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high frequency (> kHz) GW sources

Cosmological

sourced by violent cosmological
event in the early Universe

stochastic GW background (SGWB):.
stationary, isotropic, broad spectrum

GW frequency determined by
Hubbe horizon at sourcing time
- high frequency = early Universe

observationally bounded by
BBN and CMB (extra radiation)

vanilla cosmology: SGWB from
cosmic inflation & CGWB very small.
But in many BSM models, saturating
BBN bound is easy
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high frequency (> kHz) GW sources

Cosmological

sourced by violent cosmological
event in the early Universe

stochastic GW background (SGWB):

stationary, isotropic, broad spectrum
GW frequency determined by
Hubbe horizon at sourcing time

— high frequency = early Universe

observationally bounded by
BBN and CMB (extra radiation)

vanilla cosmology: SGWB from

cosmic inflation & CGWB very small.

But in many BSM models, saturating
BBN bound is easy

Astrophysical

localized GW sources, both coherent
and incoherent signals possible

no known astrophysical objects
emit (significantly) in UHF band

eg mergers of light primordial black
holes or exotic compact objects,
superradiance

large signals require near-by events
- rare events with GW strain far
above BBN bound are possible

SGWB from unresolved sources,
typically harder to detect

UHF GW searches are searches for new physcics

High frequency GWs at axion detectors

2126
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challenges in UHF GW detection

BBN bound

rly\Universe
B hysics

Theorists are jouful people
|

frequency

CMB/BBN bound constrains energy
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challenges in UHF GW detection

BBN bound

rly\Universe
B hysics

Theorists are jouful people
|

frequency
QGW X f2 hg

CMB/BBN bound constrains energy
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Experimentalists live -

on a slippery slope

>
frequency

experiments measure displacement
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challenges in UHF GW detection

update coming!

UHG GW initiative Living Review:
https://arxiv.org/abs/2011.12414

_magnon <

0.75 m interferometer 4

SOURCES LEGEND
........ BBN bound

holometer

= [nflation (extra-species)

BBN bound

= |nflation (effective field theory)

| | levitated sensors |

= [nflation (scalar perturbations)

rly\Universe
B hysics

1= Preheating

~— QOscillons

log;o A

ALPSI
IAXO

|==Phase transitions

= Cosmic strings

Theorists are jouful people
|

e 1= Metastable strings

Gauge textures

frequency

- J== Cosmic gravitational

QG w X, 5 101;10 (F1H2) & % microwave background

CMB/BBN bound constrains energy experiments measure displacement

UHF GW initiative:
https://www.ctc.cam.ac.uk/activities/UHF-GW.php
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detection strategies

M tran r
QM transducer/ LC axion

detector volume coupling amplification readout
haloscopes
/ resonant mass
) detectors,
mass —— mechanical =——— mech.Q —— SQUID —» bulk accoustic
\ / wave devices
resonant LC interferometry —— interferometer
: / ; single photon counting/ MACO
EM field === electromagnetic EM Q == heterodyne detection microwave
7 cavities
volume Photon
_ regeneration
spin sSpin resonance (ALPS, CAST,..
\ Ramsay magnon
detectors

time ———
spectroscopy \

astro/cosmo
detectors
atomic

clocks
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detection strategies

QM transducer/

detector volume coupling amplification readout LC axion
haloscopes
/ resonant mass
) detectors,
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\ wave devices
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. single photon counting/ MAGO
EM field EMQ = heterodyne detection microwave
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regeneration
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Ramsay magnon
detectors
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detection strategies

QM transducer/

detector volume coupling amplification readout LC axion
haloscopes
/ resonant mass
detectors,
mass mech.Q —— SQUID —»  pulk accoustic
\ wave devices
resonant LC interferometry —— interferometer
: 7 ; single photon counting/ MAGO
EM field EM Q == heterodyne detection mlc_rc_)wave
7 cavities
volume Photon
regeneration
spin spln resonance (ALPS, CAST.,..
Ramsay magnon
detectors

t|me —
spectroscopy \

astro/cosmo
detectors
atomic
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GW electrodynamics

