
“Within-GR” Extreme Gravity: interesting GR effects, esp. beyond-leading order.

“Non-GR” Extreme Gravity: (everything NOT included in standard GR waveform templates, 
esp. strong-field tests)

● Modified Gravity - The nature of gravity (EXG 2, Tuesday)
But also widely interpreted as…

● Beyond Standard Model particles, e.g Dark Matter (EXG 1, Wednesday)
○ Ultralight bosons (e.g. axions, fuzzy DM, dark photons…)
○ Primordial BHs

● Exotic Compact objects (in GR and beyond) (EXG 1, Wednesday)
○ Boson stars
○ Horizonless ultracompact objects

● Environmental effects?  (EXG X?)
○ Accretion, disks, gravitational pull, dynamical friction, planetary migration

What is “Non GR” in Extreme Gravity?
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EXG 1:
The nature of compact 

objects



Ø “Black hole mimickers”
§ Black hole-like objects from alternative theories of 

gravity
§ Exotic objects not requiring deviations from GR                        

(e.g. boson stars)

Ø Ordinary black holes interacting with dark matter particles

Compact objects



How certain are we that the massive compact objects we are observing are the 
“standard” black holes of general relativity?

Alternatives (“black hole mimickers”):

Ø Boson stars

Ø Dark matter stars

Ø Gravastars

Ø Wormholes

Ø Firewalls, fuzzballs

Ø The unknown

Black hole mimickers



1. Anomalous effects during inspiral
§ Tidal deformability
§ Tidal heating
§ Anomalous spin-induced quadrupole moments

2. Anomalous effects during ringdown
§ Indirect tests of no-hair theorem

3. Post-ringdown
§ Echoes

Gravitational wave signatures                                         
of black hole mimickers



Ø Tidal deformability during 
inspiral
§ Finite size effects cause tidal 

deformations in the phase 
starting at 5PN

§ (R/m)5 ; can be large for 
boson stars

Ø Spin-induced quadrupole 
moment during inspiral
§ 2PN effect, quadratic in spins 
§ 𝞳s = 1 for ordinary black holes, 

but not for black hole 
mimickers

§ Hard to access with 2G,  while 
3G measurements to few 
percent

Ø Tidal heating
§ Absorption of radiation
§ 2.5(l)PN but linear in spin

1. Anomalous effects during inspiral4
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FIG. 1. Relative percentage errors on the average tidal deformability ⇤ for BS-BS binaries observed by AdLIGO (left panel),
ET (middle panel), and LISA (right panel), as a function of the BS mass and for di↵erent BS models considered in this work
(for each model, we considered the most compact configuration in the stable branch; see main text for details). For terrestrial
interferometers we assume a prototype binary at d = 100Mpc, while for LISA the source is located at d = 500Mpc. The
horizontal dashed line identifies the upper bound �

⇤

/⇤ = 1. Roughly speaking, a measurement of the TLNs for systems which
lie below the threshold line would be incompatible with zero and, therefore, the corresponding BSs can be distinguished from
BHs. Here ⇤ is given by Eq. (72), the two inspiralling objects have the same mass, and �

⇤

/⇤ ⇠ �kE
2

/kE
2

.

TABLE I. Tidal Love numbers (TLNs) of some exotic compact objects (ECOs) and BHs in Einstein-Maxwell theory and modified
theories of gravity; details are given in the main text. As a comparison, we provide the order of magnitude of the TLNs for static NSs
with compactness C ⇡ 0.2 (the precise number depends on the neutron-star equation of state; see Table III for more precise fits). For BSs,
the table provides the lowest value of the corresponding TLNs among di↵erent models (cf. Sec. III A) and values of the compactness. In
the polar case, the lowest TLNs correspond to solitonic BSs with compactness C ⇡ 0.18 or C ⇡ 0.20 (when the radius is defined as that
containing 99% or 90% of the total mass, respectively). In the axial case, the lowest TLNs correspond to a massive BS with C ⇡ 0.16 or
C ⇡ 0.2 (again for the two definitions of the radius, respectively) and in the limit of large quartic coupling. For other ECOs, we provide
expressions for very compact configurations where the surface r

