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We  determine the mass-ratio, eccentricity and binary inclination angles that
maximize the contribution of the higher-order waveform multipoles (¢, |m|) =
{(2,2), (2,1), (3,3), (3,2), (3, 1), (4, 4), (4, 3), (4, 2), (4, 1)} for the gravitational wave de-
tection of eccentric binary black hole mergers. We carry out this study using numerical relativity
waveforms that describe non-spinning black hole binaries with mass-ratios 1 < ¢ < 10, and
orbital eccentricities as high as ey = 0.18 fifteen cycles before merger. For stellar-mass, asym-
metric mass-ratio, binary black hole mergers, and assuming LIGO’s Zero Detuned High Power
configuration, we find that in regions of parameter space where black hole mergers modeled with
¢ = |m| = 2 waveforms have vanishing signal-to-noise ratios, the inclusion of (¢, |m|) modes enables
the observation of these sources with signal-to-noise ratios that range between 30% to 45% the
signal-to-noise ratio of optimally oriented binary black hole mergers modeled with ¢ = |m| = 2
numerical relativity waveforms. Having determined the parameter space where (¢, [m|) modes
are important for gravitational wave detection, we construct waveform signals that describe these
astrophysically motivate scenarios, and demonstrate that these topologically complex signals can

be detected and characterized in real LIGO noise with deep learning algorithms.

I. INTRODUCTION

The LIGO [I, 2] and Virgo [3] detectors have enabled
the gravitational wave (GW) detection of binary black
hole (BBH) mergers [1-9] and neutron star (NS) colli-
sions [10]. These discoveries have firmly established GW
astrophysics, and initiated the era of multi-messenger as-
trophysics (MMA) [10-12].

In addition to providing a census of the mass and spin
distributions of BHs and NSs, GWs can be used to infer
information about the astrophysical environments where
these objects form and coalesce. In this article, we focus
on compact binary populations that may exist in dense
stellar environments. The study of these potential GW
sources has increased in recent years due to electromag-
netic observations that are consistent with the existence
of stellar mass BHs in the Galactic cluster M22 [13] and
near the Galactic center [14]. These observations have
accelerated the development of algorithms to simulate
the formation and retention of stellar mass BHs, and the
formation of BBHs in dense stellar environments [15—18].
These improved algorithms have demonstrated that pre-
vious analyses significantly underestimated the detection
rate of eccentric compact binary mergers, and have pro-
vided new insights into the expected eccentricity distri-
bution of stellar-mass BH mergers in the frequency band
of LIGO-type detectors [19-21].

Furthermore, we know from post-Newtonian calcula-
tions that the topology of GWs emitted by eccentric
BBH mergers are remarkably different in nature to their
quasi-circular counterparts. These differences are appar-

ent even at the leading order post-Newtonian expansion
of the waveform strain, which exhibits a much more com-
plex dependence on the binary inclination angle. In view
of these considerations, we quantify the importance of
including higher-order waveform multipoles for the de-
tection of eccentric BBH mergers. This study makes use
of a catalog of numerical relativity (NR) waveforms that
describe non-spinning BHs with mass-ratios 1 < ¢ < 10,
and orbital eccentricities ey < 0.18 fifteen cycles before
merger [25].

As a preview of key results we present herein, we have
found that the inclusion of higher-order waveform multi-
poles is significantly more important for eccentric BBH
mergers than for their quasi-circular counterparts. For
instance, in [20] it was reported that the inclusion of
higher-order waveform multipoles for quasi-circular, non-
spinning, asymmetric mass-ratio BBH mergers could in-
crease the signal-to-noise ratio (SNR) by as much as 8%
in Advanced LIGO [27]. In this study we report two sig-
nificant findings. First, the net effect of including higher-
order modes is to help homogenize detectability of ec-
centric BBH mergers across the various orientations and
positions they could have in the sky. Second, regions of
parameter space in which ¢ = |m| = 2 signals have neg-
ligible SNRs, (¢, |m|) waveforms can be detected with
SNRs that correspond to up to 45% of the SNR of an op-
timally oriented ¢ = |m| = 2 eccentric BBH counterpart.
We have also explored the dependance of these results
on the initial eccentricity of the system, ey, for a wide
range of mass-ratios. As in the case of quasi-circular,
non-spinning, comparable mass-ratio BBH systems [26],



we have found that the inclusion of higher-order wave-
form modes has a marginal impact in the detectability of
these sources. However, as we show in this study, (¢, |m|)
modes become significant for GW detection for BBH
mergers with asymmetric mass-ratios. We also present
results for the increase in the range of detectability of ec-
centric BBH mergers when the GW emission from these
systems includes (¢, |m|) modes.

Having constrained the parameter space that maxi-
mizes the contribution of (¢, |m|) for GW detection, we
use these results as input information to explore the de-
tectability of the corresponding higher-order waveform
multipole signals in simulated and real LIGO noise. Since
the NR waveforms we use for this study describe BBH
mergers whose mass-ratios and eccentricities have not
been previously studied in the literature [25], these re-
sults provide new insights into the detectability of these
types of signals in simulated and real LIGO noise.

