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This paper introduces a catalog of gravitational waveforms from the bank of simulations by the
numerical relativity effort at Georgia Tech. Currently, the catalog consists of 452 distinct waveforms
from more than 600 binary black hole simulations: 128 of the waveforms are from binaries with
black hole spins aligned with the orbital angular momentum, and 324 are from precessing binary
black hole systems. The waveforms from binaries with non-spinning black holes have mass-ratios
q = m1/m2 ≤ 15, and those with precessing, spinning black holes have q ≤ 8. The waveforms
expand a moderate number of orbits in the late inspiral, the burst during coalescence, and the ring-
down of the final black hole. Examples of waveforms in the catalog matched against the widely used
approximate models are presented. In addition, predictions of the mass and spin of the final black
hole by phenomenological fits are tested against the results from the simulation bank. The role of the
catalog in interpreting the GW150914 event and future massive binary black-hole search in LIGO
is discussed. The Georgia Tech catalog is publicly available at einstein.gatech.edu/catalog.

PACS numbers: 04.25.D-, 04.25.dg, 04.30.Db, 04.80.Nn

I. INTRODUCTION

Gravitational wave astronomy is finally here with the
detection of transient GW150914 [1]. The detection
was both a triumph and a surprise: a triumph because
the Laser Interferometer Gravitational Wave Observa-
tory (LIGO) [2] achieved unprecedented sensitivity, and
a surprise because of the particular characteristics of the
source. The GW150914 transient was identified [3] as
the gravitational waves (GWs) produced by the merger
of a binary black hole (BBH) at a distance of 410+160

−180

Mpc. The masses of the black holes (BHs) were sur-
prisingly large (m1 = 36+5

−4 M⊙ and m2 = 29+4
−4 M⊙,

q = m1/m2 ≈ 1.22) with net spins canceling each other
(χeff ≈ −0.06). It is estimated that the coalescence left
behind a rotating BH with a mass Mf = 62+4

−4 M⊙ and

spin χf = 0.67+0.05
−0.07, thus suggesting that about 3M⊙

was emitted in GWs.

The role of numerical relativity (NR) simulations was
evident in GW150914 event. The detection paper [1]
showed the best fits of a NR waveform to the data. The
papers on parameter estimation [3] and tests of gen-
eral relativity [4] made it clear that results from BBH
simulations were used to build the SEOBNRv2 [5, 6] and
IMRPhenomPv2 [7–9] approximate waveform models used
in the analysis. And directly relevant to the present work,
the paper on the analysis of the GW150914 event with
minimal assumptions [10] included results of matches us-
ing waveforms from the Georgia Tech (GT) catalog in-
troduced in this paper.

The goal of this paper is to formally introduce the GT
catalog of GW waveforms. Currently, the catalog con-
sists of 452 distinct waveforms from a bank of more than
600 BBH simulations produced by the NR effort at GT.

Among the 452 waveforms, 128 are from binary systems
with BHs non-precessing spins, i.e. no spins or spins such
that they are parallel (aligned, or anti-aligned) with the

orbital angular momentum ~L); and, 324 waveforms are
from generic spin configuration that lead to precessing
BBH systems (see Fig. 1). The catalog probes mass-
ratios of q ≤ 15 for binaries with non-spinning BHs and
q ≤ 8 for binaries with precessing, spinning holes. The
waveforms cover a moderate number of GW cycles in the
late inspiral, the merger of the binary, and ends with the
ring-down of the final BH.

The waveforms are given in terms of an adjustable
mass scale (the total mass M = m1 + m2 of the BBH
system); and, therefore, they can be rescaled for both
ground and space-based GW detectors. In this paper,
we focus the discussion on the relevance of the catalog to
data analysis for ground detectors such as LIGO.

Within the sensitivity window of LIGO and Virgo [11]
(10 − 1000 Hz) the waveforms in the catalog can be
in general used in two ways. For binary systems with
masses M ≥ 60M⊙, as in GW150914, the binary sys-
tem is observed for less than half a dozen GW cycles
before merger. A substantial fraction of the waveforms
in the GT catalog expand this dynamical range. They
can thus be applied directly in analysis massive BBH
mergers. On the other hand, for binary systems with
M ≤ 60M⊙, more cycles are needed for detection and
parameter estimation [12–15]. Our catalog also includes
waveforms with enough cycles to help improve Effec-
tive One Body Approach (EOB) [16] and IMR (Inpiral-
Merger-Ringdown) [17] waveform models.