0

sits at r
0

⇠ 2M and is parametrized by ⇠ := r
0

/(2M)� 1; the full results
are available online [65]. In the Chern-Simons case, the axial l = 3 TLN is a↵ected by some ambiguity and is denoted by a question mark
[see Sec. IVC for more details]. Note that the TLNs for Einstein-Maxwell and Chern-Simons gravity were obtained under the assumption
of vanishing electromagnetic and scalar tides.

Tidal Love numbers
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NSs 210 1300 11 70

ECOs

Boson star 41.4 402.8 �13.6 �211.8

Wormhole 4

5(8+3 log ⇠)
8

105(7+2 log ⇠)
16

5(31+12 log ⇠)
16

7(209+60 log ⇠)

Perfect mirror 8

5(7+3 log ⇠)
8

35(10+3 log ⇠)
32

5(25+12 log ⇠)
32

7(197+60 log ⇠)

Gravastar 16

5(23�6 log 2+9 log ⇠)
16

35(31�6 log 2+9 log ⇠)
32

5(43�12 log 2+18 log ⇠)
32

7(307�60 log 2+90 log ⇠)

BHs

Einstein-Maxwell 0 0 0 0

Scalar-tensor 0 0 0 0

Chern-Simons 0 0 1.1
↵2

CS

M4

11.1
↵2

CS

M4

?

selection rules that allow to define a wider class of “rotational”
TLNs [22, 23, 75, 76]. In this paper, we neglect spin e↵ects to
leading order.

TLNs as [6, 8]
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where M is the mass of the object, whereas El0 (respec-

Krishnendu et al., PRL 119, 091101 (2017)
Krishnendu et al., PRD 99, 064008

Cardoso et al., PRD 95, 084014 (2017)



Ø Black hole “no hair” conjecture:                                                                 
Stationary, vacuum black hole completely determined by mass and spin

Ø Black hole ringdown: QNM frequencies and damping times all determined 
by mass and spin

§ Linearized Einstein equations around Kerr background force specific 
dependences:

§ However, amplitudes          depend on how the black hole came into 
being (masses and spins of the progenitor binary) 
• Modeling with input from NR simulations

2. Testing the no hair conjecture

On the empirical verification of the black hole no-hair conjecture from
gravitational-wave observations

Gregorio Carullo1,2,⇤ Laura van der Schaaf2, Lionel London3, Peter T. H. Pang4, Ka Wa Tsang2,
Otto A. Hannuksela4, Jeroen Meidam2, Michalis Agathos5, Anuradha Samajdar2,

Archisman Ghosh2, Tjonnie G. F. Li4, Walter Del Pozzo1,6, and Chris Van Den Broeck2,7
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Science Park, 1098 XG Amsterdam, The Netherlands

3 School of Physics and Astronomy, Cardi↵ University, The Parade, Cardi↵ CF24 3AA, UK
4 Department of Physics, The Chinese University of Hong Kong, Shatin, NT, Hong Kong

5 DAMTP, Centre for Mathematical Sciences, University of Cambridge,
Wilberforce Road, Cambridge CB3 0WA, United Kingdom

6 INFN sezione di Pisa, Pisa I-56127, Italy and
7 Van Swinderen Institute for Particle Physics and Gravity,

University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
(Dated: May 12, 2018)

We show that second-generation gravitational-wave detectors at their design sensitivity will allow
us to directly probe the ringdown phase of binary black hole coalescences. This opens the possibility
to test the so-called black hole no-hair conjecture in a statistically rigorous way. Using state-of-the-
art numerical relativity-tuned waveform models and dedicated methods to e↵ectively isolate the
quasi-stationary perturbative regime where a ringdown description is valid, we demonstrate the
capability of measuring the physical parameters of the remnant black hole, and subsequently deter-
mining parameterized deviations from the ringdown of Kerr black holes. By combining information
from O(5) binary black hole mergers with realistic signal-to-noise ratios achievable with the current
generation of detectors, the validity of the no-hair conjecture can be verified with an accuracy of
⇠ 1.5% at 90% confidence.

