
a = 2iw, + — L= w? — w2 +iw D y—iV_l/gU ct
l g Ql l g g Ql M cav
Resonance Functions:
. W1
=1— + . .
1= 152 (wo + wg) A (w) = (,31 - w?+ lw“1)(ﬂ2 —w? + lw“z) — V172
w?

A Ay (@) = Ay (@) (B — w? + iwa) !

82



Backup 3: Mechanical and EM Separated

Minimal Measurable Strain h,,;,

These plots compare the sensitivity due to the mechanical and Gertsenshtein signal
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Backup 4: Axions

MAGO may be able to detect Axions as well

2Ppm

A2 (mg — wg)|

PSD: Pgig = Q UO(UOl 1gayy)
cpl

Overlap:
Hz kHz MHz GHz
10 10 p \\\\l\\\ ,,,,,,,,,, ™ 10'10
Ny = f f E,()By(%) ~ 4.06 x 1077 1015}| — Gravitational Wave| : . .~ 1015
ZV UOUl Veav 1020 _‘ AXIOh ‘ ‘ 7777777777 11020
2 1075 L ] 1075
I i
Parameters: g 107 [T 3 0 e 1107
210 T - e e ™o
_ —42 4 S 1040 L1040
Ppm = 3.07 x 10 GeV o | | | | : | | ]
n ‘ ‘ ‘ ‘ ; ‘ ‘ ‘ 11045
—17 —1 5 1107
Jayy = 5% 10717 GeV e
‘ : ‘ ‘ : ‘ ‘ ‘ i 10—60
mg = 107eV ~ 152 MHz 10 o=
-70 : : : | : | | : -70
10 Hz kHz MHz GI—|1zO
Very restrictive parameters motivated by Frequency w, /2

dark matter searches of ALP DM
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Backup 5: MAGO Vibrational Spectrum

We also simulated the mechanical spectrum of MAGO as a preparation for the experiment

! ! ! ! ! ! ! ! ! ! ! : ! : 600 : i j ] j ] i i / ! ! d i
10 , . - - - - 500 i . HIt WLAN) DO I NPT TR L OURR O e

400-56"4!li- S AU U WV SRS | NS SR S S N
300}

200}
100 b

o N B OO
T T T T

O S U 1Y 0 LN U VO LA SO O S N
400}
300}
200 | MEbSUE i
100}

10}

0o
T

Displacement d [m]
Displacement d [uzm]

o N B O
T T

400+
300_ ‘ H H H H

IR 4 TN NS 11V A 1 U O Y | Y 31 S I S NN U A U B U SN NS S BN
2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency f [kHz] Frequency f [kHz]

s3]
T

o N B O
T T

Low-Scale Spectrum Large-Scale Spectrum
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Backup 5: Multiple Cavities

An array of N MAGO-like cavities would be allow for an improved sensitivity and a
localization of the source on the sky

* The picture below shows a simulation of the MAGO collaboration for an array of
N = 10 cavities. They could reach a spatial resolution of A = A¢ = 0.1°

(Ballantini et al., arXiv:gr-qc/0203024 (2005))
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Backup 6: MAGO EM-Fields

* Important Mode: TE;14, because it allows for a [ = 2 transition between the modes

wo = 1.773430 GHz

Aw =~ 16 kHz

w, = 1.773446 GHz

* Tuning Mechanisms:

35

24}
SN 22 $ N30}
2 59
3 3
o m 18} \/\/\j\/ﬁ/\_/ j ©
(vl = U Cc
c o c O
gn \/\/\/\j gn
gglop i gz
T ® £5

[=% o

g8 3t
= s a

12}

1 i . 10 i i i

QZO 22 24 26 28 30 0 200 400 600 800 1000
Thickness of Central Tuning Cell [mm] Difference between the minor axis of the two cells Ad [nm]
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Backup 7: Cavity Perturbation Theory

We consider the Lagrange function of the mechanical coupling:

_i 3, B2(3
U, = o Vcavd x Ef(X)
/ / / 1 .2 1 2 2 5 2 =, .
Limech zzUn(en_bn)‘l'Z EMQI _EMwl q + qifi Fn F* :H_OB — 2&E
n l

F69) = ) en(®En(®)

n

The primed fields of the deformed cavity can be expressed in terms of the eigenmodes of
the unperturbed cavity - Cavity Perturbation Theory

U Ay =
m nm 2 _ ,.2°nm
e, =e, + E — Aymem Wm — Wn
U, ,
m+n Wn
Brm = 2 2 Com
Um Wy — Wy
r E
bn - bn 2 Cnnbn + U ﬁnmem 1
m=n Wy = Wy ECnn(‘)n
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Backup 8: GW-EM Coupling

Again, we consider a monochromatic GW propagating in z-direction

1 - -
E _ 3 > > S\
= d°xHy(x)egEy(X)E{(xX) = 0.2
Mo1 H U T, 0 0£o 1(xX)

Vcav

1 1. S
B 3 - - -
Nop = —j d°xHy(X) — By (xX)B;(x) = 0.2
01 = U0, - 0\ XJ)7 Po 1

Other parameters:

1
H* = h, X d3x(x%2 — y2)2 = h, X 12.08 m?
Vcav Veav

1
H* = hy X d3x(2xy)? = hy X 12.26 m?
I/Cav VCaV

Veay = 9.56 L Aeay = 0.31 m?
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Backup 9: Primordial Black Holes

* We focus on Primordial Black Hole (PBH)
mergers with equal masses

* The frequency increases until reaching the
ISCO frequency (= Innermost Stable
Circular Orbit).

fISCO = 2200 Hz =

* Outcoming Strain

5 = -1
f\3 mpgy  \3 [ dL
hy = 9.77 - 10734 x
0 (GHZ 1012M¢, ) \kpc

N
[}
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Merger Ring-
down

¢ sisee

Insp\ral

1.0 /— Numerical relativity T
Reconstructed (template)
i I | |

. T T T T w
So6 14 =
2 0.5 || — Black hole separation -3 _5
o === Black hole relative velocity 42 &
% 0.4 11 &
> 03FE i I i ilg o

0.30 0.35 0.40 045 @

Time (s)
Abbott et al. PRL 116, 061102 (2016)
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Backup 10: Superradiance

* Needed: Light (axion-like) scalar field and spinning black hole

* Superradiance instability in ergoregion of the black hole leads to a growing,
bounded scalar field.

 Black hole and scalar field form atom-like structure

* GW production through annihilation
of the scalar particles

e Strain:

hy ~ 10723 x (2% ) (LEpe) (Mby (“)7 - jow b
01)\" D J\1mMg)\02

Brito et al. Superradiance — New Frontiers in Black Hole Physics,
page 200, Springer (2020)

Typically very coherent!
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