The paper is organized as follows: Section II provides
a description of the NR code used to produce the cata-
log, namely the Maya code. This Section also includes
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FIG. 1: Coverage of binary black hole parameter space by the GT catalog. The vertical axis in both plots denotes the mass
ratio q. The plot on the left is for non-spinning and aligned-spin systems, and on the right for precessing binaries.

a discussion of the errors in phase and amplitude of
the extracted GWs. Section III describes the parame-
ter space and some of the key features of the GT cata-
log. Section IV compares a few of the waveforms in the
catalog with theSEOBNRv2 and IMRPhenomPv2 waveform
models. Section V compares the parameters of remnant
BH, namely mass and spin, with the phenomenological
fits [18–20]. Conclusions are given in Sec. VI.

II. MAYA CODE AND ERROR ANALYSIS

All the BBH simulations in the GT catalog were ob-
tained with ourMaya code [21–24]. The code is based on
the BSSN formulation of the Einstein equations [25], and
for BBH simulation it uses the moving puncture gauge
condition [26, 27]. Maya is very similar to the Einstein
code in the EinsteinToolkit [28]. That is, it operates
under the Cactus infrastructure [29], with Carpet pro-
viding mesh refinements [30] and thorns (modules) gen-
erated by the package Kranc [31].
The initial data for each simulation consist of the ex-

trinsic curvature and spatial metric. The extrinsic curva-
ture has the Bowen-York [32] form, and the spatial met-
ric is conformally flat. The conformal factor is obtained
by solving the Hamiltonian constrain using the TwoP-

unctures spectral solver [33]. The input parameters for
each initial data set are: BH masses m1, m2, spins ~χ1,

~χ2, momenta ~P1, ~P2, and the binary separation r. A
script that solves the post-Newtonian (PN) equations of
motion for binaries in quasi-circular orbits [34, 35] is used

to set the spins ~χ1, ~χ2 and momenta ~P1, ~P2 at the binary
separation r in the initial data where the NR evolution
will start. The mass and spin of the final BH are ob-
tained from both its apparent horizon and quasi-normal
ringing.
The GW waveforms are extracted from the simulation

data via the Weyl Scalar Ψ4 [36]. The extraction is done
in the source frame such that the initial orbital angular
momentum of the binary is pointing in the positive z-
direction. We store Ψ4 decomposed into spin-weighted
spherical harmonics as

RM Ψ4(t; Θ,Φ) =
∑

ℓ,m

Aℓm(t)eiφℓm(t)
−2Yℓm(Θ,Φ) , (1)

with both Aℓm and φℓm real functions of time, M the
total mass of the binary, and R the extraction radius.
Given Ψ4, the GW strain polarizations h+ and h× are

obtained from integrating Ψ4 = ḧ+ − i ḧ× ≡ ḧ⋆, with
star denoting complex conjugation and over-dots time
derivatives.
To give a general sense of the accuracy of the wave-

forms, we select two cases in the catalog: one with BH
spins aligned with the orbital angular momentum and
another with precessing BHs (GT0582 and GT0560 cases
respectively in the catalog, see next Section). Fig. 2
summarizes the accumulated numerical errors in the GW
strain, h(t), from combined ℓ = 2 : 6,m = −ℓ : ℓ ra-
diated mode. The left panels show the results for the
aligned-spinning case GT0582, and the right panels for the
precessing-spin case GT0560. Top row panel depicts the
strain h(t). The middle and bottom panels show accumu-
lated errors in phase and amplitude for each of the avail-
able resolutions, four resolutions for GT0582 and three
for GT0560. For each resolution, the errors are computed
against a waveform obtained from Richardson extrapola-
tion to the continuum using the available resolutions.
Table I summarizes the errors in phase and ampli-

tude are also reported for early inspiral and reference
frequency Mω = 0.2 (near merger). The error-analysis
is similar to the one reported in [37]. The mismatches
are computed between two finite numerical grid resolu-
tions and finite waveform extraction radius (R in Eq. 1).
These match calculations involve advanced LIGO noise
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FIG. 2: Numerical errors in the amplitude and phase of the GW strain, h(t), for ℓ = 2 : 6,m = −ℓ : ℓ radiated modes. Left
panels show results for the GT0582 case and right panels for the GT0560. Top panels depicts the strain h(t) at face-on location
from detector. The middle and bottom panel shows the errors in phase and amplitude, respectively.

