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Gravitational waves from ∼ 90 black holes binary systems have currently been detected

by the LIGO 1 and Virgo 2 experiments, and their progenitors’ properties inferred 3. This

allowed the scientific community to draw conclusions on the formation channels of black

holes in binaries, informing population models and – at times – defying our understanding

of black hole astrophysics. The most challenging event detected so far is the short duration

gravitational-wave transient GW190521 4, 5. We analyze this signal under the hypothesis that

it was generated by the merger of two nonspinning black holes on hyperbolic orbits. The best

configuration matching the data corresponds to two black holes of source frame masses of
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81+62
−25M� and 52+32

−32M� undergoing two encounters and then merging into an intermediate-

mass black hole. We find that the hyperbolic merger hypothesis is favored with respect to

a quasi-circular merger with precessing spins with Bayes’ factors larger than 4300 to 1,

although this number will be reduced by the currently uncertain prior odds. Our results

suggest that GW190521 might be the first gravitational-wave detection from the dynamical

capture of two stellar-mass nonspinning black holes.

1 Introduction

The gravitational-wave (GW) transient GW190521 is compatible with the quasi-circular merger of

two heavy (m1 ' 85M�, m2 ' 66M�) black holes (BHs) resulting in an '150M� intermediate-

mass BH (IMBH) 4, 5. The estimated BH component masses fall in a mass gap '65− 120M� for

BHs formed directly from stellar collapse, and challenge standard scenarios on BHs formation5–12,

suggesting the possibility of a progenitors formation through repeated mergers 13, 14. The short

duration (∼ 0.1 s) of GW190521 and the absence of a premerger signal, identified also by unmod-

eled (or weakly modeled) analyses1, are critical aspects for the choice of waveform templates in

matched filtering analyses and thus for the interpretation of the source. For example, under the hy-

pothesis of a quasi-circular merger, matching the signal morphology requires fairly large in-plane

components of the individual BH spins and results in a (weak) statistical evidence for orbital-

plane precession. High orbital eccentricities are also compatible with the burst-like morphology of

GW190521, but best-matching eccentric merger waveforms still require spin precession15, 16. Spin

precessing binary black hole (BBH) mergers are known to be degenerate with head-on collisions17.
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However, a head-on BBH is disfavored with respect to a boson-star head on collision with a

log Bayes’ factor of −6.118. Other proposed interpretations involve a high-mass black hole-

disk system 19 or an intermediate mass ratio inspiral20 (see also21), and indicate that the origin

of GW190521 is still unsettled.

In this Letter we analyse GW190521 within the scenario of a binary black hole (BBH) dy-

namical capture and compare this hypothesis to that of a quasi-circular merger. Dynamical captures

have a phenomenology radically different from quasi-circular mergers22–24. The close passage and

capture of the two objects in hyperbolic orbits naturally accounts for the short-duration, burst-like

waveform morphology of GW190521 even in the absence of spins. Moreover, possibile explana-

tions of the high component masses rely on second-generation BHs, stellar mergers in young star

clusters and BH mergers in active galactic nuclei disks6–12, 25, 26, for which dynamical captures are

possible. While no observational evidence for GWs from dynamical captures existed prior to our

work, such events are not incompatible with the current detection rates 27, 28, although these rates

would require corrections to take into account the large masses of GW19052129.

2 Phenomenology of hyperbolic mergers

A significant progress in constructing waveform templates for black hole binaries on hyperbolic

orbits has been recently made within the effective-one-body (EOB) approach30, 31. The EOB

method32 is a powerful analytical formalism that suitably resums post-Newtonian (PN) results33, 34

(obtained via a perturbative expansion of Einstein’s field equations in powers of v/c, with v the
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typical speed of the system) in the weak-field, small-velocity regime and makes them reliable

and predictive also when the field is strong and velocities are comparable to c, i.e. up to merger

and ringdown. This framework can be extended to fully account for the dynamical capture phe-

nomenology, and delivers complete waveform templates from hyperbolic mergers30, 31. The method

is a generalization of the quasi-circular, spin-aligned waveform model TEOBResumS35 to deal

with arbitrarily eccentric orbits, from eccentric inspirals to hyperbolic mergers. For simplicity,

however, the EOB analytical waveform for hyperbolic mergers does not contain next-to-quasi-

circular corrections informed by numerical relativity (NR) simulations and it is completed by a

NR-informed quasi-circular ringdown35. The reason for this choice is that, although some NR

simulations are available22, 23, 36–40, a systematic coverage of the BBH parameter space for hyper-

bolic orbits is currently missing.

Although the model can be extended to include aligned spins and subdominant multipoles

in the waveforms, here we focus on nonspinning BBHs and use only the dominant ` = m = 2

quadrupole mode, which has been more extensively tested , and was shown to be more than 97%

faithful to NR (see Methods). The inclusion of spins is expected to modify the most likely values

of the parameters correlated with the spins, such as the mass ratio, but not e.g. the total mass

of the binary. The evidence of the analysis, too, is expected to vary due to the different prior

volume explored. However, since the nonspinning model is contained within the spinning one,

point estimates such as the maximum likelihood should not decrease with the addition of spin

interactions.
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The EOB relative motion is described using mass-reduced phase-space variables (r, ϕ, pϕ, pr∗),

related to the physical ones by [in geometric units G = c = 1] r = R/M (relative separation),