It is worth pointing out that most of the existing tools
for GW detection are tailored for the identification of
quasi-circular binaries [28-30]. To the best of our knowl-
edge, no matched-filtering algorithm has been presented
in the literature for the detection of eccentric BBH merg-
ers [31]. On the other hand, while template agnostic
searches have been utilized to search for eccentric BBH
mergers [31, 32], this class of algorithms is optimal for
the detection of burst-like GW signals, and may miss
O(second-long) signals with low SNRs [5].

A different class of signal-processing algorithm, based
on deep neural networks, was pioneered by authors in this
manuscript for the detection of GWs in simulated and
real LIGO noise [33, 34]. These algorithms have been
used to identify, reconstruct and denoise eccentric NR
waveforms that contain the dominant ¢ = |m| = 2 mode
embedded both in simulated and real LIGO noise [33-

]. Authors of this manuscript have also designed the
first generation of deep learning algorithms at scale [39]
to estimate the parameters of the catalog of BBH mergers
detected by the advanced LIGO and Virgo detectors [9].
In view of these developments, and realizing that the vast
majority of eccentric waveform models have only used
the £ = |m| = 2 mode [40-53], in this article we use
NR waveforms to quantify the importance of including
higher-order waveform multipoles for the GW detection
of eccentric BBH mergers, and demonstrate that deep
learning can identify these complex signals both in sim-
ulated and raw advanced LIGO noise.

This article is organized as follows: Section II describes
the NR waveforms used for this study, and the method
used to construct higher-order waveform multipole sig-
nals. In Section III we constrain the parameter space
that maximizes the contribution of (¢, |m|) for GW de-
tection. We use these results as input data to com-
pute the SNR distribution of astrophysically motivated
BBH populations in Section I'V. In Section V we quantify
the importance of including (¢, |m|) modes on the range
of detectability for eccentric BBH mergers. Section VI
introduces deep learning algorithms to detect eccentric

higher-order waveform multipole signals in simulated and
real LIGO noise. We summarize our findings and future
directions of work in Section VII.

II. NUMERICAL RELATIVITY CATALOG

We use a catalog of NR waveforms [25], pro-
duced with the Einstein Toolkit [54-65] that
describe BBHs with mass-ratios 1 < ¢ < 10, and
eccentricities up to ey < 0.18 fifteen cycles be-
fore merger. We extracted the modes (¢, |m|) =
{(2,2), (2, 1), (3,3), (3.2), (3. 1), (4, 4), (4, 3), (4, 2),
(4, 1)} using the open source software POWER [(6].

Given that the orbital eccentricity is a gauge-
dependent parameter, and the tracks of the BHs in the
NR simulations do not provide a measurement of the
orbital eccentricity due to its gauge-dependent nature,
it is necessary to use a gauge-independent method to
obtain a measurement of the orbital eccentricity and
mean anomaly of our waveform catalog. We have used
the inspiral-merger-ringdown eccentric waveform model
ENIGMA [43] to measure the initial eccentricity, eg, and
mean anomaly, £y, at a time ¢y when the NR waveforms
are free from junk radiation [67].

The ENIGMA waveform model uses the following param-
eterization

e=e(x), (=Lz), z=Mw)?, (1)

where M stands for the total mass of the BBH, and
w represents the mean orbital frequency. We choose
this approach because post-Newtonian approximations
parameterized in terms of the gauge-invariant param-
eter, x, reproduce with better accuracy the dynamics
of eccentric BBH mergers, as compared to NR simula-
tions [42, 43, 48, 68]. Therefore, upon integrating the
equations of motion of the BBH system, given by equa-
tions (1)-(6) in [412], we can solve for e(t = ty) = eq,
Lt =tg) = Ly and x(t = tg) = xo. Using this scheme, we
construct the ENIGMA waveforms with the optimal value
for the triplet (eq, £o, zo) that maximize the overlap with
NR waveforms that represent the same BBH systems.
These parameters fully describe our NR waveforms, and
we present them in Table I. Having extracted the (¢, |m]|)
modes listed above, we construct the waveform strain
h(t, 0, ) using the extracted h‘™ waveforms and the
spin-weight—2 spherical harmonics, _2Yz., (6, ¢) [69].

m<t

h(t, 9, (b) = h+_ih>< = Z Z hzm—2}/€m (9,¢) ) (2)

£>2 m>—4

where the reference frame (6, ¢) is anchored at the center
of mass of the BBH, and determines the location of the
GW detector. In this reference frame § = 0 coincides
with the total angular momentum of the binary, and ¢



TABLE I. The table presents the parameters of the binary
black holes considered in this study, namely: g represents the
mass-ratio of the binary components, whereas (eo, £o) are the
values of eccentricity and mean anomaly of the binaries’ orbit
measured at the dimensionless orbital frequency xg.