Introduction – The detection of gravitational waves
(GWs) by the LIGO and Virgo Collaborations [1, 2] has
opened up a variety of avenues for the observational ex-
ploration of the dynamics of gravity and of the nature
of black holes. GW150914 [3] and subsequent detections
[4–9] have enabled unique tests of general relativity (GR)
[5, 6, 8, 10]. Among the several detections, GW150914
still holds a special place, not only because it was the
first and the loudest binary black hole event detected, but
also because it was the kind of textbook signal that al-
lowed measurements of the frequency and damping time
of what has been interpreted as the least damped quasi-
normal mode (QNM) of the presumed remnant black hole
(BH) resulting from a binary black hole merger [10]. This
sparked considerable interest in the community, since it
opened up the prospect of more in-depth empirical stud-
ies of quasi-stationary Kerr black holes [11, 12] in the near
future, as the sensitivity of the Advanced LIGO and Ad-
vanced Virgo detectors is progressively improved [1, 13].
Consistency with the prediction of GR hinted that the
end result of GW150914 was indeed a Kerr black hole
[14], but inability to detect more than one QNM did not
yet allow tests of some key GR predictions for these ob-
jects. As first predicted by Vishveshwara [15] and fur-
ther investigated by Press [16], and Chandrasekhar and
Detweiler [17], in the regime where linearized general rel-
ativity is valid, the strain of the emitted gravitational-
wave signal, at large distances from the BH and neglect-
ing subdominant power-law tail contributions, takes the

form

h(t) =
X

nlm

Anlme

�t/⌧nlm cos(!nlmt + �nlm) . (1)

For black holes in GR, all frequencies !nlm and damp-
ing times ⌧nlm are completely determined by the black
hole’s mass and spin.1 This can be viewed as a mani-
festation of the black hole no-hair conjecture, which es-
sentially states that in GR, a stationary axisymmetric
black hole is determined uniquely by its mass, intrinsic
angular momentum, and electric charge (with the latter
expected to be zero for astrophysical objects) [19–26]; see
[27] for a review. This connection is key to several tests
that have been proposed in the literature [28–36]. So far
the possibility to verify (or refute) experimentally the
no-hair conjecture has been explored mostly in the con-
text of third-generation ground-based [37, 38] or space-
based [39] gravitational-wave detectors. In this Letter, we
show that the existing advanced interferometric detector
network, when operating at design sensitivity, will be ca-
pable of testing the no-hair conjecture with an accuracy
of a few percent with the observation of the ringdown
signal already for O(5) GW events.

1 BH perturbation theory alone cannot predict the amplitudes
Anlm and relative phases �nlm; in the case of black holes re-
sulting from a binary merger, these are set by the properties of
the parent binary black hole system; see e.g. [18].

!nlm ⌧nlm

!nlm = !nlm(Mf , af ) ⌧nlm = ⌧nlm(Mf , af )

Mf af

1

!nlm ⌧nlm

!nlm = !nlm(Mf , af ) ⌧nlm = ⌧nlm(Mf , af )

Mf af

1

Anlm (0.1)

1



Ø Only two of the          ,           are independent; check for consistency 
between any three of them

2. Testing the no hair conjecture
!lmn ⌧lmn (0.1)

1

Adapted from Brito et al., PRD 98, 084038 (2018)



Ø To test no-hair conjecture, no need to separately “see” the different 
ringdown modes
§ Can begin by allowing for deviations in dependences of frequencies, 

damping times on mass, spin:

§ Let the             and            vary in turn, and measure them together with all 
the other parameters in the problem

