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Advent of gravitational waves

Credits: LIGO-Virgo-KAGRA Collaborations/Frank Elavsky, Aaron Geller/Northwestern

Masses In the Stellar Graveyard
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Compact object masses. Each circle represents a different compact object and the vertical scale indicates the mass as a
multiple of the mass of our Sun. Blue circles represent black holes and orange circles represent neutron stars. Half-blue /
half-orange mixed circles are compact objects whose classification is uncertain.



GW spectrum
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. CMB scales: inflation (1071 Hz < £ < 1071°Hz)

o« PTA scales: supermassive BH mergers, cosmic strings, ...

o LISA scales: galactic compact binaries, supermassive BH mergers, extreme mass ratio inspirals,
phase transitions, cosmic strings, ...

o LIGO scales: BH/NS binaries, phase transitions, GW bursts, ...
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o Natural frequency for a self-gravitating body

£ = @ good estimate for binary orbital
0=\ 4, frequency and pulsation frequency



New physics from UHF-GWs

o Natural frequency for a self-gravitating body

o Gp good estimate for binary orbital
[ ——

At frequency and pulsation frequency

« Astrophysical object of mass M and radius R > 2GM :

£, < 10kHz

l

no astrophysical GW signal above g 0 ‘ 5 Earmband
fb ~ 10 kHZ NS-NS coalescence 6\60*

— T

Cosmology BSM physiCS ’ 10°  10* 10° 10° 107  10°

mass M (solar masses)

@
close NS-NS bina




UHF-GW initiative

Challenges and Opportunities of Gravitational Wave Searches

at MHz to GHz frequencies
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Abstract

The first direct measurement of gravitational waves by the LIGO/Virgo collaboration has
opened up new avenues to explore our Universe. This white paper outlines the challenges
and gains expected in gravitational wave searches at frequencies above the LIGO/Virgo band,
with a particular focus on the MHz and GHz range.
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Cosmological UHF-GWs today

t ~ 14 Gyrs
Solar system

t ~9Gyrs

CMB First galaxies
BBN t ~ 300 kyrs t~04-1 Gyrs

inflation
t ~ 1073 sec

baryogenesis

dark matter

PBH production

3
r T i -
dark radiation = (L) __, GWsdecouple immediately

M, upon production
phase transitions
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Cosmological signals

1/6
=7 T % T
o Characteristic frequency fo =~ 10 < L )(g( p)> Hz

€ GeV 100

4, GW wavelength at production

B I/H, ~ horizon size at production (causality)
Fore ~ 1

detection production time production T

10> Hz 10~ sec 100 GeV

0.16 Hz 107" sec 10°GeV

1.6 kHz 10~*" sec 10° GeV beyond LIGO

1.6 MHz 107+ sec 10"° GeV

1.6 GHz 107 sec 10'°GeV v ~GUT/string scale

o Stochastic signal: superposition of independent signals emitted by a huge
number of uncorrelated regions

- Homogeneous and isotropic
- Unpolarized

- Gaussian



Amplitude of cosmological signals

hg Qoe ~ 107°

1 kH
o~ 13% 1072 [ —= ) /r2Q, . (f) fo h,
C f 0 gw
10°Hz 3x 10723

—27
{ kHy MHz 3x 10

—24
=121\ Nele]¥]gle hc <3x10 T GHz 3 % 10~30

interferometers magnetic conversion

levitated sensors . BBN bound

. bulk acoustic wave
Inflation (extra-species)
Inflation (effective field theory)
Inflation (scalar perturbations)
Preheating
Oscillons
Phase transitions
Cosmic strings
Metastable strings

Gauge textures

Cosmic gravitational
microwave background




Late Universe

interferometers R magnetic conversion

»

levitated sensors +—>
+—>

bulk acoustic wave

| »

— Neutron stars
— Primordial BHs

Exotic compact objects
— Superradiance annihilation

Superradiance decay

General properties Benchmark distance: 10 kpc

o Coherent signals are possible l
. Strain: 1, < 1072

« Frequency: f 2 10kHz < BSM physics Is this reasonable’




Primordial black holes

M,
fisco = 4.4 x 10°Hz < © >
m1+m2
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LVC: gravitational waves
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DGH: Dwarf Galaxy heating

DF: dynamical friction
n/p: neutron to proton ratio
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M,
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Primordial black holes

M,
fisco = 4.4 x 10°Hz < © >
m1+m2

flsco — EHz THz GHz [ ] ConStra”TtS
108 | 1012 10° " : ' : )

