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When is the ruler rigid?

Incoming GW: long wavelength

Think LIGO mirror
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When is the ruler rigid?

Incoming GW: matched wavelength
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When is the ruler rigid?

Incoming GW: matched wavelength

Resolve structure of the ruler, e.g. resonances

4 Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves CERN, 4th December 2023



When is the ruler rigid?

Incoming GW: matched wavelength

Think Weber Bar

N-

Resolve structure of the ruler, e.g. resonances
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When is the ruler rigid?

Incoming GW: short wavelength
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When is the ruler rigid?

Incoming GW: short wavelength
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When is the ruler rigid?

Incoming GW: short wavelength
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When is the ruler rigid?

At the level of equations:

87528@ -+ ]{7282' ~ 8t2hz]83
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At the level of equations: Yy
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When is the ruler rigid?

At the level of equations:

Looks like proper detector frame k~1/L

87528@ -+ ]{7282' ~ 8t2h2383
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When is the ruler rigid?

At the level of equations:

Looks like proper detector frame k~1/L

87528@ -+ ]{7282' ~ 8t2h2383

Sq N hf,;ij
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When is the ruler rigid?

At the level of equations:

Looks like proper detector frame k~1/L

2 2 2
875 Sz—|—]€ Sy Nﬁt hiij N &/

Case requires knowledge of detector

Sq N hiij

Frame subtleties crucial!

Looks like TT frame
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When is the ruler rigid?

At the level of equations:

87528@ -+ kQSz‘ ~ ﬁfhwsj

NB: don't include for LIGO mirror

Frame subtleties crucial!

Looks like TT frame
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ACTE |

Light is the Ruler:
Static B-field Cavities




Interactions of Gravitational Waves with light
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1
SEM = /d4$\/ —4g (_ZQMQQVBFMVF(XB - glw‘],qu/)
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Interactions of Gravitational Waves with light
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Interactions of Gravitational Waves with light

Y
e

Guv = My + by, g =" — WM —t [ T O(hFQ)

1
SEM = /d4$\/ —4g (_ZQMQQVBFMVF(XB - glw‘],qu/)

Equation of motion: OF ~ —0 (h F)
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Interactions of Gravitational Waves with light

Y
T T ~__

Juv = M + Py, g =" — R e [0 T O(hFQ)

1
SEM = /d433\/ —4g (_ZguagyﬁFuuFaﬂ - g'uVJ,uAV)

Equation of motion: OF ~ —0 (h F)

Effective current from spatial or temporal variations of h or F’

1
=0, (5 h FHY 4 B, FO* — FO‘”)
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Cur Cavis?* Part I: Electromagnetic Ruler

Effective current from spatial or temporal variations of A or £

1
) (5 h FHY 4 B, FOR — FO‘”)

* “Why Cavities?” in Latin
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Effective current from spatial or temporal variations of A or £
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Cur Cavis?* Part I: Electromagnetic Ruler

Effective current from spatial or temporal variations of A or £

Should be reminiscent of axion physics...

* “Why Cavities?” in Latin
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Cur Cavis?* Part I: Electromagnetic Ruler

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FOH — i FO‘”)

o o x
Currents can excite cavity modes E__ as long as 7 non-zero: 71 X /V Ecay - Jer

Gertsenshtein effect (1962)

jgNa(hF)

Also Zeldovich (1973)

Should be reminiscent of axion physics...

* “Why Cavities?” in Latin
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Cur Cavis?* Part I: Electromagnetic Ruler

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FOH — i FO‘”)

o o x
Currents can excite cavity modes E__ as long as 7 non-zero: 71 X /V Ecay - Jer

Gertsenshtein effect (1962)

Je ~ O (h F')
Also Zeldovich (1973)

Should be reminiscent of axion physics...

Ja ~ Jay0 (a F)

* “Why Cavities?” in Latin
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Cur Cavis?* Part I: Electromagnetic Ruler

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FOH — i FO‘”)

o o x
Currents can excite cavity modes E__ as long as 7 non-zero: 71 X /V Ecay - Jer

Gertsenshtein effect (1962)

Je ~ O (h F')
Also Zeldovich (1973)

Should be reminiscent of axion physics...

Ja ~ Jay0 (a F)

* “Why Cavities?” in Latin Raffelt & Stodolsky (1988)
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Framing the Question

Crucial to work in appropriate reference frame!
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Crucial to work in appropriate reference frame!

Detector in Local Inertial Frame (LIF) A x E =0 f-B =0
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B-field in LIF = B-fieldin TT




Framing the Question

Crucial to work in appropriate reference frame!