§ Advanced LIGO/Virgo                                                                                                    
at design sensitivity,                                                                                                 
and 6 sources similar to                                                                                   
GW150914
• measurable to O(2%)                   
• measurable to O(10%)

Ø Going beyond the linearized regime

2. Testing the no hair conjecture
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3. Echoes

Ø If surface redshift z >> 1, prompt ringdown signal identical to that of BH
§ Also, any electromagnetic signal may be highly redshifted

Ø However, for z > 1.7 there is a photon sphere
§ Quasi-trapped modes 
§ Train of echoes emerging with time delay

and at time intervals

§ n = 8 for wormholes, n = 6 for gravastars, …
§ For GW150914 (M = 65 Msun) and ℓ = ℓPlanck :

Δt = 117 ms

!lmn ⌧lmn (0.1)

⌧ ⇠ M log(z)

1

3

0.00

0.05

0.10

0.15

V(
r *) M

2

0.00

0.05

0.10

0.15

-50 -40 -30 -20 -10 0 10 20 30 40 50
r*/M

0.00

0.05

0.10

0.15

wormhole

black hole

outgoing at infinity

trapped outgoing at infinityoutgoing at infinity

ingoing at horizon

star-like ECO

trapped
outgoing at infinity

regular at the center

centrifugal barrier

FIG. 1. Qualitative features of the e↵ective potential felt by
perturbations of a Schwarzschild BH compared to the case
of wormholes [12] and of star-like ECOs with a regular cen-
ter [22]. The precise location of the center of the star is model-
dependent and was chosen for visual clarity. The maximum
and minimum of the potential corresponds approximately to
the location of the unstable and stable PS, and the correspon-
dence is exact in the eikonal limit of large angular number l.
In the wormhole case, modes can be trapped between the
PSs in the two “universes”. In the star-like case, modes are
trapped between the PS and the centrifugal barrier near the
center of the star [28–30]. In all cases the potential is of fi-
nite height, and the modes leak away, with higher-frequency
modes leaking on shorter timescales.

where r
min

is the location of the minimum of the potential
shown in Fig. 1. If we consider a microscopic correction
at the horizon scale (` ⌧ M), then the main contribution
to the time delay comes near the radius of the star and
therefore,

�t ⇠ �nM log

✓
`

M

◆
, ` ⌧ M , (6)

where n is a factor of order unity that takes into account
the structure of the objects. For wormholes, n = 8 to
account for the fact that the signal is reflected by the
two maxima in Fig. 1, whereas for our thin-shell gravas-
tar model and the empty-shell model it is easy to check
that n = 6 and n = 4, respectively. The results shown in
Fig. 2 for ` = 10�6

M are perfectly consistent with this
picture, with the wormhole case displaying longer echo
delays than the other cases with the same compactness.
Our results show that the dependence on ` is indeed log-
arithmically for all the ECOs we studied.

As argued in Ref. [12], the logarithmic dependence dis-
played in Eq. (6) implies that even Planckian corrections
(` ⇡ L

P

= 2 ⇥ 10�33 cm) appear relatively soon after
the main burst of radiation, so they might leave an ob-

servable imprint in the GW signal at late times. From
Eq. (6), a typical time delay reads

�t ⇠ 54(n/4)M
30


1� 0.01 log

✓
`/L

P

M

30

◆�
ms , (7)

where M

30

:= M/(30M�).
The picture of GW signal scattered o↵ the potential

barrier is also supported by two further features shown
in Fig. 2, namely the modulation and the distortion of
the echo signal. In general, modulation is due to the
slow leaking of the echo modes, which contain less en-
ergy than the initial one. In the wormhole case, this
e↵ect is stronger due to the fact that modes can also leak
to the “other universe” through tunneling at the second
peak of the potential. While the amplitude of the echoes
is model-dependent, for a given model it depends only
mildly on `. Distortion is also due to the potential bar-
rier, which acts as a low-pass filter and reflects only the
low-frequency, quasibound echo modes. This implies that
each echo is a low-frequency filtered version of the previ-
ous one and the original shape of the mode gets quickly
washed out after a few echoes1.

