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Abstract

The no-hair theorem predicts that a perturbed Kerr black hole should emit gravitational waves as
damped sinusoids with characteristic frequencies and damping rates depending only on the hole’s
mass and spin. Analyzing the spectrum of such quasinormal modes can provide a direct probe of
the black-hole spacetime, distinguishing it from other compact objects and enabling tests of general
relativity. Considering the two least-damped components of the dominant angular mode (£ = m =
2, n < 1), we find that the first LIGO detection (GW150914) already encoded clues about the black-
hole spectrum. A two-mode ringdown model allows us to measure the final mass and spin of the
remnant exclusively from postinspiral data, obtaining an estimate in agreement with that from the
full signal. We also find that an independent measurement of the frequency of the second mode
yields agreement with the no-hair hypothesis at the ~20% level. Improved detectors on the ground,
as well as future missions in space, will provide even stronger tests. This is a summary of Isi, Giesler,
Farr, Scheel, and Teukolsky (2020) [1].

1 Introduction

The last portion of the gravitational waves (GWs) from a binary black hole (BH) coalescence cor-
responds to the ringdown of the remnant object. In general relativity (GR), this ringdown radiation
takes the form of superposed damped sinusoids, corresponding to the quasinormal modes (QNMs) of
the final Kerr BH [2, 3, 4, 5]. The frequencies and decay rates of these damped sinusoids are uniquely
determined by the final hole’s mass M and dimensionless spin magnitude x ¢. This follows from the
no-hair theorem—the statement that mass and spin are the only two properties of astrophysical black
holes in GR. Teasing out the QNMs from GW observations could allow us to test GR, and distinguish
Kerr remnants from possible mimickers by testing the no-hair theorem [6, 7, 8, 9, 10, 11, 12, 13, 14].
In [1], we analyze LIGO [15] data from the GW150914 event [16] to perform a multimodal spec-
troscopic analysis of a BH ringdown. Following [17], we rely on tones of the { = m = 2 angular
mode to measure My and x; from data starting at the peak of the signal, assuming first that QNMs
are as predicted by perturbation theory for a Kerr BH. This measurement agrees with that from the
longest-lived mode alone beginning 3 ms after the waveform peak amplitude [18], as well as that ob-
tained from the full waveform using fits to numerical relativity. We also consider a two-tone model
that allows deviations from the Kerr prediction for any given mass and spin. From data starting at
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Figure 1: A perturbed BH rings just like a struck bell. The frequency we,, and damping rate (pitch
and duration) encode information about the intrinsic geometry of the object: mass and spin for a Kerr
BH, shape and material for a bell. The complex amplitudes Cyp,p, = Apmne'®mn, on the other hand,
carry information about the origin of the perturbation. (Image source: bell [33], hammer [34].)

peak strain, we find the spectrum to be in agreement with the no-hair hypothesis to within ~20%,
with 68% credibility. This is a test of the no-hair theorem based purely on the postinspiral regime.

Previous analyses had looked for the ringdown in data at late times after the signal peak, where
the QNM s are too weak to confidently characterize with current instruments [19, 20, 21, 22, 23, 24, 25].
This was motivated by concerns about potential nonlinearities surrounding the BH merger [9, 26, 27,
21, 22, 24, 25]. However, the linear description can be extended to the full waveform following the
peak of the gravitational wave strain: times around the peak are dominated by ringdown overtones—
the QNMs with the fastest decay rates [17, 28]. Indications of this can be found in the waveform
modeling literature, with overtones an integral part of early equivalent one-body models [29, 30, 31].
Yet, with a few exceptions [13, 23], previous ringdown analyses have neglected overtones [9, 19, 32,
20, 21, 22, 24, 25]. As a consequence, these studies ignored were unable to extract multiple ringdown
modes.

The remaining sections of these Proceedings summarize the method and results of [1] as presented
at the 3rd World Summit on Exploring the Dark Side of the Universe, and conclude with a brief discussion
on future perspectives.