Classical electrodynamics + linearized GR, 9uv = v + by,  Fuw = Fup + F ,fy

0, (V=9 9" Fapg”™) =0

— 0, FI'" = jl. = (=V-P, V x M + 9,P) effective curent
effective polarization vector
effective magnetization vector

with

B . - ~ induced at linear order in h
Py = —hiiE;j + ShE; + hoo B — €;51ho; Bk, in presence of external E,B field
Mz‘ = —hiij — %th + hjjBfL' + EijkhOjEka

VD, Garcia-Cely, Rodd 22

Direct analogy with axion electrodynamics

LD gayyaE-B  — P=gs,aB, M=g;aE McAllister et al 18
Tobar, McAllister, Goryachev 19

Quellet, Bogorad "19
effective source terms in Maxwell's equation due to GW
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Dielectric GW haloscope

Maxwell equations: _ _
effective current induced by Gws

V-E=0, VxB-—¢E=jg, dielectric constant
V-B=0, VXxE+B=0,
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Dielectric GW haloscope

Maxwell equations: _ _
effective current induced by Gws

V-E=0, VXB—-¢E=jg, dielectric constant
V-B=0, VXxE+B=0,

particular solutions in medium and vacuum

EP — CQBO

= T (hup o+ hyg)e ek

B R,
EP = —70 [iw:}:(hxﬁ + hy8) + hxsak] e WUk® B
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Dielectric GW haloscope

Maxwell equations: _ _
effective current induced by Gws

V-E=0, VXB—-¢E=jg, dielectric constant
V-B=0, VXxE+B=0,

particular solutions in medium and vacuum ALPs, IAXO,...
as GW detectors
coBo ,, . o iolt-bm) ~hB [Ejlli et al “19 ]
E? = hop + hy §) e Witk 0

B ST -
EP = _70 [ing(hxﬁ +hy8) + hX59k] e~ wlt—ka) hBywa resonant conversion
— In vacuum
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Dielectric GW haloscope

Maxwell equations:

effective current induced by Gws

V-E=0, VXB—-¢E=jg, dielectric constant
V-B=0, VXxE+B=0,

particular solutions in medium and vacuum

EP :CGBO
mooe—1

(hxﬁ 1 h_|_§) e—iw(t—ﬁ:-m) ~ hBO

B A _ .
E? = —70 [‘iwﬂi'(hxﬁ + h48) + h 36’3] e~ Wii—k) ~ hBywz

Boundary conditons at surface of dielectric medium

- EM waves sourced at surfaces of dielectric disks

High frequency GWs at axion detectors 6/26

ALPs, IAXO,...
as GW detectors

[Ejllietal 19 ]
T

[resonant conversion }

In vacuum
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Dielectric GW haloscope
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Dielectric GW Haloscope

VD, Ellis, Kopp 24 )
PP GWs vs axions

- ”””,,””,,j ffffffffffffffffffffffffffff sigf=========== 777777777 r = . . N
o T D L I - GWs are relativistic:
I B |
***************** e ?*Ef* + resonant conversion in vacuum
B R o SO CEETT S
N T Coor SRR S P )
B~ S SO S — Sh Lo + relaxed requirement on
Ei‘lflii?A‘Dfo‘i?iybfd___O? i disk surfage
] - - new requirement on effective
LO72H e * | disk width )
1072 T T T

GW frequency f [Hz]

* MADMAX can be operated as GW detector

* Hybrid resonant / broadband mode particularly interesting
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photon (re-)generation experiments

[Gertsenshtein "62, Boccaletti et al 70, Raffelt, Stodolsky "88]

analogous to axion to photon conversion

Light-shining-through-the-wall (LSW) experiments, helioscopes: Ejilli et al “19
1- ALPS/OSQAR (Photon +B — WISP —» WISP + B — Photon ) -20: IIIIII L IIII
Magnets Magnets -25 :- + t DS0AR T CAST
Y "'\/\/\YM Detector [
fmIzB\-» Wish I |8 f? _30:; IeOSymh' L ALPSIic| IAXO
T ~~~~~~ isisi”" _ JURA ]
2-Ourwork (GW+B»Photon) Gravitational Wave g _35’ElBH=10 9 ii‘f‘"‘~~_~; | SenS|t|V|ty tO
| | 1009 N stochastic GW
-40F 1 1 MBH Y + 1
oo}y T | \ \\R\ background
_45- L s L 1 L " N 1 " " " L s L .1 " " N j
10 12 14 16 18 20
Frequency f [Hz]