Simulation q eo Lo o
E0001 1 0.052 3.0 0.0770
J0040 1 0.160 3.0 0.0761
J0o45 2 0.056 3.0 0.0793
J0061 4 0.060 3.0 0.0855
L0016 5 0.140 2.9 0.0862
P0001 6 0.050 3.0 0.0867
P0016 6 0.160 2.8 0.0900
P0006 8 0.080 2.9 0.0931
P0008 8 0.140 2.9 0.0910
P0O0O17 8 0.060 3.0 0.0927
P0020 8 0.180 2.9 0.0936
P0009 10 0.060 2.9 0.0971
P0024 10 0.180 3.0 0.0957

indicates the azimuthal direction to the observer. On
the other hand, the observed GW signal, H, and the
corresponding optimal matched-filter SNR are given by

H = F+h+ (0(7 6) + F><h/>< (CY, ﬁ) 5 (3)
fmax -El'ﬁ'*
SNR? = 4R ——_df, 4
fo Sulf) @
fo = 10Hz corresponds to the low frequency end of

LIGO’s sensitivity band, and fynax = 8192Hz is used to
capture the SNR contribution from the merger of all the
BBHs considered in this study. H represents the Fourier
transform of H; (F4, F) are the antenna pattern re-
sponse functions which depend on the sky position («, 3)
of GW sources, and the polarization angle ¢ [70]. S, (f)
is the one-sided noise power spectral density (PSD) cor-
responding to LIGO’s Zero Detuned High Power config-
uration (ZDHP) [27].

III. HIGHER-ORDER WAVEFORM
MULTIPOLES

To motivate the first approach we have used to quan-
tify the importance of including (¢, |m|) modes for GW
detection, Figure 1 presents the amplitude of the lead-
ing higher-order waveform modes for the NR simulation
P0009 (see Table I).

At first glance, Figure 1 suggests that higher-order
modes will contribute significantly to the waveform strain
h(t, 8, @), see Eq. (2), in the vicinity of merger. In view of
this observation, our first study consists of constraining
the (6, ¢) parameter space that maximizes the contribu-
tion of (¢, |m|) modes near merger. Another complemen-
tary study we have conducted consists of determining the
(0, ¢) parameter space in which the higher-order modes
contribute significantly throughout the entire waveform
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FIG. 1. Amplitude, Agm = |hemhim|"/?, of the most signifi-
cant (¢,|m|) modes for the NR simulation P0009.

signal. We do so by using a metric that is similar in na-
ture to the matched-filtering SNR calculation in Eq. 4. In
the following subsections we describe each method, and
provide results for both approaches.

A. Contribution of higher-order modes near
merger

For our first study, we determine the (6, ¢) regions
that maximize the contribution of (¢, |m|) in the vicinity
of merger. In practice, we evaluate the waveform strain
h(t, 0, ¢), see Equation (2), densely covering the (6, ¢)
parameter space. Thereafter, we compute the time (t*, )
at which each h (t,0, ¢) attains its maximum value, and
use it to compute the (scalar) waveform amplitude max-
imum A ™D (6, ¢)

AT (g, ¢ = \/h(t*, 0, 6)h(t*, 0, ¢), (5)
A=ImI=2) (g ) = \/h(f, 0, ) h(t, 0, ¢) . (6)

Note that we have taken into account that waveforms
that include (¢, |m|) modes or just the { = |m| = 2
mode have different behavior in the vicinity of merger,
in particular their maximum amplitude occurs at differ-
ent times, (t*,f), respectively. Since we are just inter-
ested in computing the amplitude peak of both classes of
waveforms, we compute the scalar quantity

AL (9, 9) = AC=ImI=2)(9, )
A, ¢) = YT G

which measures, at each (6, ¢), the waveform amplitude
peak difference between NR waveforms that include all
(¢, |m|) modes and those that only include the ¢ = |m| =
2 mode. We normalize this amplitude peak difference
with respect to the maximum value of A‘=I"1=2)(g, )

across the (0, ¢) parameter space, i.e., AC=ImI=2 (), ¢).



The corresponding (0, ¢) maps produced using the met-
ric AA(0, ¢) are presented in Figure 2.

In the panels of Figure 2, the bright yellow regions in-
dicate the (6, ¢) combinations that produce higher-order
mode waveforms whose amplitude near merger is larger
than waveforms that only include the £ = |m| = 2 mode.
It is worth mentioning that the amplitude of £ = |m| = 2
waveforms is always maximized at the north pole of these
Mollweide projections. In view of this observation, it is
easy to understand that higher-order modes for equal-
mass BBH binaries (top-left panel of Figure 2) do not
significantly contribute to the overall waveform ampli-
tude since they are maximized near the equator of the
Mollweide projections. However, as the mass-ratio and
eccentricity increase, higher-order modes are maximized
in (0, ¢) regions that are closer to the maximum ampli-
tude of the £ = |m| = 2 mode, as shown in the bottom-
right panel of Figure 2. At a glance, these results in-
dicate that the (0, ¢) regions where (¢, |m|) modes are
maximized tend to shift towards the north pole as the
mass-ratio and eccentricity increase.

B. Contribution of higher-order modes throughout
the waveform evolution

The second study is inspired by a frequency to time-
domain manipulation of the optimal SNR of a waveform
signal h that is filtered by a template T — h. The optimal
SNR of a waveform signal h is given as [71]

~—

2 _ N > h(f)h*(f)
SNR/h] _(h|h)_4a<e/0 5. df. (8

Additionally, assuming white noise, S, (f) &~ constant =
So. Using Parseval’s theorem, one can recast Eq. (8) in
time-domain as follows

SNR[h]? = 530 / e, )

t=to

where ty represents the time from which the NR wave-
form is free from junk radiation, and T is the final time
sample of the NR waveform. Using this time-domain
expression of the SNR as motivation, we have densely
sampled the (6, ¢) parameter space, and computed the
integrated amplitude of NR waveforms that include ei-
ther (¢, |m|) modes, or just the £ = |m| = 2 mode, using
the metric

T

B Imh (g, ¢):/ Vhlt, 0, 6)h(t, 0, 6)dt,  (10)

t=to
B ImD (6, ¢) — BU=ImI=2) (9, ¢)

AB(0, ¢) BU=ImI=2) (4, ¢)

?