ϕ (orbital phase), pr∗ ≡ PR∗/µ (radial momentum), pϕ ≡ Pϕ/(µM) (angular momentum) and

t ≡ T/M (time), where µ ≡ m1m2/M andM ≡ m1 +m2. The EOB Hamiltonian is Ĥ ≡ H/µ ≡

ν−1

√
1 + 2ν(Ĥeff − 1), with ν ≡ µ/M and Ĥeff is the effective Hamiltonian30, 31, 35. For nonspin-

ning binaries, the configuration space can be characterized by the mass ratio q = m1/m2 ≥ 1,

the initial energy E0/M and the initial reduced orbital angular momentum p0
ϕ

31. Similarly to

the motion of a test particle moving around a Schwarzschild BH, the EOB behavior of a hyper-

bolic encounter is characterized by the EOB potential energy EEOB ≡ M

√
1 + 2ν(Ŵeff − 1),

where Ŵeff =
√
A(r)(1 + p2

ϕ/r
2) is the effective potential energy. Here, A(r) ≡ P 1

5 [A5PN(r)]

is the Padé resummed EOB radial potential, where A5PN(r) = 1 − 2/r + νa(ν, r) indicates its

Taylor-expanded form, that reduces to the Schwarzschild case in the test-particle limit, ν = 0.

The function a(ν, r) incorporates high-order corrections up to 5PN and it is additionally informed

by NR simulations30, 35. The solution ∂rWeff = ∂2
rWeff = 0 defines last stable orbit (LSO) pa-

rameters (rLSO, p
LSO
ϕ ). When pϕ > pLSO

ϕ , Weff has both a maximum and a minimum and, de-

pending on E0/M , bound as well as unbound configurations are present. In the absence of

radiation reaction, unbound configurations are defined by the condition E0/M > 1. We de-

fine Emin/M ≡ νĤ(r0, q, pϕ, pr = 0) the energy corresponding to the initial separation and

Emax/M = maxr

[
νĤ(r, q, pϕ, pr = 0)

]
. For a given pϕ, the values (Emax, Emin) correspond

respectively to unstable and stable circular orbits, analogously to Schwarzschild geodesics. When

E0 > Emax the objects fall directly onto each other without forming metastable configurations
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(e.g., for head-on collisions, corresponding to pϕ = 0). When 1 < E0/M ≤ Emax/M , the

phenomenology changes from direct plunge, to on up to many close passages before merger, to

zoom-whirl behavior or even scattering36, 38, 39.

In the presence of radiation reaction, the qualitative picture remains unchanged (as also ob-

served in NR simulations23), although the threshold between the two qualitative behaviors is not

simply set by Emax, but it is also affected by GW losses. The latter are taken into account through

the azimuthal and radial radiation reaction forces (Fϕ,Fr) described in detail in30, 31. The dynamics

of each configuration can be characterized by counting the number of peaks of the orbital frequency

Ω(t) ≡ ϕ̇, each peak corresponding to a periastron passage31. Figure 1 illustrates the (E0/M, p0
ϕ)

parameter space, defined using the peaks of Ω(t), of a nonspinning binary with q = 1.27, corre-

sponding to the best-matching mass ratio for the GW190521 analysis. The different colors indicate

the number of encounters. Although the two dark blue areas, above and below the magenta zone,

possess a single peak in Ω, they correspond to different phenomenologies. The dark-blue region

above the magenta area corresponds to a direct capture scenario, that eventually leads to a ring-

down phase. The dark-blue region below the magenta area corresponds to a scattering scenario.

The single-burst waveform morphology is obtained for (E0/M, p0
ϕ) within the blue capture region

as well as the upper boundary of the magenta region, until a distinct second burst of GWs does

not appear before the one corresponding to the final merger. The single burst phenomenology also

occurs in the white region E0 > Emax in Fig. 1, where there exist systems with low values of p0
ϕ

and large initial energies. Waveforms emitted by such binaries are dominated by the ringdown.
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3 Results

We analyze GW190521 under the hypothesis that it was generated by a dynamical capture of two

nonspinning BHs. We use two different priors for the initial energy of the binary: an “uncon-

strained” prior (UE0) and a “constrained” prior CE0 (see Methods). The results of the analysis

corresponding to the UE0 and CE0 priors are summarized in the second and third columns of Ta-

ble 1 respectively. The consistency of the two measurements confirms the robustness of our mod-

eling choices. Focusing on global fitting quantities we find, respectively for the UE0 (CE0) priors,

maximum likelihood values log(L)max = 123.2 (123.0), and Bayesian evidences logBsignal
noise =

84.0± 0.18 (83.3± 0.18), while the recovered matched-filter signal-to-noise ratio (SNR) is equal

to 15.2 (15.4). Employing the standard cosmology 41, we find component masses in the source

frame (m1,m2) = (85+88
−22, 59+18

−37)M� for the UE0 case and (m1,m2) = (81+62
−25, 52+32

−32)M� in the

CE0 case. Figure 2 illustrates the (E0, p
0
ϕ) parameter space selected by the analysis, with colors

highlighting configurations with different number of encounters N . The figure shows that, despite

GW190521 consisting of a single GW burst around the analyzed time, many of the configurations

selected, and in particular the most probable ones, correspond to two encounters.

