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Why this talk?

Dark matter models (beyond the weak scale)
can be tested through GWs of different frequencies, €.g.

Superradiance for ultralight?

Tsukada et al (2021)

Spikes?

Cardoso & Maselli 1909.05870
Coogan et al. 2108.04 154 [gr-qc]
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0 Taxonomy of GWs

transient persistent

continuous waves

phase
modelled

pulsars

" stochastic backgrounds

phase
unmodelled

supernovae

dpaw

PGW 7~ M%CUZ}L%;W Pe N~ keV/cm3 Law(f) = Perie d(In f)



Stochastic gravitational-wave background (SGWB)

incoherent, persistent GW signal
faint/numerous sources
astrophysical and cosmological

GW density parameter:

Pow(f) = Derie d(In F)

2 272
paw ~ Mpw”hgy

P n. = 1.2 x 10" M Mpc ™3
~ keV /cm?

dblas@ifae.es



GWS soundscape today
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Possible backgrounds & ideas at (tHz: a rich bana



Future soundscape (maybe 2040)?

Too large for PTA

A~ 10" km ~ 1072 kpc

'10 10—5

Too large for human interf ?
f[HZ]
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Backgrounds from fundamental physics
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Possible backgrounds & ideas at (/Hz: a rich band
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Fedderke et al 2112.11431

Transmitter/
receiver

Transmitter/
receiver

Atomic
clock

Asteroid radius: 8.0km. Asteroid mass: 5.4 x 10'® kg. Baseline: 1 AU.
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e.g. Moore et al 1707.06239
Mihaylov et al. 1804.00660
Klioner 1710.11474

Garcia-Bellido et al. 2104.04778

Fedderke et al 2204.07677

Caligkan et al 2312.03069

) Future astrometry?

Monitoring many stars (GAIA or better)
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Stellar interferometry

We evaluate the potential for gravitational-wave (GW) detection in the frequency band from
10nHz to 1 uHz using extremely high-precision astrometry ofja small number of stars

at characteristic strains aroundf(hc ~ 1077 x (uHz/ fow). The astrometric angular precision required
to see these sources is A ~ h. after integrating tor a time 1" ~ 1/ fow. We show that jitter in the

photometric center of WD of this type due to starspots is bounded to be small enough to permit
this high-precision, small-N approach. We discuss possible noise arising from stellar reflex motion
induced by orbiting objects and show how it can be mitigated. The only plausible technology
nieve the requisite astrometric precision is a space-based stellar interferometer. Such
a future mission)with few-meter-scale collecting dishes and baselines of O(100km) is sufficient to
e target precision. This collector size is broadly in line with the collectors proposed for



https://arxiv.org/abs/2204.07677

Iv) Atomic interferometry in space: AEDGE

Abou El-Neaj et al 1908.00802
Badurina et al 2108.02468 (AION) Graham et al 1206.0818 (MAGIS)
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The most optimistic future...
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The most optimistic future... vs 2038
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|s this all we can do in this band?

And now

for something
completely different...

f ~ pHz

few days




Absorption of GWs by binaries  f ~ nHz

few days

Intuitive idea (from ‘60s)
Influence of a GW on a binary system (e.g. non-relativistic)

17 ) 1k
A A
Newtonian potential ~ +- - e GW
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Better characterised for its 6 Newtonian constants of motion

o period P, eccentricity e:
size and shape of orbit

o inlination /, ascending node (/.
orientation In space

o pericentre w,
mean anomaly at epoch «:
radial and angular phases




Absorption of GWs by binaries

® for generic perturbation:
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Absorption of GWs by binaries

® for generic perturbation:
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i GM - (5ik1};kjrj deterministic
7o 2

' . stochastic
Xi(X? t> — Vz(X) T Fi(X, t)

we move from dynamics of the variable to dynamics of the distribution W(X)
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Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103

o track distribution function W(X, t) of
orbital elements X = (P, e, [, {2, w,¢)

o evolves through Fokker-Planck eqn.

oW 0 o 0
ot 0X; (D7wW) - OX: OX; (D5 W)

o drift and diffusion coefficients
(averaged over orbits)

DM(X) = Vi(X) + il Ap (X)) 2(n/P)

P& (X) = i By (X) 2n(n/ P)



Our approach to the problem

Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103

o track distribution function W(X, t) of

D orbital elements X = (P, e, [, {2, w,¢)
\ o evolves through Fokker-Planck eqn.
N oW _ 9 0 9 (@
— D’ W) - D" W
“‘\\ Ot 6’X,-( ’ ) OX; axj( j )
' , o drift and diffusion coefficients

(averaged over orbits)

\\\ P00 = Vi) + 3 X[/ P)
———e D) = X By (X {2/ P)




lunar and satellite laser ranging
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Our estimates (solid: today; dashed 2038)
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Blas&Jenkins Phys.Rev.Lett. 128 (2022) 10, 101103

Satellites (P~hours)
Envelope of pulsars (P~hours - 100 days)

Lunar laser ranging (P~month)

(2038 line requires replacing the mirrors
...may/will happen before 2030!)

Possible backgrounds



Semi-latus Rectum Perturbation |[cm]

Confirming with simulations

Credit: J. Foster
(work in progress, Blas, Bourguin, Foster, Hees, Herrero, Jenkins)



Our estimates (solid: today; dashed 2038)
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Our estimates (solid: today; dashed 2038)
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uHz GWs

“ The uHz band is very rich for astrophysical and cosmological sources

#® [here are iIdeas of how to access it, though most of them are futuristic

The resonant absorption of GWs by binaries (LLR/SLR/pulsars) may
give a handle at level (in 2038)

Qo > 4.8 x 1077 f=0.85 uHz Qpw >83x 1077  f=0.15mHz
Future plans: use LLR, SLR, pulsar data (w/ SYRTE, SCF_Lab, MPItRA,
Nanograv people...): we need/welcome new hands.