(11)

4

where BU=ImI=2 (4 ¢) represents the maximum of
BU=Im1=2) (9, $) across the (0, ¢) parameter space. The
maxima of AB®!™D(9, ¢) identify the (6, ) regions
where the integrated amplitude of NR waveforms that
include (¢, |m|) modes is greater than their £ = |m| = 2
counterparts. The (0, ¢) maps for this metric are shown
in Figure 3. Note that since the vacuum spacetime NR
waveforms we use are mass invariant, these results will
remain valid for ground-based or space-based GW de-
tectors, so long as the BBH merger takes place in the
sensitive frequency band of the GW detector under con-
sideration.

A direct comparison between the AA® ™D (9, ¢) and
ABEIMD () ¢) metrics shows that they constrain differ-
ent (6, ¢) regions of parameter space. We also notice that
the regions constrained by metric AB are much closer to
the north pole, compared to metric AA, as the mass-ratio
and eccentricity of the BBHs increase. In different words,
by using metric AB, we have identified (6, ¢) regions
where higher-order modes significantly contribute to the
integrated amplitude of waveform signals, and which are
as significant as optimally oriented ¢ = |m| = 2 wave-
forms. This seems to suggest that metric AB is optimal
to maximize the contribution of higher-order modes. We
ascertain this observation in the following section.

IV. SIGNAL-TO-NOISE RATIO
CALCULATIONS

Since we are using a discrete set of NR waveforms,
and these scale trivially with mass, we have considered
BBHs with total mass M = 60Mg, which is in agree-
ment with the expected masses of compact binary pop-
ulations in dense stellar environments [72]. This choice
also implies that the merger of these BBHs will take place
in advanced LIGO’s optimal sensitivity frequency range,
thereby maximizing the contribution of (¢, |m|) modes
for SNR calculations.

To quantify the SNR increase due to the inclusion
of higher-order waveform modes, we use Eq. (2) for
two cases, either all (¢, |m|) modes are included, or the
¢ = |m| = 2 is considered. We then consider the maxima
(0*, ¢*) of the A% ImD and B& ™D metrics, and con-
struct their corresponding NR, waveforms. Using these
waveforms, we compute their corresponding SNRs at
each sky location (a, ) and polarization angle 9, i.e.,

SNROI™Z2 — SNR (¢ = |m| = 2; 0, 6" , B, ¥) ,
SNR ™D — SNR (¢, |ml; 67, ¢ o, B, ) .
Finally, we subtract the aforementioned quantities

and normalize them using the maximum value of
SNR=I"1=2) gyer the («, B, ©) parameter space, i.e.,

SNR{I"1=2) = SNR (¢ = |m| = 2 0", ¢"s & 3, ) .
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FIG. 2. AA(0, ¢), as defined in Eq. 7, constrains the regions of (6, ¢) parameter space that maximize the contribution of
(¢, |m]) modes to the waveform amplitude near merger. These (0, ¢) maps are constructed using the Mollweide projection:

(0, 0) = (/2 -0,¢ — 7).

FIG. 3. AB, as defined in Eq. (11), identifies the (6, ¢) regions where the integrated amplitude of NR waveforms that include
(¢, Im|) modes is greater than than their £ = |m| = 2 counterparts. These (6, ¢) maps are constructed using the Mollweide

projection: (¢,¢) — (7/2 —0,¢ — ).

Putting these quantities together leads to

NR& ™D _ gNRpE=ImI=2)
ASNR = SNR Z? 112 . (12)
SNR{(=|mI=2)
Figure 4 presents the ASNR distributions for the
AAE ™D and ABE ™D metrics for two sample cases in
which we have found a significant SNR increase. In prac-

tice, we have constructed two waveform families using
the maxima of the AA and AB metrics, respectively, as
shown in Figures 2 and 3. These results show that the
(6*, ¢*) regions determined by metric AB ™) indeed
lead to a more significant increase in SNR, as argued in
the previous section. This is expected, since this metric
was explicitly constructed to constrain the regions where
the inclusion of higher-order modes would lead to the



FIG. 4. Top panels: ASNR distributions, see Eq. (12), using the maxima of metric AAG ™D Bottom panels: as before, but
now using the maxima of metric AB% ™D The ASNR distributions are presented as a function of the source’s sky location
(o, B) mapped into a Mollweide projection: (9, ¢) — (7/2 — a, 8 — w). We have set ¥ = 7/4 in these calculations.

maximum integrated amplitude of the GWs. If we now
consider BBHs whose masses are such that the merger
takes place in the sensitive frequency band of GW detec-
tors, then it follows that metric AB® ™D is indeed the
optimal one to obtain the maximum increase in SNR.