The phenomenology corresponding to the set of maximum likelihood parameters selected

by the analysis are shown in Fig. 3. The EOB relative trajectory (top panel) is complemented

by the corresponding waveform templates projected onto the three detectors and compared to the

whitened LIGO-Virgo data around the time of GW190521. Thicker lines highlight the last part

of the dynamics, which exactly covers the portion of the signal displayed in the bottom panel.
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The magnitude of the first GW burst predicted by the EOB analysis (not shown in the plot) is

comparable to the detector noise and would occur outside the analysis window. However, we

find that such first burst is not a robust feature across samples, occurring at different times and

smaller amplitudes for different points and not occuring at all for others (see Fig. 2). Given this

consideration and the small amplitude of such first burst, we do not expect an extension of the

analysis segment to impact our main conclusions.

In order to compare the hyperbolic capture with the quasi-circular merger hypothesis, we

perform a new quasi-circular analysis with the precessing surrogate model NRSur7dq442 and

with the quasi-circular precessing flavor of TEOBResumS, TEOBResumSP 43, 44. To minimize

systematic effects, we consistently use the bajes pipeline45 with the same settings discussed

above for all the runs. The prior distributions for the mass parameters and the extrinsic parameters

are also identical to the ones used in the hyperbolic capture analysis with TEOBResumS, while

the prior on the spin components is chosen to be uniform in the spin magnitudes and isotropic in

the angles4. When including higher modes we disable phase marginalization.

In Table 1 we quote maximum likelihood and matched-filter SNR values obtained from the

full unmarginalised posterior. The quasi-circular precessing analyses with bajes and NRSur7dq4

are in agreement with those obtained by LVK4, confirming the reliability of the infrastructure

adopted for the inference. The maximum SNR recovered via our pipeline is lower by 0.7 than the

one extracted from the public LVK samples. We attribute this discrepancy to differences in data-

processing between pipelines, small differences in the prior boundaries and the sampling itself.

8



The use of consistent settings in our new runs with the model used by the LVK excludes that such

discrepancies affect the comparison against the non-circular analysis.

The TEOBResumSP analyses display consistency with the NR surrogate. When PE is

performed with the dominant (2, 2) mode, it yields logLmax = 106.0, SNRmax = 14.7 and

logBsignal
noise = 72.95 ± 0.08. This indicates that the observed increases in these statistics when

employing the dynamical capture model are not driven by subtle differences between waveform

families (EOB and NR surrogate).

4 Discussion

Despite the different hypotheses on the coalescence process, our results on the component masses

are in good agreement with the ones obtained from a quasi-circular model. This confirms that

an IMBH is formed at the end of the coalescence also in the hyperbolic merger scenario. The

consistency on the total mass is not surprising, given that the dominant contribution to this param-

eter comes from the determination of the ringdown frequency 4. However, the dynamical capture

model is able to fit GW data better than the quasi-circular scenario despite having four less degrees

of freedom, with a 16 e-fold increase in the maximum likelihood value. For comparison, the dis-

tribution of logL of the quasi-circular analysis spans a ∼ 26 e-folds range and has median ∼ 9

e-folds smaller than its maximum value. If we assume this difference to be representative of the

statistical uncertainty σ on the likelihood, we find that our result lies about 3σ from the median of

the quasi-circular analysis and 2σ from its maximum value. Under the dynamical capture assump-
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tion, we obtain a matched-filter SNR ρ = 15.4, larger by almost a unity with respect to the same

value obtained using quasi-circular waveforms. Similarly to the logL, the maximum SNR of the

hyperbolic analysis lies about 1σ from the corresponding value of the quasi-circular analysis and

2σ from its median.

The fit improvement registered by these two indicators is confirmed by the Bayesian evi-

dences, keeping into account the full correlation structure of the parameter space, which imply

odds &4315:1 in favor of the dynamical encounter scenario against the quasi-circular scenario.

This number is expected to be an optimistic estimate of the posterior odds, due to the prior odds

disfavouring a dynamical capture scenario compared to a quasi-circular binary. However, esti-

mates of prior odds are currently not reliable due to orders of magnitudes uncertainties on dynam-

ical capture rates in this mass range 29 and, as such, we do not attempt to quantify them directly.

Given our (conservative) Bayes factor, we estimate that the capture interpretation is favored with

respect to a quasi-circular stellar-collapse scenario6 so long as the rates of such events is larger

than 5× 10−3Gpc−3yr−1. This number is computed by imposing that the posterior odds are lager

than one, i.e. that 4315 × Rdc/Rqc > 1, where Rdc is the rate of dynamical capture events and

Rqc = 23.9 Gpc−3 yr−1 as estimated by LVK6. Notably, the Bayes’ factors receive a penalty dis-

favouring the quasi-circular hypothesis due to the larger dimensionality of this model which is not

phase marginalized and includes precessing spins degrees of freedom, although the latter are only

weakly measurable. Additionally, some railing against the prior can be observed for theE0/M and

the UE0 p
0
ϕ posterior samples, which might affect the estimation of the dynamical capture evidence.

However, the choice of prior bounds in this analysis was dictated either by physical boundaries,
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and hence cannot be relaxed, or by considerations on computational cost and model validity in a

region – that of head-on mergers – which was shown to have little support for the phenomenology

observed18. In light of the above caveats, the Bayesian evidences alone represent useful, but not

decisive proof in favor of the capture scenario.

Nonetheless, these two results combined constitute data-driven indicators that the interpre-

tation of GW190521 within the dynamical capture scenario seems preferred over a quasi-circular

spin-precessing merger1, 21. No other analysis shows such large improvements in evidence and

log-likelihood with respect to the equal-mass, quasi-circular scenario15, 16, 18. At the same time, the

absolute values of evidence and maximum likelihood estimated in some studies21 are almost as

large as those obtained in this work. These values were however obtained with a model which is

less NR-faithful in the quasi-circular case than the NRSur7dq4 model considered in this work.