Detector in Local Inertial Frame (LIF) A x E =0 f-B =0

B-field in LIF = B-fieldin TT

: y /
S
/ Which frame is the right one to use’?
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Framing the Question

Proper Detector Frame — complication
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Framing the Question

Proper Detector Frame — complication

Textbooks give long-wavelength approximation wg feav < 1

o 4 . . . . 1
ds?® ~ —dt2(1 + Rpipjx'x’) — 3 dt dx’ (R()ijkajjxk) + dx' dx’ ((57;3- — §Rikﬂxkxl>
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Framing the Question

Solution — GW as sum of plane waves
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Framing the Question

h X 6iw9(t_z) — a@h;TkT
k1

Solution — GW as sum of plane waves
X

—2Romonx’" 2" (

_QROminxmwn (

_ngz
1 i e—iwgz

(Wg2)*

—QRZ-mjna:'ma:” (—

Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

k. _ : r
N R,udupa,kl...kr — (—ngZ) R,LW,OU

CERN, 4th December 2023



Axion Cavity Modes Couple to GWs
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Axion Cavity Modes Couple to GWs

13 Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

CERN, 4th December 2023



Axion Cavity Modes Couple to GWs

But TM modes not optimal...
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Axion Cavity Sensitivity

Projected Sensitivities of Axion Experiments Coherent GW

wg /2w € [0.65,1.02] GHz

T Py = - Q W3 V3/3 (1 ho Bo)?

caVv

wg/2m € [5.6,5.8] GHz

1O ~3x10% Byp=9T
HAYSTAC ¢~ 207 70 Tois k

wg/2m € [1.6,1.65] GHz

Q~4x10% By=73T
‘/cav = 3.47 L, Tsys ~ 12K

wg/2m = 26.531 GHz

Q~13x10% Bg=7T
‘/Cav ~ 0.0078 L, Tsys Y 4: K

] GHz

v wg /27 g
SQMS params. — //A\%; 1_01059ﬂ _Tfysr,rw 1 KF//

Strain Sensitivity hg

see Weds-Fri talks for more on sources
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ACTE Ii

Matter is the Ruler:,

Excited Cavities As
Weber Bars




Interactions of Gravitational Waves with masses

— Iy v
b S:—/dtm\/— dxt dx
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Interactions of Gravitational Waves with masses

— Iy v
L S:—/dtm\/— dxt dx

d? aH dx? dxP
i ion: -T8 =0 Y =N thuw, ¢"" =n""—h"
Equation of motion T 0o (T) . " " "
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Interactions of Gravitational Waves with masses

— Iy v
L S:—/dtm\/— dxt dx

d? aH dx? dxP
i ion: -T8 =0 Y =N thuw, ¢"" =n""—h"
Equation of motion T 0o (T) . " " "

Effect of GW encoded in Christoffel symbol [' o< Oh
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Encore: Framing the Question

Work in appropriate reference frame!
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Work in appropriate reference frame! Detector in Local Inertial Frame (LIF)

Effect of GW in LIF is that of a Newtonian Force

dQCEz‘

~ TI et
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Encore: Framing the Question

Work in appropriate reference frame! Detector in Local Inertial Frame (LIF)

Effect of GW in LIF is that of a Newtonian Force

2
d L3
d7?

L 2 e .
~ —0; Iy " —> ", ~ F
dT? m

17 Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves CERN, 4th December 2023



Encore: Framing the Question

Work in appropriate reference frame! Detector in Local Inertial Frame (LIF)

Effect of GW in LIF is that of a Newtonian Force

dQCEz‘

d?x; F; o Myrr 4
dTQ ¢ ¢ FZ — _hzj :I;

~ 9,1 8 — ~ —_—
00 dr?  m 2
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Encore: Framing the Question

Work in appropriate reference frame! Detector in Local Inertial Frame (LIF)

Effect of GW in LIF is that of a Newtonian Force

dQCEz‘

9 TY) - :
o d“x; F; F; ~ B ITT .0
-

ot — T — I
dr m

Long-wavelength approximation valid because materials have ¢, < 1
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Effect of GW in LIF is that of a Newtonian Force

2
d L3
d7?

. | 9 | | TY) - TT :
dT? m 2

Long-wavelength approximation valid because materials have ¢, < 1

o 4 . . . . 1
ds?® ~ —dt2(1 + Rpiojx'x’) — 3 dt dx’ (Rofb-jkxjxk) + dx' dx’ (57;]- — gRikﬂxka)
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Cur Cavis™ Pt 2: Mechanical and EM Signals

* “Why Cavities?” in Latin
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Cur Cavis™ Pt 2: Mechanical and EM Signals

On the operation of a tunable electromagnetic detector for
gravitational waves
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* “Why Cavities?” in Latin
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Cur Cavis® Pt 2: Mechanical and EM Signals

MAGO 2.0

more from Krisztian Peters

readout

* “Why Cavities?” in Latin
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Cur Cavis® Pt 2: Mechanical and EM Signals

MAGO 2.0

more from Krisztian Peters

readout

a theorist's view...