2 Method

Each QNM has a frequency wg,, and a damping time 74,,,,,, where n is the overtone index and (¢, m)
are indices of spin-weighted angular harmonics that describe the angular structure of the mode. The
overtone index n orders the modes with a given (¢, m) by increasing damping rate, so that n = 0
denotes the longest-lived (“fundamental”) mode. Unlike elsewhere in physics, a higher n does not
imply a higher frequency w,; rather, the opposite is generally true.

Our analysis targets the fundamental and overtones of the { = m = 2 spin-weighted spherical
harmonic of the strain, as this is the only angular harmonic expected to be relevant for GW150914
[35, 36, 25]. We drop the ¢ and m indices, and write the / = m = 2 mode of the ringdown strain
(h = hy —ihy) as a sum of damped sinusoids [2, 3, 4, 5],

N
hé\g (t) = Z Ap exp [71‘ (wnt + d)n) - t/Tn] ) 1)
n=0

for times t greater than some start time t,, where At = t — t5. NN is the index of the highest over-
tone included in the model, which for us will always be N < 2. For a Kerr BH, all the w,,’s and
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Figure 2: Contours represent 90%-credible regions on the remnant mass (M) and dimensionless
spin magnitude (), obtained from the analysis of the GW150914 ringdown starting at peak strain
amplitude (Aty = tg — tpeak = 0). Color encodes the number of overtones N in the model: 0 (solid
blue), 1 (solid yellow), 2 (dashed purple) The dotted black contour is obtained from the full IMR
waveform, assuming GR; the crosshairs mark the peak of this distribution (M; = 68.5M, x5 = 0.69).
The top and right panels show marginal posteriors for My and x s respectively. This is Fig. 1 in [1].

T,’s are implicit functions of the remnant mass and spin magnitude (M, x ), and can be computed
from perturbation theory [37, 38, 39]. The amplitudes A,, and phases ¢,, cannot be computed within
perturbation theory, so we treat them as free parameters (Fig. 1).

We carry out a Bayesian analysis of LIGO Hanford and LIGO Livingston data for GW150914 [16,
40, 41]. For a choice of IV and start time ¢y, we compute the joint posterior probability over My, x ¢, A,
and ¢,,. We first do so assuming a Kerr spectrum, but then relax the V = 1 model to test the no-hair
theorem: in this non-GR model, we write

w =27 N 1461, 2
=7 (1+46m), ()

with 6 f; and 7, fractional deviations away from the Kerr values fl(GR) and Tl(GR) for any given M}y

and x . In all cases, we parametrize start times via Aty = ¢y — tpeak, Where tpeax = 1126259462.423
GPS refers to the signal peak at the LIGO Hanford detector [42, 19]. We define the likelihood in the
time domain in order to explicitly exclude all data before ¢,. See the Supplement to [1] for details.
We compare our ringdown-only measurements to the expectation from the full inspiral-merger-
ringdown (IMR) signal. We use fitting formulas based on numerical relativity [43, 44] to predict the
remnant parameters from publicly-available posterior samples on the binary parameters [40, 45].
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Figure 3: Measured QNM amplitudes for ringdown analyses with different number of overtones N,
starting at peak strain: the joint posterior for Ay, 4; and A, recovered by the N = 2 model (purple);
the 90%-credible measurement of Ay and A; obtained with N = 1 (yellow); and the same for A,
obtained with N = 0 (blue). Solid curves and vertical dashed lines enclose 90% of the probability
mass. Values have been rescaled by a constant to correspond to the strain measured by the LIGO
Hanford detector. This is Fig. 2 in [1].

3 Results

Fig. 2 shows the 90%-credible regions for My and x, obtained assuming a Kerr spectrum (6 f, =
07, = 0) by analyzing data starting at ¢,c.x with different numbers of overtones (N = 0,1,2) in
the ringdown template of Eq. (1). Under GR, the ringdown and IMR measurements should agree. As
expected for 6ty = 0, this is only the case for the overtone results (N > 1), and not for the fundamental
alone. Adding a second overtone (/N = 2) does not improve agreement with IMR, which is expected
given the network SNR of GW150914 [17].