B. Waves generated by infalling or scattered
particles

The features above are observed in a simple scattering
process, but are also evident in the GW signal produced
by head-on collisions or close encounters, in the test-
particle limit. The latter di↵er from the radial plunge
studied in Ref. [12] in that their pericenter r

min

> 3M ,
i.e. the particle does not cross the radius of the PS
(in fact, scattered particles in the Schwarzschild geom-
etry can never get inside the r = 4M surface). In
order to compute the GW signal, we use the Regge-
Wheeler-Zerilli decomposition reviewed in Appendix B
(cf. Ref. [31] for details).
We have studied the GW emitted during collisions or

scatters between point particles and ECOs; again the
general qualitative features are the same as those dis-
cussed in Section IIA and independent of the nature
of the ECO. To be specific, we show in Fig. 3 the Zer-
illi wavefunction for a point particle plunging into (left
panel) or scattering o↵ a wormhole with ` = 10�6

M , with
initial Lorentz boost E = 1.5. The coordinate system we
use is such that the particles are moving along the equa-
tor, and it di↵ers - by a ⇡/2 rotation - from the coordinate
axis used in Ref. [12]. As such, the l = 2 Zerilli-Moncrief
wavefunction, for example, has contributions from az-
imuthal numbers m = 0,±2. Note also that it is easy to

1
Incidentally, we note that all these features (namely time delay,

echoes, modulation, and high-frequency filtering) are precisely

what one would expect by the scattering of sound waves in a

finite-size cavity.

A morphology-independent search for gravitational wave echoes in data from the first
and second observing runs of Advanced LIGO and Advanced Virgo
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Gravitational wave echoes are among the smoking-gun signatures of exotic compact objects with
near-horizon structure. Recently there have been observational claims that echoes are indeed present
in stretches of data from Advanced LIGO and Advanced Virgo immediately following gravitational
wave signals from presumed binary black hole mergers, as well as a binary neutron star merger. In
this paper we deploy a morphology-independent search algorithm for echoes introduced in Tsang et
al., Phys. Rev. D 98, 024023 (2018), which (a) computes Bayesian evidences for a signal model, an
instrumental glitch model, and stationary, Gaussian noise, and (b) is able to accurately reconstruct
a possible echoes signal with minimal assumptions. The analysis method is applied to all the
significant events in the first Gravitational Wave Transient Catalog (GWTC-1), which comprises the
signals from binary black hole and binary neutron star coalescences found during the first and second
observing runs of Advanced LIGO and Advanced Virgo. In all cases, the ratios of evidences for signal
versus noise and signal versus glitch do not rise above their respective “background distributions”
obtained from detector noise, the largest p-value for signal to noise being 3% (for GW170823). Hence
we find no statistically significant evidence for echoes in GWTC-1.

PACS numbers: 04.40.Dg,04.70.Dy,04.80.Cc

I. INTRODUCTION

Over the past several years, the twin Advanced LIGO
observatories [1] have been detecting gravitational wave
(GW) signals from coalescences of compact binary ob-
jects on a regular basis [2–6]. Meanwhile Advanced Virgo
[7] has joined the global network of detectors, leading to
further detections, including a binary neutron star inspi-
ral [8]. In the first and second observing runs a total of
11 detections were made, which are summarized in [9];
the latter reference will be referred to as GWTC-1 (for
Gravitational Wave Transient Catalog 1).