Although a direct comparison is not possible given the different PE infrastructure, sampler, mod-

els and priors explored, this fact highlights the necessity of exploring multiple hypothesis and

model selection to understand such short GW transients. Our findings are consistent with the

fact that burst-like waveforms from highly eccentric or head-on BBH collision may be confused

with mildly precessing quasi-circular binaries17 and viceversa. In the supplementary material we

confirm this degeneracy to a certain extent, but we show that the preference we obtain for the

non-circular model is incompatible with the true signal being a quasi-circular merger embedded

in gaussian noise. Regarding other possible scenarios, a quantitative comparison is currently not

possible since they have not been analyzed with full Bayesian studies and/or complete waveform

templates15, 18, 19.
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While our analysis selects a two-encounters merger as best-fitting capture scenario (Fig. 3),

the orbital dynamics of these encounters is rather sensitive to changes in both the conservative and

nonconservative part of the dynamics31, as also evident from Fig. 11 of31. Going beyond the conser-

vative assumptions behind our analysis, future work will explore the impact of spin and of higher

waveform multipoles, as well as consider systematic comparisons between our (improved46) EOB

model and a larger number of NR simulations. The inclusion of additional, physically motivated,

degrees of freedom (e.g., BH spins) is expected to further shed light on the nature of GW190521.

5 Methods

Waveform model validation The EOB analytical model employed in this analysis, TEOBResumS

30, 31 , generates waveforms and scattering angles that are faithful to NR simulations of nonspinning

BBH along eccentric and scattering orbits30, 31, 39. The model is directly validated in the regime of

interest by comparisons against new NR data targeted at GW190521. The simulations parameters

are chosen to be compatible with the ones obtained by our hyperbolic analysis. Additionally, we

compare against 46 selected nonspinning, highly eccentric NR simulations47, to validate the model

in a similar regime. Crucially, for all configurations considered, the quasi-circular ringdown pro-

vides a reliable approximation of the final stage of the coalescence, and the model is more than

97% faithful to NR. This is not surprising, and can be attributed to the circularization of the sys-

tem during the last phases of the coalescence. Such results ensure the reliability of our model in

extracting astrophysical properties from GW signals. Head-on collisions, conversely, are not well

approximated by our model. Finally, reliability of this EOB approach in describing dynamical
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captures is further verified in the test-mass limit of a body captured by a Schwarzschild BH, using

the waveforms computed numerically using black hole perturbation theory48, 49. These results are

summarized in the Supplementary Material; further details and more in-depth comparisons will

also be presented in a future work (Andrade et. al., in preparation).

GW190521 analysis The publicly released GW190521 data are analyzed around time tGPS =

1242442968, with an 8 s time-window and in the range of frequencies [11, 512] Hz using the

bajes pipeline 45. We employ the power-spectral-density estimate and calibration envelopes pub-

licly available from the GW Open Science Center 50. The Bayesian analysis uses the dynesty

sampler 51 with 2048 live points. We use a uniform prior in the mass components (m1,m2) explor-

ing the ranges of chirp massMc ∈ [30, 200]M� and mass ratio q ∈ [1, 8]. The luminosity distance

is sampled assuming a volumetric prior in the range [1, 10] Gpc. We analytically marginalize over

the coalescence phase, and sample the coalescence time in ts ∈ [−2, 2] s with respect to the central

GPS time.

The key quantities to sample the configuration space of hyperbolic mergers are (E0/M, p0
ϕ).

The initial angular momentum is uniformly sampled within p0
ϕ ∈ [3.5, 5], and further impos-

ing p0
ϕ ≥ pLSO

ϕ for any q. The initial energy is uniformly sampled in the interval E0/M ∈

[1.0002, 1.025] but with two different additional constraints that result in two different prior choices:

(UE0) Unconstrained prior: E0 ≥ Emin; (CE0) Constrained prior: Emin ≤ E0 ≤ Emax. The UE0

prior spans a larger portion of the parameter space, notably including direct capture, although the

dynamic remains far from the head-on collision case. The CE0 prior is contained in the first, and
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restricts the parameter space to systems closer to stable configurations, for which the orbital dy-

namics substantially contributes to the waveform and the ringdown description is expected to be

more accurate.

Data Availability Data is available onn Zenodo, with DOI 10.5281/zenodo.7081337.

Code Availability The eccentric waveform model used in this work, TEOBResumS, is publicly

available at: https://bitbucket.org/eob_ihes/teobresums/ and results presented

in this paper have been obtained with the version tagged eccentric.v0 a6c c3 circularized.

