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Many can be searched for with gravitational waves (detectors) 3



EMRI dephasing

Future Interferometers

QCD Axion
(GW /Radio) DM production

SR by bubble collisions

ST Axion

RO — oo (MR .
RN Rolling Rolling

ohoreiore axions axions Dark blohs

ST u Phase Primordial

i D E Y T Black Holes

" Dark Photon DM Hidde; sector PBH
scalars ineagers

%2225 " BH-Boson rate
R condensate . [:] e
SR 1 BH spin = Cravitational i

S diSt I'i |J'I.lt il]ll Dark g pgrtm-bativg : LI

photons DM pro- W eS8 tm"tl[il]

RO duction of dark m 1llr r ests g

Light DM
clouds

Solitons

Boson star

1 Mg
Direc Exotic
----- |I||I|IIIIIIIII|I||I|Il||||I|III|I||I||I|IIIIII|||IIIII|I||I||I|||||I|||||||IIII||I|||||||I||||| - ai 0

:;:;:-:-: binaries

10~ 20 10~ 10 1 10 ,DEU 10‘1{} Udﬂ 105!] Uﬁﬂ 07[.'

5§5§55555 Dark Matter Candidate Mass [eV] i Y 2 Yot Y o

timing ickers DM




Neutron Stars

White Dwarfs
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Boson Stars
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% Solitonic Boson Star (specific potential)
% Oscillaton (real scalar field)

“* Proca Star (massive vector)

< Axion Stars (dense or dilute) /

See, e.g., Liebling, Palenzuela, Living Rev Relativ (2017) 20:5 5
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Masses |n the Stellar Graveyard

@® Spin distribution, merger rates (stochastic GWSs)

@® Mass as discriminator



Rising interest in subsolar PBH searches

Secondary Mass (M)
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® Method: matched-filtering

@ All assuming ultracompact objects

Need to take generic compactness into account

for generic ECOs
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® Amplitude and SNR are proportional to positive powers of chirp mass (Mc)
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Innermost stable circular orbit

fisco = 4.4kHz (1?\?) (E) g(a)

Bardeen, Press, Teukolsky, ApJ,178,347, 1972

Typical frequency: mili-Hz.

Important target for space-based gravitational wave detectors
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assume one detection in 5 years
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Signal will be cut-off when tidal disruption occurs S. Gezari, Physics Today
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® Ideal system for searches of subsolar exotic compact objects (ECOs)
Probe much smaller ECOs
® Distinguish ECOs from ordinary compact objects

® Prepare for searches at furture space-based detectors (data analysis, waveforms)

Some plenatary masses can also form mini-EMRIs:
equally exiciting to detect and track (tidal disruption).

Will remain agnostic about formation mechanisms, merger rate (model independent)
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- Mini-EMRI




® Consider the heavier one to be ultra compact (such as BH, PBH)

® Allow a less compact light one, described by compactness (C=mass/radius)
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(detectable by LIGO)

There can be many variants
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® Signal is long-lasting (hours, days, months) within detector band
® 2 stages: inspiraling and plunging
® Frequency is slowly varying during the inspiral stage (quasi-monochromatic)

® Need to take tidal disruption of ECO into account

Now need a detection method (data analysis) for mini-EMRI searches

27
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-------------------------------- A - Example Burst Gravitational Wave

i

generally unknown waveforms -
(supernovae, gamma ray bursts)
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@ Signal is long-lasting (almost forever) / generally assumed small \

® Modelled as plane wave

® Frequency slowly decreasing due to energy loss ) = = fo e i e el
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@® Signal is similar to continuous waves from neutron stars

® Search strategies can be employed for mini-EMRIs

ligo.caltech.edu

a4
v" targeted searches (known black holes, neutron stars as the heavier object)

v" all-sky searches (blind searches)

35



Coherent Searches (matched-filtering) Incoherent Searches

® The optimal method (better sensitivity) ® Reduced sensitivity

® However, long duration, gaps, non-Gaussian noise @ Mature and robust methods

® Computationally challenging (especially all-sky) ® Computationally feasible

maching learning might be needed
(Zhang et al, PRD105(2022)123027)

We employ the mature incoherent search methods

36



with digital image processing technique (Hough transform)




@® Feature (pattern) identification algorithm in images

® Detect lines

opency tutorial

38



R~
2 )
N =
2 10
3 %
B~

e
‘ﬁ.
bty o

1072,

1073 | M = 100M
. N o 3 a=0.9
| g i : ! f« = 20Hz
0. e - 107° st
10 107 10° 10° 10°% 107 o = 10° 10210710 105 10~* 102 102 10"
m/M o o C




0.1

.
e =
o

7l ,”
107 ¢ og?,
F &
// '
10781 /
ﬁ’
&

[ s

M = 100M
a=10.9
£y = 20Hz

L il g

10
10° 1078107 1076 10~° 104 1072 102 10"

1075 F ;;
o . Sqr A® 8122pc.
107}, &
&
y
108 tﬁ? Msypn = 4.1 % 1(}6jtf;3 Eig
B
‘f‘ tIShﬂB}] = (.999
1G_g-l L 1 1
10" 10 10% 107 10'E 10'5 10-" 1IIJ'C1 10’2 10" g




® EMRIs are ideal systems for searches of subsolar ECOs

® LIGO can detect mini-EMRIs

@® mini-EMRIs allow searching for much lighter (subsolar) ECOs
® Strageties/Methods of CW searches can be directly applied
@® mini-EMRIs discoverable up to O(kpc - 10Mpc)



@® Maximal frequency might be different (ISCO)
® Correspondingly, tetector sensitivity might be different

® Relativistic effects might differ

42
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® System parameters best fit as highest number counts (candidates)
® Coincidence check (candidate vetoes)

@ Final candidates transformed into sensitivity estimation (statistical)
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= ! amplitude: f-independent coefficient
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® Once detected, parameters of EMRI can be measured very precisely (matched filtering)
Babak et al, PRD 95, 103012 (2017), Barsanti et al, PRL128,111104 (2022)

® Unambiguous claim on the detection of subsolar ECOs
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