EGy, Ve™, INT/SPI, ISO-X: evaporation
HSC, EROS, OGLE, Icarus: lensing
LVC: gravitational waves

Xr, XRayB: X-rays observations

Planck D/S, u-dist.: CMB distortions
DGH: Dwarf Galaxy heating

DF: dynamical friction
n/p: neutron to proton ratio

. < Evaporated Monochromatic

Jega(M) = “eprtM)

Qput only region that still admits 100% of dark
Qo [dM matter in PBHs is (107° — 1071 M,
Jot = Q. = "W Jepu(M)
all constraints are derived important to provide complementary

under specific assumptions and independent probes



Primordial black holes

« APBH is formed when a mode re-enter the horizon if the related density perturbation
IS above a certain threshold
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Primordial black holes

« APBH is formed when a mode re-enter the horizon if the related density perturbation
IS above a certain threshold

Inflation RD / MD

‘ )\CNIB

hydrodynamical simulations give o S oem

L >03 - -
p )
Seales Horizon ™\ ) .
‘ Rehéating .
Time —

« The PBH mass is determined by the amount of ct t
energy contained in a horizon patch at formation g

 PBHs evaporate through Hawking radiation

-1 3
3 evap can be DM for
L= 102407 mpgy ~ 10 Gyr <Neff ) ( MpgH ) |

—18
NP md 3% 10719 M, Mz 107" M,
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We adopt state-of-the art models for PBH binary formation and evolution

» Standard formation scenario: collapse during radiation domination of Gaussian
perturbations imprinted during the inflationary era.

— » PBHs are expected to follow a Poisson spatial distribution at formation

—— a pair of PBHs decouple from Hubble expansion when gravitational attraction starts
dominating over Hubble flow
— |Initially, radial motion
— Acquires angular momentum due to tidal torques from surrounding overdensities
— Shrinks due to loss of energy due to GW emission

M) = 1 dppgu(M)
I - v = ppgn  dAM
. Merger rate at time t: PBH mass distribution
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PBH binary formation and evolution

We adopt state-of-the art models for PBH binary formation and evolution

» Standard formation scenario: collapse during radiation domination of Gaussian
perturbations imprinted during the inflationary era.

— » PBHs are expected to follow a Poisson spatial distribution at formation

—— a pair of PBHs decouple from Hubble expansion when gravitational attraction starts
dominating over Hubble flow
— |Initially, radial motion
— Acquires angular momentum due to tidal torques from surrounding overdensities
— Shrinks due to loss of energy due to GW emission

) = —— 2o dl)
. _ . PPBH aM
Merger rate at time t: PBH mass distribution
% _3 —1.84
PRopu _75x1072 2 [0\ T Mo )" S(Myop> fotis 1) Tz( )
— —_ . W) ym
dm? kpe3 x yr ~ PBH\ £ 10-12 M, My o TPBH

L suppression factor

S1: interactions at formation epoch between binary and DM inhomogeneities

S=5, %5, <
S,: effect of successive disruption of binaries that populate PBH clusters



PBH binary formation and evolution

* Late-time dynamical capture: PBH binary formation is induced by GW capture in the
present age dense DM environments

— subdominant with respect to early universe formation

— increasingly less relevant for light PBHs
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* Late-time dynamical capture: PBH binary formation is induced by GW capture in the
present age dense DM environments

— subdominant with respect to early universe formation
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* Accretion could affect individual masses, spins and the binary’s orbital geometry
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PBH binary formation and evolution

* Late-time dynamical capture: PBH binary formation is induced by GW capture in the
present age dense DM environments

— subdominant with respect to early universe formation

— increasingly less relevant for light PBHs

Rcap 265
PBH 3%
PBH
Rppy

* Accretion could affect individual masses, spins and the binary’s orbital geometry
— on light PBH binaries is irrelevant and cannot affect the merger rate

* Clustering at formation due to local non-
Gaussianities of primordial perturbations

l

maximum theoretical merger rate

l

average distance of PBH merger smaller
by at most 2 orders of magnitude
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PBH binary formation and evolution

* Local DM enhancement ——— correction for sources that are closer to the
Earth than O(100) kpc

DM density profile: p(r—7) = Poml7o) r=r<re pom(r) = >
Pom(r — 7) r—71>rg r—';(l+i>

pom(re) = 7.9 X 107°M,/pc?
local DM overdensity
enhances the merger rate

ng%cf—lll(” ) = o(r)Rpgy

Pom(r)