Similarly, TEOBResumSP is publicly availabe at the same address, and results presented here have

been obtained with the version having git hash 56f20ad.
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Reference This paper LVK4 Gayathri et al.15 Romero-Shaw et al.16

Waveform TEOBResumS30, 31 TEOBResumS30, 31 TEOBResumSP441 NRSur7dq442 NRSur7dq442 NRSur7dq442 NR47 SEOBNRE52

E0 prior Unconstrained (UE0) Constrained (CE0) – – – – –

Multipoles (`, |m|) = (2, 2) (`, |m|) = (2, 2) (`, |m|) = (2, 2) (`, |m|) = (2, 2) ` ≤ 4 ` ≤ 4 – –

m1 [M�] 85+88
−22 81+62

−25 90+19
−14 102+35

−23 84+17
−12 85+21

−14 102+7
−11 92+26

−16

m2 [M�] 59+18
−37 52+32

−32 66+10
−8 64+19

−25 71+16
−18 66+17

−18 102+7
−11 69+18

−19

Msource [M�] 151+73
−51 130+75

−43 156+25
−15 164+40

−23 153+29
−19 150+29

−17 – –

m2/m1 ≤ 1 0.69+0.27
−0.52 0.63+0.31

−0.43 0.73+0.21
−0.15 0.62+0.32

−0.30 0.86+0.12
−0.30 0.79+0.19

−0.29 – –

χeff – – −0.05+0.09
−0.12 0.01+0.24

−0.26 −0.03+0.25
−0.26 0.08+0.27

−0.36 0 0.0+0.2
−0.2

χp – – 0.72+0.16
−0.22 0.71+0.22

−0.36 0.79+0.16
−0.40 0.68+0.25

−0.37 0.7 –

e – – – – – – 0.67 0.112

E0/M 1.014+0.009
−0.012 1.014+0.010

−0.012 – – – – – –

p0
ϕ 4.18+0.50

−0.62 4.24+0.57
−0.37 – – – – – –

DL [Gpc] 4.7+4.8
−2.7 6.1+3.3

−3.7 4.5+1.2
−1.2 3.9+2.3

−1.9 4.8+2.3
−2.2 5.3+2.4

−2.6 1.84+1.07
−0.054 4.1+1.8

−1.8

SNRmax 15.2 15.4 14.7 14.7 14.6 15.4 – –

log(L)max 123.2 123.0 106.0 107.0 105.6 – – –

logBsignal
noise 84.00± 0.18 83.30± 0.18 72.95± 0.08 74.76± 0.11 74.86± 0.11 – – –

Table 1: Source parameters of GW190521. We indicate the mass of the heavier (lighter) object

with m1 (m2), Msource is the total mass in the frame of the source, χeff is the effective spin along

the orbital angular momentum, while χp is the effective precessing spin4. The second and third

columns report our new results, obtained with the hyperbolic capture model31 with the two different

prior choices on the energy. The fourth, fifth and sixth columns report the results obtained in

this work with the quasi-circular models TEOBResumSP and NRSur7dq4. For reference, the

remaining columns report results of other analyses4, 15, 16. We employ the standard cosmology of

Planck41 to compute source frame masses. Median values and 90% credible intervals are quoted

and natural logarithms are reported. The SNR values correspond to the matched-filter estimates.
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Figure 1: Number of encounters as a function of the initial energy and angular momentum.

Parameter space for nonspinning hyperbolic encounters predicted using the TEOBResumS EOB

model and fixing q ≡ m1/m2 = 1.27. Here (p0
ϕ, E0) are the EOB initial angular momentum and

energy, while E0
max is the value corresponding to unstable circular orbit. For E0 < Emax

0 , each

color labels the number of peaks (i.e. of periastron passages) N of the EOB orbital frequency Ω.

The orange star labels the maximum likelihood values (p̄0
ϕ, Ē0) corresponding to the constrained

analysis, see Table 1.
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Figure 2: Energy-momentum marginalized two dimensional posterior. Marginalized two-

dimensional posterior distributions of the initial energy E0 and initial angular momentum p0
ϕ for

the constrained (CE0) and unconstrained (UE0) energy prior choices. The colors highlight the

different waveform phenomenologies, with N = 1 (blue and green) or N = 2 (magenta and

orange) peaks in the orbital frequency. The maximum likelihood values (p̄0
ϕ, Ē0) are highlighted

with red (UE0 prior) and dark-orange (CE0 prior) stars.
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Figure 3: Maximum likelihood configurations with the two different energy priors, UE0 (or-

ange) and CE0 (blue). Top: the (r, ϕ) EOB relative orbit. Bottom: the waveform templates

projected onto the three detectors compared to the whitened LIGO-Virgo data around the time of

GW190521. The most probable last stable orbits (LSO) are highlighted with gold (UE0 prior) and

cyan (CE0 prior) dashed lines and are located, respectively, at r̄LSO = 4.54 and r̄LSO = 4.52. Cor-

responding mass ratios are q̄ = 1.04 and q̄ = 1.27. The inset highlights the first close encounter,

that is then followed by a highly eccentric orbit that eventually ends up with a plunge and merger

phase. The part of the trajectory from ∼ (tGPS − 0.8 s) to merger, which contributes to the second

GW burst, is highlighted with thicker lines in the plot. Note that the GW bursts corresponding to

the first encounter occur ∼4 s before the GW190521 time, their magnitude is comparable to the

detector noise and are outside the segment of data analyzed.
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Supplemental Material

Validation of the dynamical capture model The EOB32,9, 14, 16, 17 waveform model TEOBResumS

employed in our study is based on an highly accurate approximant for quasi-circular binaries

29, 30, 34, 35. The eccentric model has been extensively tested in previous works30, 49 via mismatch

and waveform phasing comparisons. In detail, the model has been compared to:

(i) 28 equal-mass mildly eccentric NR simulations30 from the Simulating eXtreme Spacetimes

(SXS) collaboration1, 5–7, 12, 13, 22, 24–28, 35. The comparison involved either time-domain phas-

ing analysis or EOB/NR unfaithfulness computations. For completeness, this second anal-

ysis is repeated here with the implementation of the model employed in the analysis, and

illustrated in Fig. 5. The model shows robust mismatches well below the 3% threshold for

system with masses ranging from 20M� to 200M� with the Advanced LIGO design sensi-

tivity curve2.