Mismatches from: Errors in GW-strain:

BBH Type Finite Resolution Finite Extraction ∆A/A|Ins ∆φ|Ins ∆A/A|Ref ∆φ|Ref

Aligned-Spin 2.9× 10−6 7.4× 10−5 5.8× 10−4 1.0× 10−2 3.7× 10−2 6.8× 10−2

Precessing-Spin 3.1× 10−4 4.7× 10−4 3.6× 10−3 1.1× 10−1 1.2× 10−3 2.6× 10−2

TABLE I: Typical numerical errors in GW strain for GT catalog. The numbers refer to the waveforms showcased in fig. 2.

curve and total-mass of BBH scaled at 70M⊙ (compara-
ble to GW150914).

As majority of our simulations have resolutions com-
parable to High or Highest for a given initial data of
BBH system, i.e. number of grid points across black hole
horizon and resolution in the waveform extraction region
are similar, the systematic errors quoted in table I and
in fig. 2 are fairly representative of our entire catalog.
The quoted errors are in agreement with the error anal-
ysis conducted on multiple simulations from this catalog
earlier in [37]. For future space-based gravitational wave
detectors, the required accuracy in amplitude-phase evo-
lution is more than what can be currently achieved by
numerical relativity simulations (see [38]).

III. DESCRIPTION OF THE CATALOG

The initial data for each simulation in the catalog are
fully characterized by a set of 15 parameters, as described

in § II: BH masses m1, m2, spins ~χ1, ~χ2, momenta ~P1,
~P2, and the binary separation r. We select code units
such that M = m1 + m2 = 1. The waveforms are clas-
sified into two main types: Non-precessing and Precess-
ing. Non-precessing waveforms are subdivided into two
sub-types: Non-spinning if the BHs in the binary are
not spinning, and Aligned-Spin if their spins are paral-

lel with the orbital angular momentum ~L (spins of black

hole that are anti-aligned and parallel to ~L are put un-
der the class of aligned-spin). The precessing waveforms
are also subdivided into two sub-types: Equal Mass and
Unequal Mass. Table II summarizes this classification.
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IV. COMPARISON WITH APPPROXIMANT

GRAVITATIONAL-WAVEFORM MODELS

Next we compare a few of the waveforms in the cata-
log with two recent and well-known approximate wave-
forms. The binary parameters of the selected waveforms
are given in Table III, and the corresponding strains h(t)
for the two cases (GT0582 and GT0560) are show in Fig. 2.
The cases were chosen to probe highly distinct regions of
parameter space.

The two approximate waveform models we use to
compare our NR waveforms are: i) a time-domain
model for non-precessing, aligned-spin systems, derived
from the effective-one-body formalism (referred to as
SEOBNRv2) and ii) a phenomelogical frequency-domain
model for single-spin, precessing systems (referred to as
IMRPhenomPv2). Both of these approximate models were
used in the detection and parameter-estimation analysis
of GW150914.

For each waveform in Table III, we compute their mis-
match with both SEOBNRv2 and IMRPhenomPv2, where
the mismatch is given by

mismatch = 1− max
t0, φ0

(h1|h2)
√

(h1|h1)(h2|h2)
, (2)

where the inner product is given by

(h1|h2) = 4Re

∫ ∞

fmin

h̃1(f)h̃2
∗

(f)

Sh(f)
df . (3)

The maximization in the mismatch (2) is over the ini-
tial arrival time and phase. In Eq. (3), Sh(f) is the
noise power spectral density of the detector, and aster-
isks denote complex conjugation. The integral is evalu-
ated from some minimum frequency fmin, below which
there is no appreciable contribution to the integrand due
to the noise spectrum. We set as low-frequency cutoff
fmin = 30Hz and use a noise spectrum representative
of advanced LIGO in its early configuration. To evaluate
mismatch, both the waveforms, NR and the approximant
models, are projected to the same optimal sky-location
and orientation.
Figure 5 shows the mismatches for the NR waveforms

in Table III with SEOBNRv2 and IMRPhenomPv2. The mis-
match is computed for different values of total mass of
BBH systems, starting from BBH systems with mass sim-
ilar to GW150914 to intermediate mass BBH range for
current generation of GW detectors. The NR waveform
includes all the higher harmonics (as stated in eq. 1) from
ℓ = 2 to 6; however, the approximant waveform includes
only radiated mode ℓ = 2, m = 2, which will be dominant
for the chosen optimal sky-location and orientation.

