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Motivation

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Figure: Inspiral, merger and ringdown phases of coalescence binary black holes
(Credit: LIGO and Virgo, 2016)
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Motivation
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Figure: First order polar gravitational perturbations
(ℓ = 2) on a Schwarzschild background

Stationary, asymptotically
flat black hole solutions
belong to the Kerr family
But, how does one
apporach a Kerr black hole,
dynamically?
Price law: Massless field
in non-spinning BH
background decays at fixed
spatial position:
|Ψ| ∼ 𝑡−2ℓ−3
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Eccentric coalescence

Figure: Effective One Body, Trajectories with initial eccentricity 𝑒0 = 0
(quasi-circular) and 𝑒0 = 0.9 (Credit: S. Albanesi et al., 2023)
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Eccentric coalescence

Figure: (Credit: S. Albanesi et al., 2023)

Ringdown stage can be
much shorter than
previously thought, and
very soon dominated by
large amplitude transients
which decay slower than
Price tails (Nonlinear: G.
Carullo and M. De Amicis,
2023)
Linear but triggered by
the motion of sources in
the BH vicinity
Nonlinear: (S. Okuzumi
et al, 2008)
Only a transient?
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Source-driven tails
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Scalar field, sourced by a point-
like charge of the form:

∇𝑎∇𝑎Φ = 𝒮 ,

𝒮 = ∑
ℓ,𝑚

𝛿(𝑥 − 𝑥𝑠 − 𝑣𝑡)
𝑟𝛽+1 𝑌ℓ𝑚

d𝑟
d𝑥 = 1 − 2𝑀

𝑟

Figure: Scattering of a scalar field
(ℓ = 0) in a Schwarzschild
background, with 𝑣 = ±0.5,
𝑝 = −𝑡 log |𝜙|. Solid (dashed)
lines denote outward (inward)
motion.
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Pointlike object around a BH

∇𝑎∇𝑎Φ = ∑
ℓ,𝑚

𝛿(𝑥 − 𝑥𝑠 − 𝑣𝑡)
𝑟𝛽+1 𝑌ℓ𝑚

−1 ≤ 𝑣 < 0
Φ ∼ 𝑡−3−2ℓ

0 < 𝑣 < 1
Φ ∼ 𝑡−𝛽−ℓ , 𝛽 ≤ ℓ + 2 ,
Φ ∼ 𝑡−3−2ℓ , otherwise

𝑣 = 1
Φ ∼ 𝑡−𝛽−ℓ , for 𝛽 = 0, 1 ,
Φ ∼ 𝑡−2−2ℓ , for 2 ≤ 𝛽 ≤ ℓ + 2 ,
Φ ∼ 𝑡−3−2ℓ , otherwise .
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A realistic setup: pointlike mass following a radial geodesic
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Figure: Tails for massless particle on outgoing
radial geodesics on a Schwarzschild background

gravitational radiation
from a pointlike particle
following a radial
geodesic in a
Schwarzschild
background, governed by
the Zerilli equation

−𝜕2𝑡Ψ + 𝜕2𝑥Ψ − 𝑉 𝑍Ψ = 𝒮,

massless particles:
𝒮 ∼ 𝑟−2, 𝛽 = 2, 𝑣 = 1
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Second order perturbations

Perturbative expansion

̃𝑔𝜇𝜈 = 𝑔𝜇𝜈 +
∞
∑
𝑛=1

𝜀𝑛
𝑛!

{𝑛}ℎ𝜇𝜈 (1)

Polar gravitational perturbations, governed by the Zerilli equation

−𝜕2𝑡 {1}Ψ + 𝜕2𝑥 {1}Ψ − 𝑉 𝑍
{1}Ψ = 0, (2)

−𝜕2𝑡 {2}Ψ + 𝜕2𝑥 {2}Ψ − 𝑉 𝑍
{2}Ψ = {2}𝒮Ψ, (3)

2nd-order source depends on the 1st-order perturbation metric {1}ℎ𝜇𝜈

{1}Ψ → {1}ℎ𝜇𝜈 → {2}𝒮Ψ (4)

fall-off of the source term at infinity: {2}𝒮Ψ ∼ 𝑟−2 (𝛽 = 2?)
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Second order tails
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1st-order (ℓ = 𝑚 = 2)
(red line) and 2nd-order
polar gravitational
perturbations
(ℓ = 𝑚 = 4) (green line)
sourced by self-coupling
of the former.
2nd-order tails can
dominate over linear
ones at late times
{2}Ψ ∼ 𝑡−2−2ℓ for some
selection rules.
QNM for 2nd-order

QNM with ℓ = 4
two times QNM with
ℓ = 2
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Final Remarks

Source-driven tails for outwards travelling sources
The 2nd-order tails can dominate over linear ones with some selection
rules

(ℓ = 2,𝑚 = 2) → (ℓ = 4,𝑚 = 4)
The second order perturbations have two family of quasinormal
modes

linear modes
two times the linear modes for self-coupling case

Strong Cosmic Censorship Conjecture (SCCC)
SCCC is violated if we only consider (charged scalar field or
charged Dirac field) linear perturbations in near-extremal RNdS
(Reissner-Nordström-de Sitter) spacetime.
Our results suggest that the nonlinear effect might save SCCC.
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