Thanks to these observations, general relativity (GR)
has been subjected to a range of tests. For the first time
we had access to the genuinely strong-field dynamics of
the theory [2, 4, 5, 10, 11]. Possible dispersion of gravi-
tational waves was strongly constrained, leading to strin-
gent upper bounds on the mass of the graviton and on
local Lorentz invariance violations; [5, 10, 11]. As a next
step, we want to probe the nature of the compact objects
themselves. Based on the available data, how certain can
we be that the more massive compact objects that were
observed were indeed the standard black holes of classi-

cal, vacuum general relativity? A variety of alternative
objects (“black hole mimickers”) have been proposed; see
e.g. [12] for an overview. When such objects are part of a
binary system that undergoes coalescence, anomalous ef-
fects associated with them can leave an imprint upon the
observed gravitational wave signal, including tidal e↵ects
[13, 14]; dynamical friction as well as resonant excitations
due to dark matter clouds surrounding the objects [15];
violations of the no-hair conjecture [16, 17]; and finally
through gravitational wave “echoes” that might be emit-
ted by the remnant object [18–20].

In this paper we will in particular search for echoes. In
the case of exotic compact objects that lack a horizon,
ingoing gravitational waves (e.g. resulting from a merger)
can reflect multiple times o↵ e↵ective radial potential
barriers, with wave packets leaking out at set times and
escaping to infinity. Given an exotic object with mass
M and a horizon modification with typical length scale
`, the time between these echoes tends to be constant,
and approximately equal to �t ' nM log(M/`), with n

a factor that is determined by the nature of the object
[19]. Setting ` equal to the Planck length, for the masses
involved in the binary coalescences of GWTC-1 one can

Cardoso et al., PRD 94, 084031 (2016)

Adapted from Cardoso et al., Nat. Astron. 1, 586 (2017)



Ø Can black holes themselves contribute to dark matter?
§ Primordial black holes with masses 0.1 – 100 Msun
§ Excess in the mass distribution in certain ranges? 
§ Black holes at very high redshift would almost have to be primordial                           

(ET and Cosmic Explorer reach out to z ~ 20, well before star formation)

Ø Can  dark matter particles be detected with binary compact objects?
§ Accumulation of dark matter particles around compact objects: 

gravitational drag having cumulative effect over many orbits
§ Joint LISA-ET/CE observations of the same sources

§ Accumulation of dark matter particles in the centers of neutron stars
§ Collapse to a black hole: abundance of light black holes could be indicative 

of the process

Ø New light particles
§ Bosons with mass 10-21 – 10-10 eV may extract rotational energy from BH to form 

condensates: impact on binary dynamics, continuous waves from annihilation, 
stochastic background

The nature of dark matter
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GW150914: THE DAY WE SAW A BLACK HOLE RINGING

• Nowadays benchmark:

Brito, Buonanno, Raymond PRD 98, 084038 (2018)
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RINGDOWN PE: WHERE ARE WE?

• Recent improvements:

Carullo, Del Pozzo, Veitch arXiv:1902.07527  (2019)

Priors



Gregorio Carullo

• Where are we with ringdown waveforms? 

• Higher modes amplitudes (EOB, London+) 

• Do we need overtones? (Recent Giesler+ claims we do) 

• Doppler redshift from kicks:  

• (Should be) Not relevant for LIGO 

• Relevant for LISA: Gerosa, Moore (2016) 

• Precession (?) 

• Estimates for 2nd order perturbations (?) 

RINGDOWN MODELING: WHERE ARE WE?



Gregorio Carullo

• What can we (hope to) accomplish with LIGO? 

• Agnostic tests:  

• Parametrized null tests 

• Direct measurement of multiple frequencies 

• Test specific alternative proposals 

• Combine events

TESTING GR 



AREA QUANTIZATION: INTRODUCTION

�5

• Long ago Bekenstein and Mukhanov proposed that the area of a BH may be 
quantized in terms of the Planck length: 

• In a recent study [1] it was argued that area quantization together with 
coherent single graviton emission would lead to:

[1] Foit, Kleban  CQG 36 (2019) 035006                            



�6

• Assume GR emission valid during the merger (questionable if we accept area 
quantization) 

• Exclude a large portion of the proposals in the literature for                               
(including Bekenstein, Maggiore, Hod, Mukhanov)

CONSTRAINTS ON AREA QUANTIZATION



AREA QUANTIZATION: CONSISTENT ANALYSIS ON GW150914

�7

• A consistent analysis uses the quantized spectrum proposal to fit the 
ringdown signal and estimates                    according to this spectrum:

Not testable with this SNR
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• What if we restrict the prior on              
t               to the GR predicted values 
from inspiral?