The fact that the analysis is unable to unequivocally identify the second overtone in the data is
reflected in the amplitude posteriors of Fig. 3. The N = 2 result supports a range of values for A;
and A,, but excludes A; = A = 0 with 90% credibility (bottom center in Fig. 3). The joint posterior
distribution on A4; and A, tends to favor the first overtone at the expense of the second, favoring a
value of A; in agreement with the N = 1 posterior (yellow traces in Fig. 3). Assuming N =1, A; =0
is disfavored at 3.60; assuming N = 2, A; = Ay = 0 is disfavored with 90% credibility.

We next compare measurements carried out with overtones at the peak to those without overtones
after the peak. Fig. 4 shows 90%-credible regions for the remnant mass and spin magnitude obtained
with N = 0 at different times after t,cax (Ato € [1, 3, 5] ms). As the overtones die out, the fundamental
mode becomes a better model for the signal, and we find that the N' = 0 contour coincides with the
IMR measurement ~3 ms after the peak, in agreement with [19].
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Figure 4: Contours represent 90%-credible regions on the remnant mass (M) and dimensionless spin
magnitude (xf), obtained from the analysis of the GW150914 ringdown with N = 0 at different times
after the peak (blue), compared to N = 1 at the peak. The dotted black contour is obtained from the
full IMR waveform, assuming GR; the crosshairs mark the peak of this distribution (M; = 68.5M¢,
xf = 0.69). The top and right panels show marginal posteriors for My and x s respectively. Around
Aty = 3ms, the overtones have become unmeasurable and only the fundamental mode remains;
consequently, at that time, the /N = 0 result starts being consistent with both the full IMR waveform
and the N > 1 models at the peak, in agreement with GR. This is Fig. 3 in [1].

Finally, we allow the first-overtone frequency and damping time to float around the no-hair values
in the N = 1 model, starting the analysis at peak strain. Fig. 5 shows the resulting posterior over the
0f1 and é7;. With 68% credibility, we measure ¢ fi = —0.05 £ 0.2, establishing agreement with the
no-hair hypothesis (6f; = 0) at the 20% level. The damping time is largely unconstrained in the
—0.06 < 61 < 1range.

4 Conclusion

Making use of overtones, we extracted information about the GW150914 remnant using only postin-
spiral data, starting at the peak of the signal (Fig. 2). We found evidence of the fundamental mode
plus at least one overtone (Fig. 3), and measured the remnant mass and spin in agreement with that
the full waveform analysis. This result is also consistent with the one obtained using solely the fun-
damental mode at a later time (Fig. 4).

The agreement between all measurements (IMR, N = 0, N > 1) is evidence that, beginning as
early as the signal peak, a far-away observer cannot distinguish the source from a linearly perturbed
Kerr background, i.e., we do not observe nonlinearities in this regime. The agreement between the
IMR and postmerger estimates implies that the data conform to the full GR prediction, as in the IMR
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Figure 5: Posterior distribution of the fractional deviations ¢ f; and é7; away from the no-hair value
0f1 = ém1 = 0 (gray dotted lines), measured at peak strain with N = 1. The solid contour and dashed
vertical lines enclose 90% of the posterior probability. Fixing dfi = 671 = 0 recovers the N = 1
analysis in Figs. 2 and 4. This is Fig. 4 in [1].

consistency test described in [46, 47].

With the identification of multiple ringdown modes, we took a step toward the goal of black hole
spectroscopy. We constrained deviations away from the no-hair spectrum by allowing the overtone
frequency and damping time to vary freely (Fig. 5). This is equivalent to independently measuring
the frequencies of the fundamental and first overtone, and establishing their consistency with the
Kerr hypothesis.

Future overtone measurements could potentially allow us to identify BH mimickers, and probe
the applicability of the no-hair theorem with high precision. As the sensitivity of GW instruments
improves, we will be able to leverage the increased quantity and quality of the detected signals to test
the no-hair theorem in richer and more accurate ways.
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