Microwave cavities: Berlin et al “21, "23

astro/cosmo environments: Fujitaetal 20, VD, Garcia-Cely 21, Fengetal 22, Liue al 23, lto et al 23,
Ramazanov et al "23,...
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GW signal in low-mass axion haloscopes

eg ABRACADABRA, SHAFT, DM Radio: VD, Garcia-Cely, Lee, Rodd 22,23

static magnetic field (i.e. rigid detector)

[
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GW signal in low-mass axion haloscopes

eg ABRACADABRA, SHAFT, DM Radio: VD, Garcia-Cely, Lee, Rodd 22,23

static magnetic field (i.e. rigid detector)

effective current ~ h(wL)” By

[
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GW signal in low-mass axion haloscopes

eg ABRACADABRA, SHAFT, DM Radio:

High frequency GWs at axion detectors

10/ 26

VD, Garcia-Cely, Lee, Rodd 22,23

static magnetic field (i.e. rigid detector)

effective current ~ h(wL)” By

induced oscillating magnetic field
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GW signal in low-mass axion haloscopes

eg ABRACADABRA, SHAFT, DM Radio: VD, Garcia-Cely, Lee, Rodd 22,23

static magnetic field (i.e. rigid detector)

effective current ~ h(wL)” By

induced oscillating magnetic field

measure magnetic flux (~ h)
through pickup loop

at leading order in (wR) :
ie ™, 2 2
Dy = h*w”Bomr®Ra(a + 2R)sy,

161/2
~ (wL)*hByL?
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GW signal in low-mass axion haloscopes

eg ABRACADABRA, SHAFT, DM Radio: VD, Garcia-Cely, Lee, Rodd 22,23

static magnetic field (i.e. rigid detector)

effective current ~ h(wL)” By

induced oscillating magnetic field

measure magnetic flux (~ h)
through pickup loop

at leading order in (wR) :
ie ™, 2 2
Dy = h*w”Bomr®Ra(a + 2R)sy,

161/2
~ (wL)*hByL?

__—iwt 2
match to axion induced flux to estimate D, = e " guyy v/ 2ppMBomr“RlIn(1 + a/R)
sensitivity to GW signals ~ (WL) guna By L2
aryy
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optimized pickup loop geometry

spin 2 structure of GW : angular modulation of induced B field

leading order (wR)?* contribution captured by breaking
cylindrical symmetry, e.g. using a figure-8 pickup loop

[VD, Garcia-Cely, Lee, Rodd "23] Symmetries and selection rules

—0.12 —-0.08 -0.04 0.00 0.04 0.08 0.12

B./[Buach™ (WR)]

pickup loop . —iwt 3
Doy g = 63\/5 w?Bor°RIn (14 a/R) sg,

x (h*sg, —hTcg,cq,)

~ (wL)?*hByL?

parametric improvement for modified pickup loop
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Low mass haloscopes

VD, Garcia-Cely, Lee, Rodd 23

10—11

q)h(h+1 hx; Qbh: gh) = Rc (I)a(ga'y’y):

coherence ratio factor:
coherence & observation time

<« Sensitivity to signal with
’ Re.=1

sensitivity to "axion-like* signal

R . computed assuming
Qr =107, — 1075 (1073 5)

Q axion haloscopes as MHz GW detectors

still far away from BBN bound, but clear synergies of UHF GW and axion searches

)
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mechanical coupling

mechanical response to GWs wn ~nusL™ ~107°L™Y  mech. eigenmodes
Wew K Wy, Wew ™~ Wn Wh K Wew K L1 LI '« Wew
rigid limit on resonance free-falling limit

>

(Weber Bars)
response function

may be suppressed
by oscillation pattern
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mechanical coupling

mechanical response to GWs wn ~nusL™ ~107°L™Y  mech. eigenmodes
Waw <K W Waw ~ W Wy K Wew < L7 L™ < wey
rigid limit on resonance free-falling limit >