(ii) 10 equal-mass scattering simulations from39 used to check the scattering angle, but for which

waveforms are not available31.

(iii) 111 waveforms generated by a nonspinning test particle along planar geodesics in Kerr

spacetime with eccentricities up to 0.9 and dimensionless Kerr spin magnitude up to â = 0.9.

The analysis was also extended to nongeodesic motion considering the transition from inspi-

ral to plunge driven by the EOB radiation reaction force considered in this work. Dynamical

capture scenarios on a Schwarzschild spacetime were also considered. The accuracy of the

1



fluxes has been studied in Sec. IV of Albanesi et al.49, while the waveform has been ana-

lyzed in Sec. V. In particular, the analytical/numerical comparisons for the non-geodesics

configurations can be found in Fig. 13 and Fig. 14 therein.

These tests demonstrate the goodness of our model in a regime which is, in principle, differ-

ent from the one explored here, where an almost equal-mass system undergoes a dynamical cap-

ture. Notably, however, some important insight can be extrapolated from this information. Firstly,

we observe that although the use of a circular ringdown is an approximation, the tests against test-

mass waveforms from dynamical encounters show a good performance for the configurations that

circularize during the last encounter, i.e. those selected by the parameter estimation, see in partic-

ular Fig. 14 of49. The region where the circular ringdown performs less well is the direct-capture

and head-on scenario (also expected on physical grounds). However, these configurations are also

excluded from the parameter estimation by their smaller likelihood values. Secondly, the compar-

ison with eccentric comparable mass data proves that the radiation reaction employed is highly

accurate in that regime. Finally, the EOB/NR comparisons of the scattering angle of relativistic

equal-mass BBH is a strong test of the dynamics (of both the conservative and dissipative sector),

that probes the model in a very challenging physical scenario31.

To further corroborate these observations in the regime of direct interest for this publication,

we produced six equal-mass, nonspinning simulations of highly eccentric systems or dynamical

captures using the NR code GR− Athena + + 18, see Table 5. Three simulations reproduce config-

urations of Gold and Bruegmann 23 (gb42 N256, gb48 N256 and gb50 N256); the three remaining

2



ones are instead completely new configurations (Hq1 a5, Hq1 b5 and Hq1 c5) with initial condi-

tions chosen to target the parameter space selected by our GW190521 analysis. In order to compare

NR and EOB waveforms, one needs consistent initial energy, angular momentum and separation.

While the first two quantities are in principle gauge-invariant, to get the latter we need to convert

from Arnowitt-Deser-Misner (ADM) coordinates to EOB coordinates using a 2PN-accurate trans-

formation 324. However, the existence of NR junk radiation, resolution effects as well as the finite

PN order of the ADM to EOB transformation can cause small differences between the NR and

EOB initial data. While small variations in the energy and angular can significantly change the

phenomenology of the waveform, as shown in Fig. 2 of31, small inaccuracies in the initial sepa-

ration are not relevant as long as the bodies are initially far enough. In this scenario, the effect

of the radiation reaction is negligible at the beginning of the evolution, and small shifts in initial

separation correspond to global constant time shifts. As such, in order to estimate the “optimal”

values of (Ê0, p̂
0
ϕ), we first additionally minimized the mismatch on the initial energy and angular

momentum over a small interval around the values extracted from the procedure described above,

allowing a relative error up to 1% in energy and up to 6% in angular momentum. This procedure

was performed only for a single reference value of total mass (M = 250M�, i.e. the detector

frame mass of GW190521), using the expression:

F̄ = 1− max
t0,φ0,Ê0,p̂0ϕ

(hNR, hEOB)√
(hNR, hNR)(hEOB, hEOB)

, (S1)

where (·, ·) denotes the usual noise weighted inner product

(a, b) = 4<
∫ fmax

f0

ã(f)b̃(f)

Sn(f)
df ,

and Sn is the power spectral density (PSD) of the detector, in this case chosen to be GW190521

3



Hanford’s PSD. The initial conditions found with this procedure are then employed to compute F̄

for all values of the total mass M considered using the standard definition of mismatch (the same

as above, without varying the initial energy and angular momentum). We considered frequencies

between 11 and 512 Hz and total massesM ∈ [100, 300]M�. We found mismatches between 0.2%

and 3%. Details about the simulations are listed in Table 5, while the results of the computation can

be seen in Fig. 2. The corresponding time-domain EOB/NR phase comparisons of the ` = m = 2

waveform are shown in Fig. 3. Let us recall that we use the following multipolar decomposition of

the strain waveform

h+ − ih× = D−1
L

`max∑
`=2

∑̀
m=−`

h`m −2Y`m , (S2)

whereDL is the luminosity distance and −2Y`m are the s = −2 spin-weighted spherical harmonics.

Focusing only on the ` = m = 2 dominant mode, the waveform is decomposed in amplitude

and phase as h22(t) = A(t)e−iφ(t). For each configuration in Fig. 3 we compare the real part of

the EOB and NR waveform and explicitly show the phase difference ∆φEOBNR ≡ φEOB − φNR

and the relative amplitude difference ∆AEOBNR/ANR ≡ |AEOB − ANR|/ANR. Note that the NR-

informed quasi-circular ringdown35 delivers rather faithful representation of the NR phasing, while

the amplitude might be underestimated. This is consistent with the findings in the test-particle

limit49.