* “Why Cavities?” in Latin
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MAGO 2.0
3

E Load the cavity in pump mode
S

19

pump mode

Wo GHz
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MAGO 2.0
3

E Load the cavity in pump mode
S
x 0o
= £: :Signal mode: w1 — wy K wy
' W
Wo ~~ GHz Wi GHz
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MAGO 2.0
3

19

S
E Load the cavity in pump mode
S
L
o
e ;
= =
o, S
20
% .
:
i=
;
: . .
wp ~ 10kHz wo ~ GHz wi ~ GHz
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MAGO 2.0
3

dP/d

GW

mechanical resonance

wp ~ 10kHz Wg

19

Load the cavity in pump mode

<
3
: 3
] =
2, S
20
Wo GHz Wi v GHz
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MAGO 2.0
3

dP/d

GW

mechanical resonance; -

wp ~ 10kHz W

19

Load the cavity in pump mode

resonant GW
Wg — W1 — Wo

D)
IS
- E
= E
o, S
.EP:
Wo GHz Wi v GHz
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MAGO 2.0
3

19

dP/d

GW

mechanical resonance; -

wp ~ 10kHz W

Load the cavity in pump mode

resonant GW
Wg — W1 — Wo

3
- <
= =] :Signal mode: w; — wy <K wg
2. .9%-: -
broadband GW
Wo GHz Wi v GHz Wo + Wy
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MAGO 2.0
3

dP/d

GW

mechanical resonance; -

wp ~ 10 kHz Wg

19

Load the cavity in pump mode

resonant GW
Wg — W1 — Wo

O
<
O.
g .
T .
oo
20
U).

pump mode

How does this work? [y

Wo GHz Wi v GHz Wo + Wy
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MAGO 2.0

w ~ GHz

20
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EM and Mechanical signals
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EM and Mechanical signals

Parametrics of the EM signal: E2™ ~ Qem (wy Leay )2 BT E

21

Sig
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EM and Mechanical signals

Parametrics of the EM signal: F

Sig

Mechanical signal: lmech)

S1g

(EM) ™~ Qem (wg Lcav)2 hTT EO
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EM and Mechanical signals

Parametrics of the EM signal: EQIQM) ~ Qom (wg Leav)? W™ Ey

Mechanical signal: ES Y ~ Qo ™" By min (1 ,
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EM and Mechanical signals
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Noise in MAGO 2.0
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Noise in MAGO 2.0

10—15

Loading/Readout

MiniGRAIL

‘\~¢Lev1tatedStack

Oscillator

D .
3@ 10—20
Qm?/
g —21
= 10
N
— 10—22

10—23

LIGO-Virgo
10—24
10° 10 10° 100

w, [Hz|

Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves

*
*
*
*
*

scanning (thermal)

NB: only showing mechanical signal

107 108 10°

CERN, 4th December 2023



Why SRF Cavity as a Weber Bar?
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Why SRF Cavity as a Weber Bar?

. _ meciunl. 4T
Thermal mechanical noise smaller for larger mass s Q LX;
p
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning
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Noise in MAGO 2.0
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning
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Noise in MAGO 2.0

Signal and Noise PSDs: Scanning Signal and Noise PSDs: Non-Scanning
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NB: missing radiation damping effect studied in Lowenberg, Moortgat-Pick: 2307.14379
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Open questions

Resonant cavities optimal in the radio band?
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Open questions

Advances in readout?

25
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Projected Sensitivities of Axion Experiments
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Open questions

Signals above kHz?
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Gravitational Waves
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Sources of HFGW:s
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Sources of HFGW:s

Stochastic

Sources discussed in detail Weds-Fri
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Standard Model: Q
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Resonant Cavities

Mature technology & constantly improving
Benefit from decades of development for accelerator use

Cavities for fundamental physics already in use:
e.g. Axion Dark Matter

Domain where various subtleties arise...
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Intuition for EM signal
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Intuition for EM signal

Frequency [MHz] Estimate sensitivity to GWSs by
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Intuition for EM signal
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Intuition for EM signal
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A more detailed estimate requires some GR
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Framing the Question