Based on the aforementioned observations, Figure 5
presents SNR distributions for additional cases using
metric AB% ™). We also include the corresponding
waveforms used for these calculations. While these re-
sults have been produced for a fixed polarization angle
1) value, we have also produced visualizations for ASNR
for a continuous v range. These are available at [73].
Please note that we have purposefully chosen not to av-
erage these results over the polarization angle for two
reasons: (i) the in-depth analysis presented in [74] ex-
plicitly states that it is always better to explore in de-
tail the impact of the polarization angle in the SNR of
compact binary populations, since polarization-averaged
results are only useful to study the gross properties of
detection; (ii) we have discussed that (h, hy) in Eq. (2)
differ significantly from each other, even at the leading-
order post-Newtonian. Therefore, by explicitly comput-
ing the SNR distribution as a function of the source’s sky
location, (a, /), and the polarization angle, 1, we get the
full picture of the interplay between all these components
to the actual SNR distribution of a given BBH popula-
tion.

The top-left panel in Figure 5 indicates that higher-
order modes can be safely ignored for equal mass BBHs.
However, the inclusion of (¢, |m|) modes becomes of
paramount importance for asymmetric mass-ratio BBH

mergers, as shown in the top-middle and top-right pan-
els of Figure 5. In these two panels, we notice that dark
stripes in the sky maps correspond to regions of parame-
ter space where ¢ = |m| = 2 NR waveforms have negligi-
ble SNRs. However, once we include higher-order modes,
the SNR of (¢, |m|) NR waveforms in these same regions
is equivalent to 40% and 45%, respectively, of the SNR
of an optimally oriented ¢ = |m| = 2 NR waveform. Fur-
thermore, we learn from the bottom panels of Figure 5
that the inclusion of (¢, |m|) modes significantly modifies
the ringdown evolution of ¢ = |m| = 2 NR waveforms.
The finding is in line with studies that indicate the need
to include (¢, m|) modes for tests of general relativity
using ringdown waveforms [75-79].

A. Interplay of mass-ratio and eccentricity for
gravitational wave detection

To get insights into the interplay that mass-ratio and
eccentricity have in the angular distributions that maxi-
mize the contribution of higher-order modes, the top pan-
els of Figure 6 present the (6, ¢) angular distributions us-
ing metric AB® ™D and the corresponding ASNR dis-
tributions for (P0017,P0009). These results can be di-
rectly compared with those obtained for (P0020, P0024),
presented in Figures 3 and Figure 5. (P0017, P0020)
have mass-ratio ¢ = 8, whereas (P0009, P0024) have
mass-ratio ¢ = 10. From each pair, P0017 and P0009
are the least eccentric. These results indicate that while
mass-ratio is the key parameter that drives the increase
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these ASNR distributions for a continuous range of ¢ values can be found at [73].

in SNR, eccentricity plays two important roles: (i) for
a fixed-mass-ratio BBH population, larger eccentricities
produce louder signals; (ii) eccentricity determines the
inclination and sky regions where eccentric BBH merg-
ers are optimally detected. These regions of parameter
space are rather distinct for different eccentricity values.

This section concludes our studies on the importance of
including higher-order modes for GW detection in terms
of SNRs. It is worth commenting that a similar study in
the context of quasi-circular, non-spinning BBH mergers
was presented in [26, 80] (see also [31-83] for spinning,
quasi-circular BBH mergers). In that study, it was found
that the inclusion of higher-order modes could increase
SNR calculations by as much as 8%. Having used the
same advanced LIGO PSD for these studies, we find that
higher-order modes play a much more significant role in
the dynamics of eccentric BBH mergers.

V. IMPACT OF (4, |m|) MODES ON THE
RANGE OF DETECTABILITY FOR ECCENTRIC
BINARY BLACK HOLE MERGERS

In this section we quantify the increase in detection
range by a LIGO-type detector when we include higher-
oder waveform modes. To do so, we compute the range
within which a GW source can be observed using the

definition [74]

h, h)

Dobs (13)

(h, h) is given by Equation (8), and p = 8 is taken as a
typical SNR detection threshold [26]. Using this relation,
we have computed D, for NR waveforms that include
either all (¢, |m|) modes or just the ¢ = |m| = 2 mode,
namely D(()i’s‘ml) and Déﬁ:lm‘zz), respectively. We define
as the maximum value of the D(()f;lm\=2) dis-
tribution across the sky (a, ). Under these conventions,
we evaluate the increase in detection range due to the in-
clusion of higher-order modes using the metric

D(Za |m|) a, B _D(€=\m|=2) a, B
ADops(a, B) = obs ( )(€=|m\02b;) ( ) ’
Dobs, max

(14)
In Figure 7 we present results for the two cases in which
the inclusion of (¢, |m|) modes leads to the maximum in-
crease in SNR with respect to ¢ = |m| = 2 NR waveforms,
i.e., P0020 and P0024. Using these systems, we set the
total mass of the binary M = 60M,, and the distance to
the source to 500Mpc. As before, we use LIGO’s ZDHP
configuration [27] for these calculations.
The panels in Figure 7 indicate that the inclusion of
(¢, Im|) modes boosts the detection range of these types
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FIG. 6. Pair-wise comparisons of BBH systems (P0017, P0020) and (P0009, P0024). (P0017, P0020) have mass-ratio ¢ = 8,
whereas (P0009, P0024) have mass-ratio ¢ = 10. From each pair, P0017 and P0009 are the least eccentric. Top panels: (6, ¢)
regions that maximize the contribution of higher-order modes for GW detection using metric AB ™D Compare these results
to the angular distributions for (P0020, P0024) in Figure 3. Bottom panels: ASNR distributions assuming ¢ = w/4. Compare

these results to those presented in Figure 5.

of GW sources by a similar amount as the effective in-
crease in SNR that we report in Figure 5. This is ex-
pected since the mathematical formalism used to esti-
mate the increase in SNR and detection range when
higher-order modes are included (see Eqgs. (12) and (14))
should produce the same answer. Note that while the
panels in Figure 7 are produced using ¢ = 7/4, we have
also produced visualizations in which we show the in-
crease in detection range for a continuous range of v val-
ues. These visualizations are available at [73].