During the development of this work, the RIT group released the data of the large number

of NR simulations of highly eccentric BBH systems47 used in the analysis of GW190521 of15.

Figure 4 shows the unfaithfulness of our model computed against all such simulations with initial

eccentricity larger than 0.5, zero spins, q ≤ 8 and initial angular momentum and energy consistent

4
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SUPPLEMENTARY FIGURE 1: EOB/NR unfaithfulness for mildly eccentric systems. Com-

parison between 28 mildly eccentric NR simulations from the SXS catalog1 and the eccentric

TEOBResumS. These mismatches improve and extend those computed in previous work30.

with our priors (pϕ ≥ 3.4 at initial separation r ∼ 20). Notably, the 46 simulations selected display

typical EOB/NR mismatches below 3%, with about half of them more than 99% faithful to NR.

Additional detailed EOB/NR comparisons considering a larger number of simulations, an

improved EOB model31, 40, a wider parameter space as well as higher modes and spin effects will

be presented in a future work (Andrade et. al).

Injection-recovery studies To better understand the increase in log(L)max and Bayes’ factor ob-

served in the main text we perform two additional ”injection-recovery” studies:

(i) Using the NRSur7dq4 waveform model, we simulate a quasicircular signal with the max-

imum likelihood parameters recovered from GW190521 into gaussian noise generated with
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ID r̂EOB
0 ÊEOB p̂EOB

ϕ ÊEOB
opt p̂EOB

ϕ opt ∆E/E[%] ∆pϕ/pϕ[%]

Hq1 a5 100.000 1.003 3.970 1.005 3.987 −0.132 −0.440

Hq1 b5 100.000 1.008 3.970 1.010 4.049 −0.192 −2.000

Hq1 c5 100.000 1.007 3.970 1.015 4.181 −0.799 −5.323

gb42 N256 20.842 0.994 3.305 0.994 3.238 0.018 2.033

gb48 N256 20.869 0.994 3.671 0.997 3.762 −0.267 −2.476

gb50 N526 20.878 0.994 3.784 0.993 3.771 0.131 0.342

SUPPLEMENTARY TABLE 1: EOB initial data to match NR simulations. The values cor-

respond to the equal-mass, nonspinning NR data of Figs. 2 and 3. The first column of

the table reports the configuration label. The quantities r̂EOB
0 ,ÊEOB and p̂EOB

ϕ are the initial

EOB radial separation, initial energy and initial angular momentum obtained by mapping

the initial position and momenta of the punctures into EOB coordinates via the 2PN co-

ordinate transformation between ADM and EOB coordinates4. The quantities ÊEOB
opt and

p̂EOB
ϕ opt, instead, are the corresponding values which minimize the EOB/NR mismatch at

M = 250M�. The last two columns report the corresponding relative differences.
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SUPPLEMENTARY FIGURE 2: EOB/NR unfaithfulness for highly eccentric and capture con-

figurations. Comparison between the NR simulations of Table 5, produced for this work, and the

eccentric TEOBResumS. We consider frequencies between 11 and 512 Hz, use the Hanford PSD

of GW190521 and compute F̄ for systems with masses M ∈ [100, 300]M�.

the PSD estimated close to the event, and recover it with both NRSur7dq4 and TEOBResumS

(ii) We perform a self-consistency test: we simulate and recover a signal with the hyperbolic

model employed in the main text, TEOBResumS, with parameters similar to GW190521.

In all cases we adopt the same PE settings and priors as the ones used in the analysis shown in the

main paper.

Our results for the first injection-recovery test are reported in Table 2. Both the maximum

likelihood and the Bayes Factor recovered with NRSur7dq4 are slightly larger than those obtained

with TEOBResumS. On the one hand, this indicates that the significant increase in Bayes Factor

7



and likelihood we observe in our analyses is not obtained when the real signal is generated by

a precessing, quasi circular source. On the other hand, it also shows how short-lived precessing

signals can be matched reasonably well also by dynamical-capture waveform models, i.e. the

symmetric scenario with respect to the one discussed in18. Note that, due to the specific noise

realization, at times the injected parameters lie just outside the 90% credible levels even when the

recovery is performed with the surrogate.

Table 3, instead, displays the injected and recovered parameters obtained from our second

injection-recovery test. All the recovered parameters lie, as expected, well within the 90% inter-

vals. This indicates that our inference framework (including the model implementation) behaves

correctly, and is able to recover the simulated parameters in spite of the complicated structure of

the (E, pϕ) parameter space.
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Injected (NRSur7dq4) NRSur7dq4 TEOBResumS

m1 [M�] 135 155+19
−19 145+21

−20

m2 [M�] 125 89+36
−34 88+28

−36

M [M�] 260 244+38
−36 232+15

−20

msource
1 [M�] 90.01 92+19

−20 72+26
−14

msource
2 [M�] 83.397 52+21

−18 43+17
−16

Msource [M�] 173.40 141+31
−21 115+29

−16

m2/m1 ≤ 1 0.92 0.57+0.28
−0.23 0.61+0.31

−0.29

χeff −0.29 −0.18+0.43
−0.41 –

χp 0.79 0.51+0.33
−0.38 –

E0/M – – 1.010+0.013
−0.009

p0
ϕ – – 4.08+0.32

−0.27

DL [Mpc] 2935 4390+3370
−2060 6950+2590

−3290

log(L)max – 56.70 52.84

logBsignal
noise – 29.65 28.43

SUPPLEMENTARY TABLE 2: First injection-recovery study. Results of our NRSur7dq4−

NRSur7dq4 and NRSur7dq4 − TEOBResumS injection-recovery studies in GW190521 gaus-