AREA QUANTIZATION: CONSISTENT ANALYSIS ON GW150914
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• Inject GR and recovery with GR: ▸ Inject quantized-area and recovery 
with GR:

Biased final mass from 
ringdown only. 
Smoking gun in the 
IMR test!

AREA QUANTIZATION: SMOKING GUN SIGNATURE

Laghi+ (in prep) 



Gregorio Carullo

• What kind of phenomenology should we search for? 

• Echoes 

• Breaking of isospectrality? 

• Specific set of “hairs”? 

• …

BEYOND GR PHENOMENOLOGY











Morphology-independent search for echoes

BayesWave is an algorithm to search for unmodelled coherent signals.
Cornish et al., Class. Quantum Grav. 32, 135012 (2015)
Wavelets of a comb of sine-gaussians (rather than Morlet-Gabor) are used for
reconstruction.

1 A, Amplitude
2 f0, Central frequency
3 τ , Decay time
4 t0, Central time
5 φ0, Phase offset

6 dt, Time separation

7 dφ, Fixed phase shift

8 γ, Damping (in A)

9 w , Widening (in τ)

Detector Output = Signal + Glitch + Gaussian Noise

Signal model: F+
detector(θ, φ, ψ)h+(t − tarr ) + F×

detector(θ, φ, ψ)h×(t − tarr )
d .o.f . = 9Nwavelet + 4

Glitch model: independent sum of wavelets in each detector
d .o.f . = 9NwaveletNdetector

Noise model: estimated by BayesLine algorithm
If a coherent signal is present in the data, then typically a smaller number of basis functions will
be needed to reconstruct it than to reconstruct incoherent glitches, leading to an Occam penalty
for the glitch model.
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Studies on simulated signal

Signal
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GWTC-1 result

2 detectors
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Reconstructions from injection and all GWTC-1 detections

Injection (SNR=12)
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EXG 1: the nature of compact objects
● ECO coalescences: [short blanket problem]

○ IMR waveforms: for boson stars? Anisotropic stars? Other ECOs? 

○ Echoes: improve current templates; other approaches? [bursts, resonances]

● Axion-like particles & superradiance: vectors? Tensors? 

● Tidal effects: should we model them better? (see WFM session)

● EMRIs? (different multipoles, no horizon, Love numbers, resonances)

○ Current projected bounds too optimistic? [simplistic waveforms, enchilada problem] 

○ 1 radian requirement: enough for PE? And for tests of GR? Prescription?

○ Quadrupolar and tidal corrections beyond PN modelling? Or is enough?

○ Compare bounds on ECOs with those coming from 3G

● Ringdown: general framework, role of overtones, extra modes (~new polarization)

● DM environment: waveforms?

● PBHs: ?
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GW periodic signal from axions

Multiband GW constraints on ultralight fields 

LIGO

LISA

DECIGO

Brito+, PRL 2017, PRD 2017
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GW signatures of axions
• Direct detection

Baryakhtar+ 2017, Ghosh+, 2018

LISA   
(mass-spin)

• Stochastic background from ALPs
Brito+, 2017

• Follow-up searches 

• Mass-spin measurements

B
rito+, P

R
D

 2017

EMRIs & resonances



4 /20

BBSs or BBHs?

[Palenzula, PP+, PRD96, 104058 (2017)]

•“Short-blancket” problem: mimicking IMR signal of BBHs is hard

•Can binary boson stars mimic the full signal from BBH coalescence?
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GW echoes: detectability

Testa & Pani, PRD 2018

• Echoes might be louder than ringdown, signal strongly depends on reflectivity

• Several developments, but better modeling of echoes waveforms needed


