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Implications for tests of general relativity

At leading order, the kick’s effect on the GW signal
can be described as a Doppler shift of the GW frequency
f [1]. Because general relativity lacks any intrinsic length
scales, a uniform increase in signal frequency is completely
degenerate with a decrease in total mass M , and vice versa.
Thus, if not explicitly accounted for, a frequency shift due
to a kick will bias mass measurements. This is analogous
to the effect of the cosmological redshift z on the GWs:
GW measurements only measure the combination M (1+z)
known as the detector-frame mass, and the source-frame
mass is only inferred after assuming a cosmology [2]. One
important difference between the cosmological and kick
redshifts is that, in the latter, the Doppler shift occurs
only when the kick is imparted, mostly near the merger [3–
6]. Therefore the Doppler shift only affects the merger
and ringdown part of the signal, while a cosmological
redshift rescales the GW signal as a whole.
The amount of Doppler shift depends on the projection
of the kick velocity along the line of sight. At leading
order, the Doppler-shifted remnant mass is given by [1]:
mDS
f = mf (1 + vf · n̂/c),

(S1)

where c is the speed of light and n̂ is the unit vector
pointing from the observer to the source. From our inference setup, we obtain posterior distributions for the
component parameters Λ = {m1 , m2 , χ1 , χ2 }, as well as
the line-of-sight parameters (ι, φref ). Our method to measure the kick recovers the full kick vector vf given Λ. For
each posterior sample, we then project the kick along the
line of sight to obtain the Doppler-shifted remnant mass.
The Doppler shift due to the kick velocity can play an
important role in tests of general relativity using the ringdown signal [7–16]. In some of these tests, the remnant
mass and spin are measured from different portions of
the signal and compared against each other to check for
consistency. In one version of the test, the full inspiralmerger-ringdown signal is first analyzed using a waveform
model and posterior distributions are obtained for Λ.
These are then passed to fitting formulae (e.g. [17–21])
for the remnant mass and spin to obtain posterior distributions for these quantities. Finally, considering only
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the ringdown signal and varying the quasi-normal-mode
frequencies [22–25], the remnant mass and spin are independently measured [7, 8, 10, 13–15].
In the first case the inferred remnant mass is not sensitive to the Doppler shift as traditional fitting formulas
for the remnant mass do not account for this. Apart
from modeling errors, this is equivalent to measuring the
remnant mass from the apparent horizon of the remnant
black hole in an NR simulation [26]. In the second case,
however, the observed ringdown frequencies would be
Doppler-shifted and the inferred remnant mass would be
the Doppler-shifted value. For large Doppler shifts, these
two measurements of the remnant mass would be inconsistent, mimicking a deviation from general relativity.
Fig. 6 in the main document shows the remnant
mass posterior distribution before and after the Doppler
shift for the superkick configuration of Fig. 3. The
NRSur7dq4Remnant model is used to predict the kick vector and the remnant mass before the Doppler shift, while
Eq. (S1) is used to predict the Doppler-shifted remnant
mass. The two mass distributions are visibly different
in Fig. 6, therefore this will be important to account for
in ringdown tests of general relativity. However, this
is a fairly fine-tuned source configuration with a large
kick velocity. This effect is expected to become important when the measurement precision for the remnant
mass is comparable or smaller than the Doppler shift,
δmf /mf . |vf · n̂/c|. Unless signals with kick magnitudes of order 1000 km/s are detected, we expect that
this effect will only be important for third-generation GW
detectors. In any case, our method can already be used
to account for this effect in tests of general relativity.
B.

Probability-Probability plots

To demonstrate the robustness of our Bayesian
inference infrastructure using the NRSur7dq4 and
NRSur7dq4Remnant models, we produce a probabilityprobability (P-P) plot for the kick velocity, from a set of
87 simulated binary BH injections into design-sensitivity
Gaussian noise for a LIGO Hanford-Livingston-Virgo detector network. (See, e.g. Ref. [27] for an example of
P-P plots in the context of GW data analysis.) For each
injection, we run the LALInference parameter estimation package [28] to obtain posteriors for the binary
parameters, like the masses and spins (Λ). From those,
we then derive posteriors on the kick parameters using
the NRSur7dq4Remnant surrogate. The P-P plot shows
the fraction of events for which the posterior for a given
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parameter recovers the true value at a particular credible
interval, as a function of the credible interval. If the
posteriors are sampled successfully, the P-P plot should
be diagonal—meaning that the true value is recovered
within the x%-credible interval x% of the time, consistent
with statistical error.
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Figure S1. P-P plot for 87 binary black hole injections into
design sensitivity Gaussian noise recovered with the NRSur7dq4
and NRSur7dq4Remnant models for the kick magnitude, as well
as the total mass, mass ratio, and spin magnitudes. The
diagonal is shown in the black dashed line along with the 95%
confidence band (CB) in the shaded gray.

the inclination angle is drawn from a uniform-in-cosine
distribution. The location of the source in the sky is
drawn isotropically, as is its polarization angle. The same
distributions are used as the priors during the parameter
estimation step.
The P-P plot for the 87 simulated injections is shown
in Fig. S1. We display the distributions for the kick
magnitude (|vf |), total mass (M ), mass ratio (q), and
component spin parameters |χ1 |, |χ2 |, which all lie largely
within the 95% confidence band around the diagonal
(shaded in gray). The p-value for the probability that
the fraction of events within a given credible interval for
the kick magnitude is drawn from uniform distribution
between 0 and 1, as expected for a diagonal P-P plot,
is 98.6%. This demonstrates that the kick posteriors
generated with NRSur7dq4Remnant, in combination with
the LALInference sampler, are statistically robust
and behave as expected in simulated Gaussian noise.
Deviations between the true value and the peak of the
recovered posterior, such as those seen in Fig. 4, are
consistent with statistical fluctuations.
C.

Prior distribution for component parameters

We draw the 87 injections from a distribution uniform
in component masses m1 , m2 between 18 and 110 M ,
but restricted to a mass ratio of q = m1 /m2 ≤ 3 and
total mass M ≥ 72 M . The spin magnitudes are drawn
uniformly between 0 ≤ |χ1 |, |χ2 | ≤ 0.8, and the directions
are distributed isotropically on a sphere. The luminosity
distances are picked with a density proportional to their
square (that is, uniform in volume) out to 5 Gpc, and

Analyses presented in the main text, for both injections
and real data, use similar priors to those described in
Sec. B. This choice follows standard conventions for LIGOVirgo analyses (e.g., see Appendix C in [29]). We vary the
specific mass ranges allowed to ensure the posterior always
has full support within the prior. For injections, the prior
was uniform in component masses m1 , m2 between 10 and
120 M , but restricted to mass ratios q = m1 /m2 ≤ 4
and total masses M ≥ 60 M . The spin magnitudes are
drawn uniformly between 0 ≤ |χ1 |, |χ2 | ≤ 0.99, and the
directions are distributed isotropically on a sphere. The
priors on the extrinsic parameters are the same as in
Sec. B.
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