Having quantified the importance of higher-order mul-
tipole waveforms in terms of SNR, calculations, and the
detection range of eccentric BBH mergers, in the follow-
ing section we explore the detectability of these types
of GW signals. At present, the most sensitive algo-
rithms for GW detection are based on implementations
of a matched-filter, and as discussed in [32] no matched-
filtering algorithm has been presented in the literature
that is tailored for the detection of ¢ = |m| = 2 eccentric
waveforms [32], let alone for higher-order multipole wave-
forms of eccentric BBH mergers. Furthermore, as men-
tioned before, template agnostic pipelines have been uti-
lized to search for eccentric BBH mergers [31, 32]. How-
ever, these algorithms are optimal for the detection of
burst-like GW signals, and may miss O(second-long) sig-
nals with low SNRs [5]. To circumvent this problem, in
the following section we introduce a deep learning that
is adequate for the detection of higher-order multipole
waveforms from eccentric BBH mergers both in simu-
lated and real advanced LIGO noise.

VI. DETECTION OF ECCENTRIC BINARY
BLACK HOLE MERGERS WITH DEEP
LEARNING ALGORITHMS

The application of deep learning across science do-
mains is a booming enterprise. In the context of GW
astrophysics, deep learning was introduced for the detec-
tion and characterization of GWs in simulated and real
advanced LIGO noise in [33, 34]. These results sparked
the interest of the GW community, and have led to a
number of different studies, including the modeling, de-
tection and denoising of BBH mergers [36-38, 84-93].
Recent applications of deep learning, developed by au-
thors of this paper, have demonstrated that neural net-
work models at scale can be used for real-time GW pa-
rameter estimation, and to reconstruct the astrophysical
parameters of the remnants of spinning BHs that evolve
on quasi-circular orbits [39]. These deep learning algo-
rithms have been used to estimate the astrophysical pa-
rameters of all the BBH mergers detected to date by
the advanced LIGO and Virgo detectors, demonstrating
that deep learning results are consistent with Bayesian
analyses [9]. To further advance this science program, in
this section we demonstrate that deep learning can de-
tect and characterize higher-order waveform multipoles
signals emitted by eccentric BBH mergers.

Given that the topology of GWs that include higher-
order waveform modes is much more complex than the
NR waveforms we used in our previous studies [33, 34], we
have significantly improved our deep learning algorithms



FIG. 7. Increase in detection range due to the inclusion of higher-order waveform multipoles for the eccentric binary black hole
mergers described by the NR waveforms P0020 and P0024. These panels were produced setting ¢ = 7/4. However, we have
also produced visualizations that show the increase in Dobs using a continuous range of ¢ values. These are available at [73].

by implementing the following features

o We have designed and trained our neural network mod-
els using TensorFlow [94]. We have then combined our
neural network models with Horovod [95] to train our
algorithms at scale. This approach has reduced the
training stage from ten hours to just thirty minutes.
We have tested this new approach in the Blue Waters
supercomputer [96, 97] and the NCSA Innovative Sys-
tems Lab [98] using NVDIA Tesla V100 GPUs.

o We have designed a new curriculum learning algorithm
with an exponential decaying scheme, which proved
critical to enhance the robustness and sensitivity of our
neural network models for low SNR signals. Curricu-
lum learning is used to train the neural network mod-
els to identify GWs over a broad SNR range, which
is known as scale invariance. To do so, we start by
exposing the neural network to GWs that have large
SNRs. We then gradually decrease the SNR until the
GW is completely embedded in noise, and has negligi-
ble SNR. This approach is critical to ensure that the
deep learning algorithm is as sensitive as possible for
low SNR signals, while also performing optimally for
high SNR GWs. We use different realizations of noise
in every iteration to prevent the neural network from
memorizing noise, and to enhance its robustness and
resilience when used in actual detection scenarios.

e We have also identified optimal hyperparameter val-
ues for batch size (number of waveforms processed be-
fore the neural network model is updated), learning
rates and buffer size by running hundreds of parame-
ter sweeps on the Blue Waters supercomputer.

e We have also ensured that our neural network models
identify GWs anywhere in the data stream of GW de-
tectors. Since we scan large batches of data using a 0.2
second time sliding window, we have trained our neu-
ral network models in such a way that a GW signal
can be identified anywhere within a 0.2 second win-
dow. To make sure that the network does not memo-
rize noise through this training procedure, we use dif-
ferent realizations of noise for each time-shift we apply
to a given GW signal during the training stage. This
approach ensures that our neural network models are

time-invariant.

e To increase the robustness and resilience of our neural
network models to glitches (noise anomalies that ob-
scure or mimic true GW signals), we also trained them
using data sets of simulated sine-Gaussian glitches that
span a broad range of frequencies, amplitudes, peak
positions, and widths that are present in real advanced
LIGO data [99]. With this approach, we make our
models resilient to glitches that are already present in
the real advanced LIGO noise used for training and
testing, and endow our neural network classifiers with
the capability to tell apart glitches from true signals.