PDM

rp=15.6kpc rg,=8Kkpc

NGE C(1+2x10°




PBH binary formation and evolution

* Local DM enhancement ——— correction for sources that are closer to the
Earth than O(100) kpc

Po

DM density profile: p(r—7) = Poml7o) r=r<re pom(r) = >
Pom(r — 7) r—71>rg r—';(l+i>

pom(re) = 7.9 X 107°M,/pc?
local DM overdensity

= 15.6k = 8k
enhances the merger rate ro=15.6kpc 7o =38kpc

local — characteristic size of a region containing at least a merger event per year
Rppi () = o(r)Rppy
sty = 22 (120 5 109)
DM

distance enclosing region
with one event per year

d

yr

— — 2 14 12 10 8 ; ~4

1 =N, = AtX [ dr 4rnr” Rpgy(r) 107 1072 1070 10% 107 10
0 Mppn | Meo]

At = 1lyr Assumption: narrow PBH mass distribution



PBH inspiral transient signal

« GW signal from a BH inspiral hy = di(Gmc)SB(ﬂf)Z/S

L

o3 5/3 »
h(1) = hy F(0) G(1) ~ 077 % 10-34 f Mppy dy,
s 1 GHz 10-12 M, 1 kpc
; (mymy)

1=+4+,X m. =

c

1/5
(my + m,)

o Can the signal be considered approximately monochromatic?

_f 6 [ S E MpRH N number of cycles a binary
M= 7 = 21610 (GHz) < 10—2 M, spends at a given frequency

: Mppy 7(1 GHz) 7(0.1 GHz) — z(1 GHz)
e Time to merger
o 107°M, | 9x1077sec 3.8 x 107 %sec
MpBH N\ 107 Mg |1.8x 1075 sec 0.008
7(f) ~ 83 sec 0
10-1> M, GHz 107 M, 0.038 17.8
10712 M, 83 38442




PBH inspiral stochastic signal

« Unresolved PBH mergers contribute to a stochastic gravitational wave background

1/2
3 (Hy\’ F \" [ Qow
h ~ Q) ~2x 10731 | ——
¢ 47r2< f) ol f) (GHZ> 10-7

15 ~13 -11
logyo(Me/Mo) =
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PBH inspiral stochastic signal

« Unresolved PBH mergers contribute to a stochastic gravitational wave background

172
3 (Hy\’ N
he = Q O (e
‘ 4n2< f) en/) (GHZ) 107

15 ~13 -11
logyo(Me/Mo) =

1/2

l

ARCADE

1
\
LISA ¢ ET
~ 1
1
<y

Ad. LIGO ,';

LN A

AY ”’

S~
- W

TAXO SPD TAXO HET

IAXO CAST

— fl’BH =1
1074 1072 10° 102 10* 106
f [Hz]

stationary stochastic background ——— no issue with time integration



Superradiance
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—> PBH mergers generates a spinning remnant with y ~ 0.68 —> superradiance
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* Axions can transition between levels
or annihilate into a graviton

'

long-lived, monochromatic GW source

ARCADE

E
0
<
&}
Q
=
=

Fea2MHz [ —%— ) ~ 2% 102GHz [ ——28H
109eV 10-6 M,

m
signal duration 7 « 0.13yr el
10-6 M,



Magnetic conversion

1 - ALPS/OSQAR (Photon +B —> WISP —> WISP + B — Photon )

Magnets Magnets

Y
Source N YRR R R — )/WW Detector

B

2 - Our work (GW +B — Photon) Gravitational Wave

-M ag.nets.
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Magnetic conversion

* Graviton-photon conversion in a static magnetic field:

. >
~ [ [ I I ’\JE\I\f\! f(l) = hE}extkCZ eXp(i(kZ i a)t))
B GW — —
Y AN B = hB kzexp(itkz — wr))




Magnetic conversion

* Graviton-photon conversion in a static magnetic field:

< >
GW fvE\l\,/l\, ED ~ hB_ kezexp(itkz — wi))
e I [B"*XJ I s BD ~ hB_ kzexp(i(kz — 1))
2 f* quadratic in &
—  power flux density:  u = L |E X B| ~ i(hBextkL)zc
Ho Ho



Magnetic conversion

* Graviton-photon conversion in a static magnetic field:

< >
O P I T
| AN BW ~hB__ kzexp(i(kz — wt))
2 f_’ quadratic in &
—  power flux density:  u = ,ui |E X B| ~ i(hBextkL)zc
0 0