sian noise. Posteriors are expressed, as is standard, via their median and 90% credible

intervals. Notably, the log(L)max and logBsignal
noise recovered with the NR surrogate are higher

than those obtained with the hyperbolic model.
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Injected (TEOBResumS) TEOBResumS

msource
1 [M�] 81 93+22

−14

msource
2 [M�] 71 60+14

−18

Msource [M�] 152 153+16
−10

m2/m1 ≤ 1 0.88 0.64+0.25
−0.27

E0/M 1.012 1.010+0.007
−0.008

p0
ϕ 4.21 4.04+0.27

−0.29

DL [Mpc] 3000 2400+790
−930

log(L)max – 316.84

logBsignal
noise – 282.44

SUPPLEMENTARY TABLE 3: Second injection-recovery study. Results of our

TEOBResumS − TEOBResumS injection-recovery experiment in GW190521 gaussian noise.

Posteriors are expressed, as is standard, via their median and 90% credible intervals.

The injected true values all fall within the 90% intervals.
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frey Lovelace, Mark A. Scheel, and Béla Szilágyi. Accuracy and precision of gravitational-

wave models of inspiraling neutron star-black hole binaries with spin: Comparison with

13



matter-free numerical relativity in the low-frequency regime. Phys. Rev., D92(10):102001,

2015.

25. Geoffrey Lovelace, Michael Boyle, Mark A. Scheel, and Bela Szilagyi. Accurate gravitational

waveforms for binary-black-hole mergers with nearly extremal spins. Class. Quant. Grav.,

29:045003, 2012.

26. Geoffrey Lovelace et al. Nearly extremal apparent horizons in simulations of merging black

holes. Class. Quant. Grav., 32(6):065007, 2015.

27. Geoffrey Lovelace, Mark.A. Scheel, and Bela Szilagyi. Simulating merging binary black holes

with nearly extremal spins. Phys.Rev., D83:024010, 2011.

28. Abdul H. Mroue, Mark A. Scheel, Bela Szilagyi, Harald P. Pfeiffer, Michael Boyle, et al. A

catalog of 174 binary black-hole simulations for gravitational-wave astronomy. Phys.Rev.Lett.,

111:241104, 2013.

29. Alessandro Nagar et al. Time-domain effective-one-body gravitational waveforms for coa-

lescing compact binaries with nonprecessing spins, tides and self-spin effects. Phys. Rev.,

D98(10):104052, 2018.

30. Alessandro Nagar, Geraint Pratten, Gunnar Riemenschneider, and Rossella Gamba. A Multi-

polar Effective One Body Model for Non-Spinning Black Hole Binaries. 2019.

31. Alessandro Nagar and Piero Rettegno. The next generation: Impact of high-order analytical

information on effective one body waveform models for noncircularized, spin-aligned black

hole binaries. 8 2021.

14



32. Alessandro Nagar, Piero Rettegno, Rossella Gamba, and Sebastiano Bernuzzi. Effective-one-

body waveforms from dynamical captures in black hole binaries. Phys. Rev. D, 103(6):064013,

2021.

33. Alessandro Nagar, Gunnar Riemenschneider, Geraint Pratten, Piero Rettegno, and Francesco

Messina. Multipolar effective one body waveform model for spin-aligned black hole binaries.

Phys. Rev. D, 102(2):024077, 2020.

34. Gunnar Riemenschneider, Piero Rettegno, Matteo Breschi, Angelica Albertini, Rossella

Gamba, Sebastiano Bernuzzi, and Alessandro Nagar. Assessment of consistent next-to-

quasicircular corrections and postadiabatic approximation in effective-one-body multipolar

waveforms for binary black hole coalescences. Phys. Rev. D, 104(10):104045, 2021.

35. Mark A. Scheel, Matthew Giesler, Daniel A. Hemberger, Geoffrey Lovelace, Kevin Kuper,
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SUPPLEMENTARY FIGURE 3: Time-domain EOB/NR phasing comparison. Comparing the

Numerical Relativity waveforms of Table 5 to the analytical ones obtained using the eccentric

TEOBResumS. For each configuration, the top panel displays the amplitude and the real part of the

dominant multipole h22, while the bottom panel shows the phase difference ∆φEOBNR = φEOB −

φNR and the relative amplitude difference ∆AEOBNR/ANR = (AEOB − ANR)/ANR. Despite the

lack of NQC corrections or of an hyperbolic-NR-informed ringdown, TEOBResumS quantitatively

captures the NR waveform for any configuration.
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SUPPLEMENTARY FIGURE 4: EOB/NR unfaithfulness for the highly eccentric NR wave-

forms from the RIT catalog. We compare 46 nonspinning highly eccentric datasets from RIT47

with the eccentric TEOBResumS model. We select only those systems whose best matching EOB

initial conditions, estimated via Eq. (S1), fall inside the posterior samples. We consider frequen-

cies between 11 and 512 Hz, use the Hanford PSD of GW190521 and compute F̄ with fixed total

mass M = 250M�.
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