A more detailed estimate requires some GR

GWinTT Jauge. 6’Mh“” = 0, h,u’u =0, hgo=hg; =0
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Framing the Question

A more detailed estimate requires some GR

GWin TT gauge: 0,h"" =0, h,' =0, hgy=ho;=0

Riemann tensor invariant at O(h):
1

Roioj = —58752}1;;5'T>

ROijk 8t (ﬁkh;ET — 6’]-

Rz’kjl (8k@j h?;T + 826)1 hrjrkT — azaj hElT — 8l~c8l hZT)

|
2
|
2
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Cavity walls are a “Weber bar”

Readout in a quiet mode of cavity
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Gravitational Wave and a Hollow Sphere
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Gravitational Wave and a Hollow Sphere

Mechanical modes of a sphere
Uipn = Vor +1V X L¢T1 + 1 L¢T2 : U(X, t) = up(t) Up(X)

33 Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves CERN, 4th December 2023



Gravitational Wave and a Hollow Sphere

Mechanical modes of a sphere
Uipn = Vor +1V X L¢T1 + 1 L¢T2 : U(X, t) = up(t) Up(X)

Equation of motion

W 1 / }AL'T'T
.o | p - 2 ~ 2 1/3 g 1wt g _ (¥ 3 *1 ]
UP | Q UP _I_ wp uP — 2 wg V;:av nmech h/O e 9 nmech o 1/3 d X Up L
D ‘/Cav Vvshell Vshell
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Gravitational Wave and a Hollow Sphere

Mechanical modes of a sphere
Uppnn = Vor +iV X Lo, +iLor, . U(x,t) = up(t) Uy(x)

Equation of motion

W 1 . hIT o
.- p - 2 2v71/3 ..9 1wqt g _ (] 3 *T ]
Up Up + W Uy ~ —=w: V. /o7 hge ™9 N = /dXUx
p p p P g "cav h ech 1/3 D
QP 2 e - Vcaé Vshell ¥ Venen
2
g _
<U > ~ h 1/3 g % W2 —w2 ‘wg wp‘ >> wp/Qp
D 0 Ycav nmech I P

Qp »  |wg —wp| Kwp/Qp
Tiny displacement << nm
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Gravitational Wave and a Hollow Sphere

Mechanical modes of a sphere
Uipn = Vor +1V X L¢T1 + 1 L¢T2 : U(X, t) = up(t) Up(X)

Equation of motion

i), + L 2 4y o 2y L3I g et g B;‘TJT d3x U*
Up | Qp Up + Wp up — _5 wg cav 7/]mech 0 € nmech — ‘/C1a</,3 ‘/'Shell oo X D T
s Cur Cavis?* pt. 2
<U > ~ h 1/3 .9 > wz_ng ; ‘wg —wp\ > Wp/Qp {* pt.
P 0 cav nmech g D MAGO 2 O
Qp, |wg—wp|l <wp/Qp :

Tiny displacement << nm

* “Why Cavities?” in Latin
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Gravitational Wave and a Hollow Sphere

TT frame intuition
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Gravitational Wave and a Hollow Sphere

Mechanical modes of a sphere
Upn = V¢L +1V X L¢T1 +ZL¢T2 '

Spheroidal

TT frame intuition
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Gravitational Wave and a Hollow Sphere

Mechanical modes of a sphere
Upn = V¢L +1V X L¢T1 +ZL¢T2 '

Spheroidal Toroidal

TT frame intuition
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MAGO 2.0

Vibrations of cavity walls — modification of boundary conditions

W
g g
nmech {

"mech
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MAGO 2.0

Vibrations of cavity walls — modification of boundary conditions

g 9 - [, dA - U, (Eq-Ej — By - B)
nmech X ""mech = Vecav fV dSX |E1‘2

"mech
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MAGO 2.0

Vibrations of cavity walls — modification of boundary conditions

W
g g
nmech )

"mech

35
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MAGO 2.0

Vibrations of cavity walls — modification of boundary conditions

g 9 - [ dA - U, (EO Ei — By - B})
nmech S T"mech = Vecav fV |E1‘2

cav

.. W1 . 9 1/3
M €1 Ql €1 T Wy €1 = —2 nmech V;:av/ Up €0
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MAGO 2.0

Inverse Gertsenshtein effect — direct coupling to EM waves

1
=0, (5 hFR 4 BV FO — pH FOW)

QQQin
Pag ~ 4 i l” Pun 1 (g Vi)’
Cp

Cav

Recall discussion of rigid ruler

A

nd = [ d°xE7 - 5
N Ve ] XL )1
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MAGO 2.0 sensitivity to coherent GWs
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Optimal Scanning
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