1 _1 | 1
e AVARNE JAN *( B L A
— sensitivity 5y~ 2.64 x 107%* [ — / — —_
yr 1011 Hz 1T I m 1 m2




Magnetic conversion

* Graviton-photon conversion in a static magnetic field:

<
>
=Y el >y :
~ I [B I I ANNY E"Y = h B kezexp(itkz — wt))
NNy GW el i73 :
- VAN B = hB kzexplitkz — wn)
B — quadratic in &
1 - — |
—  power fluxdensity: u=—|E X B| ~—(hB_, kL)*c
Ho Ho
AN/ A \T/BN 'L\ AN
— sensitivity 7, ~2.64 x 1072 | — / ) <—> <—> ( >
1yr 1011 Hz 1T I m 1 m?2
» Not possible to detect the chirp . Limitation: coherence between GW
phase of light PBHs and EM requires
|
At ~ O(1) X S 107% sec 0.45 L L I m i
Jisco > _X ~ 4.3 x 10’ Hz <1—> <—>

|deal sources: g " \/Z
— superradiance can only be used at very
— early inspiral phase of PBHs — high frequency

— stochastic backgrounds > 108 Hz



Magnetic conversion

Resonant Cavitigs

107 108 10° 101 101 1012
f [Hz]

Detector parameters

IAXO B=25T L=20m A=32m*> fc(0.5+1)x10°Hz
MADMAX B=25T L=20m A=32m> fc(+4)x10°Hz
HSPD B=1T L=1m A = 1 m? fc(2.8+5.1)x 10'°Hz



Microwave cavities

[see S. Ellis’ talk] [see K. Peter’s talk] [Berlin et al., 2022]
[see A. Berlin’s talk] [see B. Giaccone’s talk] [Berlin et al., 2021]

o Sensitivity
hy =3 % 10722 <E> (8—T> <0‘1m3> <1—05> x
My |B| Vol Q
X(l>%<1GHZ %< Af \T/1min\?
1K 7 ) 10kHz> ( At )
where Af~f/0

o Related experiments: ADMX,
HAYSTAC, CAPP, ORGAN, SQMS.




Microwave cavities

[see S. Ellis’ talk] [see K. Peter’s talk] [Berlin et al., 2022]
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o Sensitivity
hy =3 % 10722 <E> (8—T> <O'1m3) <1—05> x
My |B| Vol Q
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1K 7 ) 10kHz> ( At )
where Af~f/0

o Related experiments: ADMX,
HAYSTAC, CAPP, ORGAN, SQMS.

« Signal longer than the ring-up time
of the cavity

Mppy S 107~ M, ADMX

mpgy S 1071°M,  sQms




Microwave cavities

[see S. Ellis’ talk] [see K. Peter’s talk] [Berlin et al., 2022]
[see A. Berlin’s talk] [see B. Giaccone’s talk] [Berlin et al., 2021]
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o Related experiments: ADMX,
HAYSTAC, CAPP, ORGAN, SQMS.

« Signal longer than the ring-up time
of the cavity
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Resonant LC circuits

[Domcke et al., 2022]

o Suitable to probe the chirp phase at
f~ 1 MHz for mpgy ~ 107 M.



Microwave cavities | Resonant LC circuits

[see S. Ellis’ talk] [see K. Peter’s talk] [Berlin et al., 2022]
[see A. Berlin’s talk] [see B. Giaccone’s talk] [Berlin et al., 2021] [Domcke et al., 2022]

o Sensitivity
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o Related experiments are ADMX SLIC,
ABRACADABRA, BASE, SHAFT,

o Related experiments: ADMX, WISPLC.
HAYSTAC, CAPP, ORGAN, SQMS.
e Signal longer than the ring-up time . Sensitivity scales as Vol’/6

of the cavity
— interesting prospects with DMRadio

Mppy S 107~ M, ADMX

mpgy S 1071°M,  sQms



Microwave cavities & Resonant LC circuits

Resonant Cavitigs

Detector parameters

DMR B=4T Vol = 100 m? fc (0.1 =30)MHz

ADMX B=75T Vol=136L T=06K Q=8x10 fC(0.65+1.02) GHz
SQMS B=5T Vol=100L T=1K Q= 10° fc (1+2)GHz



Conclusions

e The Ultra-High-Frequency band is very well motivated from the theoretical
point of view and worth studying.

o Technological progress is still necessary in order to make a first GW detection.

o A few detector proposals appeared after we published our paper.
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Ultra-high frequency gravitational waves: where to next ?
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