-FiInd other resonant effects
(e.g. in rotation, w. M de Amicis, wide binaries....which frequencies?)
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UHFGWs -> Laboratory searches

GWs interact with every source of energy-momentum!

In the laboratory

Interaction G\Ws with light

Interaction G\Ws with matter external dofs

Interaction GWs with spin or other internal dofs

we have a lot to learn from DM searches!



GWS and EM fields Raffelt Stodolsky 87

GWs + EM field -> EM field W

1 Y o UV
L=V=g(R+FuF") > S Aujlg(h) + 00"  Fu Fag + O(h)

P~

1
jhe = —0p (thW + hE For — tha5>

analogy with axions + M field -> EM field

a }’fw I a W
O(FH)



Connection to axions

GW .. don '.

This already sets the scale of the GW we want to measure:

—

for resonant production (for constant B) /lgw ~ L

waves of (a priori) laboratory size
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LISA Sources

Amaro-Seoane et al. 1 702.00786
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Very different picture comparing to EM spectrum

Coherent NWW\/WV\/V\/\/\/\/\/VWW
X

Stochastic # W

Primordial plasma

thermal fluctuations Q

Ghiglieri et al JHEP 07 (2020) 092
Ringwald et al JCAP 03 (2021) 054

standard
physics

Inflation
Vs Phase transitions, Q Light PBHB Q
NEw pnysICS Cosmic strings Ultra-light DM

Close encounters of BHs Exotic objects



Two words on sources

from Tsukada et al,20 Fa = EZ Ba = Eqt)
(M, Jfl
Superradiance Instablhty Phase Gravitational Wa:/; Emission Phase
o (Ba (Thpe) (My ) oyt (/M) (10
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Casalderrey et al. 2210.03171
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Sources of UHFGW: spoiler!

SMASH model full spectrum GWs from PBHs (rates |/year)

Ringwald Tamarit 22 Franciolini et al 2205.02153
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Sources of UHFGW: spoiler!

SMASH model full spectrum GWs from PBHs (rates |/year)

Franciolini et al 2205.02153
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Searching for GWs with light

GW

| 4 1 . (8 N %4
L=+—g(R+F, F')D §A“gﬂg(h) + P, Fas + O(h?)

1 .
jhe = =05 (§hF“5 + hi) PP — tha5>



Cavity modes excitation

1
jhe = —0p (§hF“5 + hP PO — thaﬁ>

E(x,t) = Z E,. (x,t)+ E;,(x,1)

solenoidal irrotational
E,.(x,t) =esn(t)Egy(x)
Ein<m7 t) — ezn<t)Ezn(m)
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‘'source’ (here we want to maximise. It is also directional)



From axions to GWs

Duetal 2018

iINndeed: ADMX sensitivity
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A very exploratory field...
we still need to deeply think what’s better for the future

do we move to something else ‘2

And now
for something
completely different...




LIGO lesson

A very exploratory field...
we still need to deeply think what’s better for the future

Rainer Weiss, ca. 1972 LIGO concept
Weiss 1972

(V. GRAVITATION RESEARCH)

For continuous gravitational waves, the minimum detectable gravitational wave

metric spectral density is then

2 4 n =4x10‘33
3

= Hz
£7(em)




Recycling axion experiments |

MeChanICa‘_COup“ng MAGO design from .CERN (gr-qc/0502054)
(shaking the walls) Berlin, DB et al 2303.01518

oumped mode

tO ur
" GW +EM->EM
A (R ) .
JVV boundaries move:

mode MIXing

dynamical Casimir? W2 = w1 w signal mode



MAGO set-up

(Microwave Apparatus for Gravitational Waves Observation)




searched for many years (Weber bars)

a solid affected by a external source (e.qg. x direction)

0“u ., 0%u
b <6’t2 o 0x2> - de(t’f)’

INn terms of eigenmodes:

U_(X, t> — Up (t)up (X)



w(x, t) = w,(t)u,(x) GWs exciting solids

W 1 .
p Q Up T Wplp = zwg ‘/;av "mech hoe
p
KT
J — 4J 3 *1 .7
mech = 173 / d°xU;"x
Veav Vshell / Vinern

this rings the solid (Welber bars)
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EStiI I lates A.Berlin, DB, R.T. D’Agnolo, S. Ellis, R. Harnik,

Y. Kahn, J. Schiitte-Engel, M.Wentze 2303.01518
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® SRF cavities are a mature technology to look for GWs at GHz either

® Coupling to photons in a cavity

hH*Y A
R ADMX ke W = Wy,

O(F") Heterodyne  wo = WgTt W1

® Ringing the cavity and generating mode mixing

Heterodyne
PN Sv Casimir?
Wi Wo = W I W

* Reach of hy ~ 10~2° possible (100 kHz-GHz), though far from known signals



Why this talk?

Dark matter models (beyond the weak scale)
can be tested through GWs of different frequencies, €.g.

Superradiance for ultralight?

Tsukada et al (2021)

Spikes?

Cardoso & Maselli 1909.05870
Coogan et al. 2108.04 154 [gr-qc]
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Why this talk?

Dark matter models (beyond the weak scale)
can be tested through GWs of different frequencies, €.g.

Superradiance for ultralight?

Tsukada et al (2021)
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Conclusions

Multiband approach to GWs: great potential to transform both astrophysics and BSM

For this:
) there is vigours effort to in four regions (CMB/PTA/LISA/LVK)

i) new ideas are needed in other phenomenologically rich regions
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