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Sources of HFGW:s

Stochastic

see F. Muia’s talk for more on sources
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Sources of HFGW:s

Stochastic Coherent

Standard Model:

Thermal plasma fluctuations
Ghiglieri & Laine (2015)
Ghiglieri et al (2020)
Ringwald et al (2020)
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Sources of HFGW:s

see F. Muia’s talk for more on sources
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Sources of HFGW:s
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Sources of HFGWs see F. Muia’s talk for more on sources
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Resonant Cavities

HAYSTAC
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Resonant Cavities

Mature technology & constantly improving

Benefit from decades of development for accelerator use

HAYSTAC
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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

More on the connection between GWs and axions later...
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Outline
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Outline

How can we use resonant cavities to search for GWs?
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Outline

How can we use resonant cavities to search for GWs?

Electromagnetic Interactions of GWs

B Parallels with Axion searches —~————___
B Importance of reference frame
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Outline

How can we use resonant cavities to search for GWs?

Electromagnetic Interactions of GWs
B Parallels with Axion searches
B Importance of reference frame

Tidal deformation by GWs
B Motion of test masses
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Gravitational Waves @ Resonant Cavities

How do GWs interact with cavities?
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Gravitational Waves @ Resonant Cavities

How do GWs interact with cavities?

Metric encodes effects of curvature Nuv =

Geodesic equation
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Gravitational Waves @ Resonant Cavities

How do GWs interact with cavities?

Metric encodes effects of curvature Nuw = (—, +,

Geodesic equation MAGO 2.0

see A. Berlin next
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Metric encodes effects of curvature Nuw = (—,

E— Geodesic equation MAGO 2.0

/\/\/ see A. Berlin next
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Gravitational Waves @ Resonant Cavities

How do GWs interact with cavities?

Metric encodes effects of curvature Nuw = (—,

E— Geodesic equation MAGO 2.0

/\/\/ see A. Berlin next

_ ”Y Maxwell equations in curved spacetime

/\/—\/
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Gravitational Waves @ Resonant Cavities

How do GWs interact with cavities?

Metric encodes effects of curvature N = (—, +,+,+)

E— Geodesic equation MAGO 2.0

/\/—\/ see A. Berlin next

_ ”Y Maxwell equations in curved spacetime

e Haloscope + MAGO 2.0

see A. Berlin next
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Interactions of Gravitational Waves with light
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1
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Interactions of Gravitational Waves with light
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e

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

1
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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 Signal

Effective current from spatial or temporal variations of A or £

1
) (5 h FHY 4 hY, FO# — i 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 Signal

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FO# — 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 Signal

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FO# — 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 ~ Jayy0 (a F)

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

Effective current from spatial or temporal variations of A or £

1
jle =0, (5 h FHY 4 hY, FO# — 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 ~ Jayy0 (a F)

* “Why Cavities?” in Latin Raffelt & Stodolsky (1988)
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Intuition for EM signal
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Intuition for EM signal

Estimate sensitivity to GWSs by

comparing sizes of currents
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Intuition for EM signal

Frequency [MHZz]
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Estimate sensitivity to GWSs by
comparing sizes of currents
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Intuition for EM signal
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Intuition for EM signal

Frequency [MHZz]
10° 10*

Estimate sensitivity to GWSs by

comparing sizes of currents

Globular

JEF" ~ Gayy0r(aB) + O(v)

e <1071 T /m

\

joV v 0, (hB) + . ..
h <104

a

<
i
[
<
o
[-.
5]
<
J
=

HAYSTAC

HAYSTAC

9 Sebastian A. R. Ellis — Resonant Cavities for Gravitational Waves Erice, 4th September 2023



Framing the Question
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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
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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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A y /
N
/ :
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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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Proper Detector Frame — complication
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Proper Detector Frame — complication

Textbooks give long-wavelength approximation wg ficay <1
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Framing the Question

Solution — GW as sum of plane waves

kl kr _ ’ T
T Ryypo k. ke, = (—1we2) Ruupe
O
r—+ 3
hoo = =23, oy Ronon o @2t
r=0
O
r + 2
hoi = =23 oy Ronin o o, @ -2
r=0
©.@)
r—+1 L L
hZ] — —22 (r _I_ 3)'Rzn-]n7klakr$mxnx e T
r=0
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Framing the Question

h X 6iw9(t_z) e a@h;TkT
k1

Solution — GW as sum of plane waves
X

—QR()m()niEmwn (

_QROminxmwn (

_ngz
1 i e—iwgz

(Wg2)*

—QRZ-mjna:'ma:” (—
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Axion Cavity Modes Couple to GWs
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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)?

cav

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 F. Muia’s talk for more on signals
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Interactions of Gravitational Waves with masses

— Iy v
b S:—/dtm\/— dxt dx
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— Iy v
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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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a*¢; I

dT? m
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¢  F d%¢;

~ _9.TJ ¢t
dT? m dr? 9ilo0 €
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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 2 .. .
dfz’N F; dgim_@.rj é_@ FNEhTT$z
dr?  m dr2 — W YT9 Y

Long-wavelength approximation valid because materials have ¢, < 1
2 : iy — 2t da j ok i g L kol
ds” ~ —dt“(1 + Rppjx'x’) — 3 dt dx (Rofijkx x ) +dz’ dx’ | 055 — ng‘kjw x
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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
Upn = V¢L +1V X L¢T1 +ZL¢T2 '
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Mechanical modes of a sphere
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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
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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

W 1 / }AL'T'T
e P - 2 ~ . 2x/1/3 g 1wgt g __ YJ 3 *1 ]
Up Q Up T wp Up = % wg V;:av "Tmech h() e "Tmech = 1/3 d°x Up L
p Veay 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

1 T'T
f(lp I Wp ap i CUQ U, _1 CUQ ‘/;3134/3 779 . h() eiwgt 779 = hij / dSX U*z ij
QP P 2 7 e o ‘/Cla</'3 Vshell ¥ Venen g
2 .
Wy Cur Cavis?* pt. 2
1/3 Wy — wp| > wp/Qp X

<UP> ~ hg cav nrgnech X q €9 MAGO 2.0
Qp ) ‘wg - wp| << wp/Qp see A. Berlin next.

Tiny displacement << nm

* “Why Cavities?” in Latin
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Mechanical and EM Signals Coexist

readout
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Open questions

Are resonant cavities the best we can do in the radio band?
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Open questions

Are resonant cavities the best we can do in the radio band?

What advances in readout can be applied? synergies w/ Axion searches, QC(?)

Networks of resonant cavities? see e.g. arXiv:2308.11497 by Schmieden & Schott

Outside of radio band, what other approaches? see Asher’s talk
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