(Weber Bars)

! response function
mechanical deformations less stiff than may be suppressed
Maxwell's equations by factor v /¢ ~ 107° by oscillation pattern

* mechanical coupling can be significantly more efficient

 challenge of transducing mechanical deformation to EM signal for quantum readout
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Magnetic Weber Bar

- . : VD, Ellis, Rodd 24
GW acts as a mechanical force on (current-carrying) wires:

llllll\
s

GW

0.00 025 050 075 100  1.25
x [m]

—> Induced AC magnetic field ~ h B, read out with pickup loop + SQUID

High frequency GWs at axion detectors 14726 Valerie Domcke - CERN



Magnetic Weber Bar

mechanical vs VD, Ellis, Rodd 24

EM coupling

~12
107777 N | = 3 effects at O(h):
107144 Z: "-?Qg,._,w Y, | 2 , :

- oot =0 = « deformation of magnet coill

— 10716~ : =

| = i . .

;r 10_18: 1 =i : * motion of pickup loop

N ] e : ! .

jaug 10-20- WB-EFR Broad - & .1 . modulation of supercurrent

= 10-22 N ) MWB-DMR Broad. TVIAGO Res.

%Fﬁ 10_24: __| L MWB-DMR Res. Noise contributions:

o) - SQUID, thermal mechanical,

107264 2oy

- ' f”nu,-,; Magnetic Weber Bar Sensitivity seismic, thermal noise of

resonant readout

1028 4 ADMX-EFR: By = 10T, T = 4K, R, = 0.4m, Qpee, = 10°
20 DMRadio-GUT: By = 16T, T = 0.02K, R, = 3m, Quec, = 107
10_ L L L L | ! R
102 10° 10* 10° 10° 107 10%
f [Hz]

Very competitive broadband sensitivity !
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Charting the GW landscape

UHG GW initiative Living Review:
https://arxiv.org/abs/2011.12414

update coming!

1D-19 DALI PT

DALI phase I

ol i
- 10724 :
N i
:_-q:l_:. [ Magnetic Weber Bar LF IAXO HET
= 10729} :
8
1:: N
B 107341 - :
- [ LF IAXO SPD =
GW search _
i active R&D ~
10'39 L proposed _
| LSW helioscopes T
10® 10° 1012 T
f [Hz]
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https://arxiv.org/abs/2011.12414

Conclusions and Outlook

Synergies between axion and high-frequency GW searches

(garna)Fu F* s hF,, F*

Key differences to leverage:

pseudoscalar versus spin 2 : optimize geometry
massive axion versus relativistic GWs : different resonance conditions

mechanical coupling of GWs : powers of wl,vs/c , can be missed by NDA

A lot of room for new ideas!
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... and an advertisement:

CERN TH visitor program https://theory.cern/visitor-info
short-term visits typically O(week)

long term visits (> 3 months, usually sabbaticals)

consider applying!
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backup slides
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astrophysical sources

Example: 10 kpe e\ s 2/3
) i ) PBH —23
~1 —
mergers of light primordial black holes hiy o =10 ( D ) (10_5M®) (100 MHZ)
[ | [ |
Inspiral Merger Ring-
down
1072 M,
‘ fisco = 220 MHz (u)
MpBH
A
N _
=
<
©_ -
” M
-1.0 = Numerical relativity N
-Reconstrlucted (templat?) | |
Py 1 T T T
S 0.6 \ . 14
time
20/ 26 Valerie Domcke - CERN
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astrophysical sources

Example: 10 kpe e\ s 2/3
. . . PBH . 10—23
mergers of light primordial black holes hix ~10 ( ) (10_5M®) (100 MHZ)

10719

VD, Garcia-Cely, Rodd 22

event rate: 1020

<F> = / dT 471'7“2 5(7‘) Ro (mpBH, fPBH) —91 L
0 1072 §

MW halo  mergerrate —=

=
§ 10722 ¢
<0 [QVA R (f,mppu, ) —h| |
< _
10—23 -
10—24 _
large GW amplitudes possible | : :
for rare events, but signal 10-25 'P.BH..B.l.nafY.ﬁlgﬂal..... e
duration very short! 1072 107t 10 101 102 103 104

f IMH]

see also Franciolini, Maharana, Muia "22
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BBN bound

photons neutrinos

radiation energy after electron decoupling: / / /
Prad = 35 ( ( ) (3.046 + ANcs5) )

at BBN or CMB decoupling:

7 4 4/3

PGW (T) < Aprad(T) = (pGW) 3
P~ TBBN,CMB

- at BBN, CMB decoupling ~ 5 % GW energy density allowed

0 0 \4/3 :
. Paw _ 0 [ 9s pew (T) _5 L 1n—6 note: constraint
today: 0 Q) (m) (T) <1077ANepr ~ 10 on total GW energy

- today, energy fraction < 10° (for GWs present at BBN / CMB decoupling)
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warm-up: LIGO

[ z y hij = hyel; coslw(t — cox — s92)] VD, Kopp “24
X
/ 0 O} = Jog
L A= Ay + AA = Agcoslw, (t — x)]é, + AA(L, T)
GW
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warm-up: LIGO

[ z y hij = hyel; coslw(t — cox — s92)] VD, Kopp “24
X
/ 0 O F" = Jegr
L A= Ay + AA = Agcoslw, (t — x)]é, + AA(L, T)
GW

particular solution along x-axis:

AAP(t,x) = — Z )\A04h+ ﬁ(1 + cg) cos[(w + Aw)t — (wy + Aweg)x] + O(w, /w)?

w
A==
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warm-up: LIGO

[ Z y hz’j = h_|_6;-|_j cos[w(t — CHL — 892)] VD, Kopp 24
X
/ 0 O Fy" = Jeg
L A= Ay + AA = Agcoslw, (t — x)]é, + AA(L, T)
GW

particular solution along x-axis:

AAP(t,x) = — Z )\A04h+ ﬁ(1 + cg) cos[(w + Aw)t — (wy + Aweg)x] + O(w, /w)?

w
A==

Add plane waves with frequencies w, & w to match boundary condition A(t,0) = Ay (¢, 0)

— full solution for EM wave propagating in GW background

. 1
— compute phase shift: Ag¢ = —§h+w,YL sin@, Adérico = hyw,Lcos(20) J/
~ at next order in w/w, :amplitude modulation, rotation of polarization “
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Interferometers revisited

X r A
/ A=A+g = Apcoslwy(t—x)]é, + <,
Y
L - + +
S ofi = a; cos_+a; cos
_ + )
hij = hyejj coslw(t — coz — 5p2)] cos; =cos[(wy +wg)t —wy X — kg - x]
COS_ = COs[(Wy —Wg)l —wyx + l%g - ]
. (wgtwy(l-cy) 1
o =1 Aoh, polarization
w _
g
1 w
=F-Aght—L (1 +cp) +Olwglw))").
4 Wg

High frequency GWs at axion detectors 23126 Valerie Domcke - CERN



electromagnetic HF GW detectors

VD, Moriond proceedings 23

GW amplitude h

L LC circuit resonators. AN
10728 [ microwave cavities " ""==--C7__ freauencv modulation

-

photon regeneration " === cosmological detectors

104 108 108 1010
GW frequency f [HZ]

exploit synergies with axion searches
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tests of quantum gravity ?

Carney, VD, Rodd 23

* Rigorous test of quantisation
de facto impossible

10—10 | T ; | T
| ! : IEI | * dilute graviton gas vs
| 5 12 i
10-15 | : | :a B classical GW
REN L
| | s * CAST has the sensitivity to
102 1y | 0l detect single gravitons
=G los : N :; (the source is the issue)
-~ (% |
~>9P¢s 7 N !

h [strain]

see also F. Dyson 13

100 10 108 101 10'2 104 106 1018 1020

f [Hz]
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wave versus particle regime

energy density of GW:
P~ h2w2M§1
number of GW "quanta’ in de-Broglie volume:
n=plw, Ap~1l/w = nAg~ h2M§1/w2

single graviton limit:

N=n\p<1l = hSw/M,

(at LIGO, N ~ 10%"(h/1072%)% )
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