A. Data curation

We used the NR Surrogate model presented in [100] to
produce a dataset of quasi-circular, non-spinning BBH
mergers to train our neural network model. Each wave-
form describes the last second of evolution of a given BBH
merger, including the inspiral-merger-ringdown phases.
We have used a sample rate of 8192Hz to ensure that the
ringdown of low mass BBH systems is accurately sam-
pled. A gallery of waveforms used for these analyses
are presented in Figures 10 and 11. We have considered
BBHs with component masses 5Mg < my; 2y < 100Mg,
such that the mass-ratio ¢ < 10. The training dataset
samples this range in steps of Mg, whereas the testing
dataset uses intermediate masses in this range.

We have trained and validated our neural network
model with different types of noise: (i) simulated Gaus-
sian noise; (ii) noise from the Gravitational Wave Open
Science Center [101] from the Hanford (H1) and Liv-
ingston (L1) detectors; and (iii) a mix of raw H1, L1
noise and simulated Gaussian noise. We tested our neu-
ral networks using only H1 and L1 noise from advanced
LIGO’s first observing run that was not used for training
and validation.

Our neural networks have been designed to process
continuous data streams from a three-detector network
H1-L1-V1. To train our neural network models, we pre-
pare one second long data segments that contain either
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just noise or noise plus a GW signal. Once fully trained,
we measured the false alarm rate of our neural network
classifier by applying it on new inputs containing only
real LIGO noise without any signals and counting how
often false alarms were triggered. Using this procedure
we found that our network triggered one false alarm ev-
ery three months, i.e., one second of noise is misclassified
as a signal once in every three months of searched data,
which is adequate for an on-line search, the target use of
these neural network models. As we mentioned in pre-
vious analyses [33, 34], at present these neural network
models do not provide the significance of a given detec-
tion. This key component is in earnest development and
will be presented in future work.

B. Simulated advanced LIGO noise

To quantify the probability of detecting a true signal
(sensitivity) with which our deep learning algorithms can
extract eccentric, higher-order waveform multipole sig-
nals as a function of SNR, we have selected waveform
signals that represent a broad set of scenarios that de-
scribe cases in which higher-order modes have a marginal
impact in the waveform signal (comparable mass-ratios
and moderate values of eccentricity) to challenging con-
figurations (high mass-ratio and large eccentricities) in
which the waveform signals are very distinct to our train-
ing dataset. All these waveforms have been constructed
using the (6, ¢) configurations that correspond to the
maxima of the metric AB, see Equation 11. We have
then whitened the signals and the Gaussian noise using
LIGO’s ZDHP configuration [27]. Finally, we embed the
whitened signals in whitened noise, and train the network
using a broad range of SNRs using curriculum learning,
as described in the previous section. The left panel of
Figure 8 shows that independently of the (g, e) of the
BBHs, our deep learning algorithm achieves 100% sensi-
tivity for signals with SNR > 10. It is remarkable that
this result is similar in the context of quasi-circular BBH
signals [33].

C. Real advanced LIGO noise

For these studies we used open source real advanced
LIGO noise available at the Gravitational Wave Open
Science Center [L01]. For training we used data provided
for the events GW170104, GW170608 and GW170729.
For validation we used data for the events GW170814
and GW170818. Finally, for testing purposes we used
advanced LIGO data of GW170817.

The right panel of Figure 8 indicates that our neural
network model attains 100% sensitivity to detect GWs
withSNR > 10. It is worth mentioning that, according to
the study presented in [102], the BBH systems we have
used for this study would be affected by noise anoma-
lies, thereby hurting the sensitivity of any algorithm used
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to search for GWs emitted by high mass BBH mergers.
However, our results show that the performance of our
deep learning algorithms is just marginally affected by
the presence of noise anomalies in real advanced LIGO
noise, as shown in the right panel of Figure 8. This is
expected, because we have exposed our neural network
models to a broad range of scenarios that already in-
clude these types of noise anomalies, thereby making it
resilient to them. We reported similar findings when re-
covering £ = |m| = 2 NR waveforms embedded in real ad-
vanced LIGO noise that describe non-spinning BHs both
on quasi-circular and eccentric orbits in [34].

D. Parameter estimation

We have also utilized our neural network models to es-

timate the total mass of eccentric BBH mergers whose
signals include higher-order waveform multipoles. We
have considered several combinations of mass-ratio, total
mass and eccentricity to explore the accuracy of our deep
learning algorithms. In Figure 9 we present parameter es-
timation results for eccentric BBH populations with total
mass M € {60Mg, 70Mg, 80Mg}. These results repre-
sent mean percentage errors that we have obtained by av-
eraging over six hundred different noise realizations. The
left panels present results when using simulated LIGO
noise, whereas the right panels present results using real
advanced LIGO noise that is available at the Gravita-
tional Wave Open Science Center [101].
Our results indicate that deep learning can constrain the
total mass of a variety of eccentric BBH mergers with
a fractional accuracy better than 20% for GWs with
SNR > 15. We observe that systems with larger mass-
ratio and eccentricities are more difficult to characterize.
This is expected, since higher-order waveform multipoles
introduce significant modifications to the ringdown evo-
lution of these systems, and our deep learning algorithms
have been trained with waveform datasets that describe
non-spinning BHs on quasi-circular orbits. We also notice
that our neural network model performs slightly better
when using real advanced LIGO noise. In brief, while our
deep learning algorithms are able to generalize to new
types of signals, these results indicate that in order to
improve detection and parameter estimation of eccentric
BBH mergers, we need to design and train neural net-
work models that are tailored for these type of systems,
i.e., using training and testing data sets that describe
eccentric BBH mergers. These investigations should be
pursued in future work.