ID Type q ~χ1 ~χ2

GT0764 prec-spin 1.5 (0.6,0,0) (0,0,0.6)

GT0582 aligned-spin 2 (0,0,-0.15) (0,0,0.6)

GT0560 prec-spin 4 (-0.6,0,0) (-0.6,0,0)

GT0887 prec-spin 5 (0.42, 0, 0.42) (-0.42, 0, -0.42)

GT0601 non-spin 15 (0, 0, 0) (0, 0, 0)

TABLE III: GT BBH simulations used for comparison with
approximate GW models. The results are shown in fig. 5.

For the aligned spins with low-mass ratio, both mod-
els have a very strong agreement with NR waveform. For
the non-spinning BBH with mass-ratio of q = 15, which
represents an astrophysical intermediate-mass ratio in-
spiral BBH system, both SEOBNRv2 and IMRPhenomPv2

have a growing mismatch at high total mass. For such
high masses, the signal in LIGO will be dominated by the
merger and ringdown of BBH, and radiated modes be-
yond the dominant becomes important [41, 43]. Both the
models only includes the dominant modes (2,2) and thus
there is strong mismatch, even at optimal sky-location.
For the precessing-spin BBH systems, it is expected

that SEOBNRv2 will show strong inconsistency with NR
simulations as the model is tuned only for aligned-spin
systems. The max mismatch we report for SEOBNRv2 in
precessing cases, which happens for a system with mass-
ratio q = 4. In contrast, for the same NR simulation
(GT0560), the precessing spin model IMRPhenomPv2 - re-
ports an error up to 6% for lower total mass and drops
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FIG. 5: Mismatches of NR waveforms in Table III with approximant GW models.

to less than 1% at higher total mass. Both models agree
fairly well with NR simulations for almost equal-mass
systems, but for strongly deviate for mass-ratios q = 5
and above (where higher radiated modes become impor-
tant).

V. MASS AND SPIN OF THE FINAL BH AND

PHENOMENOLOGICAL FITS

As mentioned before, included in the GT catalog is in-
formation regarding the mass and spin of the final BH.
Over the years, several phenomenological formulas have
been proposed that connect the properties (mass and
spin) of the remnant BH with the initial parameters of
the BHs in the binary. In this section, we concentrate on
two of such phenomenological formulas: one from Healy
et al. [20], referred as RIT, and the other from Barausse
et al. [19], referred as BR.
In Figure 6, we report the errors the phenomenological

formulas incur in predicting the mass and spin of the
final BH. The percentage errors are organized according
to the sub-types in Table II, and they were calculated
as (1 − RIT or BR/NR) × 100%. Top panels show the
errors in the final mass and the bottom for the final spin.
The red line in each box is the median value of the errors.
On each box, the colored region denotes 75% of the cases.
Notice that, for aligned-spin systems, the spread in errors
for the remaining 25% cases (i.e. cases with the largest
errors) is quite significant for both formulas. The RIT,
valid for non-spinning and align-spinning BBH systems,
has an average discrepancy with our catalog of 0.035%
for the remnant mass and 0.23% for the remnant spin.

The BR formula, valid for all generic BBH configurations,
agrees remarkably with all our GT-BBH simulations, and
with an average discrepancy of 0.6% for the final mass
and 1.6% for the final spin. A recent paper by the authors
[44] improves the BR formula for stronger agreements with
generic BBH NR simulations.

VI. CONCLUSION

This paper introduced the GT catalog of GW wave-
forms consisting of 452 distinct waveforms from more
than 600 spin-aligned and precessing BBH simulations
with mass ratios of up to q = 15. The waveforms ex-
pand a moderate number of orbits in the late inspiral,
the burst during coalescence, and the ring-down of the
final black hole. A significant fraction of the waveforms
have enough GW cycles that can be used in improving
phenomenological or EOB models. The waveforms are
also useful for tuning the phenomenological formulas de-
scribing the remnant black hole. Most of the waveforms
can be used directly in connection with analysis of mas-
sive BBH binaries such as GW150914 and for conducting
tests of general relativity that require knowledge of both
the inspiral and ringdown stages. The GT catalog com-
plements and enhances the catalog recently introduced
by the SXS collaborations [45]. The GT catalog contains
waveforms of the higher modes and will serve as repos-
itory of future waveforms, including those from double
neutron star and mixed binary mergers.
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