VII. CONCLUSIONS

We have quantified the importance of including higher-
order waveform multipoles for GW searches of eccentric
BBH mergers. Upon constraining the mass-ratio, ec-
centricity and binary inclination angles that maximize
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FIG. 8. Left panel: Sensitivity of detecting higher-order waveform multipole signals injected in simulated LIGO noise. Right
panel: as in left panel, but now injecting higher-order waveform multipole signals in real advanced LIGO noise. The binary
black hole systems used in this study describe a broad range of eccentricities and mass-ratios to quantify the accuracy of our
neural network models to extract waveforms in which higher-order modes have a marginal impact (comparable mass-ratios and
moderate values of eccentricity) to configurations (high mass-ratio and large eccentricities) in which the injected signals are very
distinct to our training dataset. In both scenarios, our neural network models reach 100% Sensitivity to identify higher-order
waveform multipole signals with SNR > 10. The false positive rate of our neural network models is

the contribution of higher-order waveform multipoles, we
presented SNR, calculations which indicate that (¢, |m]|)
modes become significant for BBHs with mass-ratios
g > 5. Our findings indicate that for these types of ec-
centric BBH systems, (¢, |m|) modes play a more signif-
icant role for GW detection than for their quasi-circular
counterparts. We then explored and quantified the sig-
nificance of these results for the detection range within
which ground-based LIGO-type detectors could observe
these systems. Given the complex interplay between
mass-ratio, eccentricity and the coupling of higher-order
modes with spin-weight -2 spherical harmonics, we have
prepared several visualizations to get insights into how
eccentricity and mass-ratio modify these results [73].

In addition to assessing the importance of (¢, |m|)
modes for the detection of eccentric BBH mergers in
terms of SNR calculations, it is also important to ex-
pand the existing signal-processing toolkit to search for
and detect these complex GW signals. We have pre-
sented a preliminary analysis based on the use of neural
network models to demonstrate that GWs that include
higher-order waveform multipoles can be identified and
extracted from simulated and real advanced LIGO noise,
and that these algorithms can also constrain the total
mass of eccentric BBH mergers. These findings are a
first step towards the design, training and application of
a new generation of deep learning algorithms that can
probe much deeper signal manifolds.

While this work has focussed on non-spinning BBHs
that evolve on eccentric orbits, it is important to ex-
tend this study to astrophysically motivated scenarios in
which BHs have non-negligible spin. A study of that na-
ture will provide insights into the coupling of orbital ec-
centricity and spin. Previous studies have demonstrated

that the signal manifolds describing non-spinning BHs on
moderately eccentric orbits, and spinning BHs on quasi-
circular orbits are degenerate [42]. Thus, producing a
NR waveform catalog of spinning BHs on eccentric or-
bits will be essential to better understand the physics of
these GW sources. For instance, we have learned through
analytical relativity and numerical relativity simulations
that eccentricity shortens the length of waveform sig-
nals [25, 48]. On the other hand, the dynamics of BBHs
on quasi-circular orbits is significantly influenced by the
spin configuration of their binary components. For in-
stance, when the spin vectors are aligned with the total
angular momentum, spin-orbit coupling effects delay the
onset of merger; whereas in a spin anti-aligned configu-
ration the merger phase is hastened. In different words,
spin-orbit coupling also influences the length of waveform
signals [103]. These observations, combined with the re-
sults presented in this study, suggest that the inclusion
of higher-order modes to describe asymmetric mass-ratio,
spin-aligned BHs on moderately eccentric orbits will re-
sult in a measurable SNR increase. This is because, in
this case, the net effect of spin is to extend the length
of the waveform signals, which naturally translates into
larger SNR values. We expect to see the opposite effect
for spin anti-aligned and eccentric BBH mergers, since
in this case both spin and eccentricity work together to
shorten the waveforms, thereby leading to a reduction in
SNR. These cases should be studied in further detail in
the future to identify specific signatures that may enable
us to tell apart the effects of eccentricity and spin in BBH
mergers.
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FIG. 9. The panels present mean percentage error of estimated total mass for each eccentric BBH population. These results
were obtained using six hundred different noise realizations. Left panels: total mass recovery assuming simulated Gaussian
noise for five different BBH populations, with three different total mass combinations. Right panels: as left panels but now
using real advanced LIGO noise. We notice that in both cases, our neural network models can infer the total mass of the

system better than 20% for BBH systems with SNR > 15.
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Appendix A: Waveform Gallery

Figure 10 presents a gallery of gravitational wave sig-
nals that we used in previous sections.
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FIG. 10. Higher-order mode gravitational waves whitened with real advanced LIGO noise taken from its first observing run.
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FIG. 11. Higher-order mode gravitational waves whitened with the target, simulated Zero Detuned High Power spectral density
of the advanced LIGO detectors [27].
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