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Current template-based gravitational wave searches for compact binary coalescences (CBC) use
waveform models that omit the higher order modes content of the gravitational radiation emitted,
considering only the quadrupolar (¢, |m|) = (2, 2) modes. We study the effect of such of this omission
for the case of aligned-spin CBC searches for equal-spin (and non-spinning) binary black holes in the
context of two versions of Advanced LIGO: the upcoming 2015 version, known as early Advanced
LIGO (eaLIGO) and its Zero-Detuned High Energy Power version, that we will refer to as Advanced
LIGO (AdvLIGO). In addition, we study the case of a non-spinning search for initial LIGO (iLIGO).
We do this via computing the effectualness of the aligned-spin SEOBNRv1 ROM waveform fam-
ily, which only considers quadrupolar modes, towards hybrid post-Newtonian/Numerical Relativity
waveforms which contain higher order modes. We find that for all LIGO versions, losses of more
than 10% of events occur in the case of AdvLIGO for mass ratio ¢ > 6 and total mass M > 100Mq
due to the omission of higher modes, this region of the parameter space being larger for eaLIGO
and iLIGO. Moreover, while the maximum event loss observed over the explored parameter space
for AdvLIGO is of 15% of events, for iLIGO and eaLIGO this increases up to (39,23)%. We find
that omission of higher modes leads to observation-averaged systematic parameter biases towards
lower spin, total mass and chirp mass. For completeness, we perform a preliminar, non-exhaustive
comparison of systematic biases to statistical errors. We find that, for a given SNR, systematic
biases dominate over statistical errors at much lower total mass for eaLIGO than for AdvLIGO.

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

I. INTRODUCTION terms of loss of detections and systematic biases caused
in the estimation of the parameters (PE) of the source.
We will focus on the case of aligned-spin template banks
and non-precessing equal aligned-spin BBH within the
mass range 50Mgy < M < 220Mg. As target wave-
forms, we consider equal aligned-spin systems, and as
bank waveforms we use the SEOBNRv1 ROM model [6],
which describes the quadrupolar modes of equal aligned

spins CBC’s. These are characterized by their mass ra-

Compact Binary Coalescences (CBC) are the most
promising candidates for a first direct detection of grav-
itational waves (GW). Starting in September 2015, the
next generation of GW detectors, Advanced LIGO [1],
Advanced Virgo[2] and KAGRA[3] will come online with
and eventually reach sensitivities ~ 10 times higher than
the previous one, increasing by a factor of ~ 10% the

volume to which they are sensitive. This generates high
expectations for imminent first GW detection[4]. The
core of searches for CBC'’s is the so called matched filter
[5].The matched filter technique allows for GW signals to
be extracted from background noise provided that a cor-
rect model (waveform in our case) of the expected signal
is used as a filter of the incoming signal. Otherwise the
filter will be suboptimal and the GW signal could be lost
or its parameters misidentified. Current GW searches for
CBC’s implement template banks whose waveforms only
contain the quadrupolar (¢,|m|) = (2,2) modes of the
GW emission, known as quadrupolar waveforms. These
omit the higher order mode (HM) content of the incom-
ing signal. This is justified by the fact that, in the non-
precessing case, most of the power emitted by the source
is carried by these two modes.

The goal of this paper is to study the consequences of
this omission in current and future GW searches, both in

tio ¢ = My/M; > 1, total mass M = M; + M> and
a single effective spin parameter y = W [7].
Here, x; and M; are respectively the dimensionless spin
and mass of the i th black hole. . In particular, we
choose as targets four non-spinning systems with mass
ratio ¢ = {3, 4, 6,8} and four spinning cases: a ¢ = 1 sys-
tem with y = £0.2 and a ¢ = 3 system with x = +0.5.
The latter correspond to those systems available in the
public NR SXS catalogue [8] having equal spins for which
the HM are the strongest and which lie within the param-
eter space covered by SEOBNRvl ROM model. Also,
in Appendix 1 we consider the case of a ¢ = 8 system
with unequal spins (x1, x2) = (0, —0.5) and effective spin
x = —0.47. These are summarized in Table. 1. We

1 Note that for the equal spin case one has x = x1 = X2.



will consider the case of a SEOBNRvl ROM template
bank including a single effective spin parameter x for the
case of two Advanced LIGO predicted noise curves: the
early version (eaLIGO) [9] with a low-frequency cutoff
fo = 30Hz and the design Zero-Detuned-High-Energy-
Power version (AdvLIGO) [10], with fo = 10Hz. Since no
detections were made in initial LIGO (iLIGO) data, for
which searches have been performed using a non-spinning
template bank [11], we will also pay attention to the cor-
responding sensitivity curve [12], for which we will con-
sider non-spinning targets, a non spinning template bank
and fy = 30Hz.

The case of non-spinning targets and a non-spinning
template bank for the case of AdvLIGO has been widely
studied. Pekowsky et. al., [13] explored the mass range
M > 100Mg and noted that the match between BBH
NR waveforms including HM and the corresponding
ones including only quadrupolar modes is < 0.97 for
most of the orientations of the binary. They also noticed
that however, these orientations coincide with those
for which the SNR is the lowest, mitigating the effect
of HM when average over orientations is considered.
More recently, Brown et.al., [14] and Capano et. al.,
[15] studied respectively the fitting factor (FF) [16]
of a non-spinning quadrupolar template bank towards
non-spinning waveforms including HM for the total
mass range mi, mo < 25Mg and mi, ms < 200Mg. The
result is that for total masses M < 50¢ and mass ratios
g < 4 one does not expect event losses larger than 10%,
which is within the commonly accepted limit in GW
searches. Furthermore, [15] computed the false alarm
rate of real searches, where triggers are ranked using a
combination of the SNR and signal based vetoes [17]
and SNR [11], omitting and including HM. This allowed
them to compare the sensitivity of both searches to
signals including HM. They concluded that searches
would only benefit from inclusion of HM in their banks
for certain regions of the parameter space for which
the FF of the bank omitting HM towards their target
signals were particularly low. In particular for ¢ > 4 and
M > 100Mg.

These event loss results widely agree with those pre-
sented by Varma et al., [18], who also studied the sys-
tematic parameter bias caused by the omission of HM
and compared it with the statistical uncertainty due to
the presence of Gaussian noise in the data stream. They
concluded that the former dominate the latter for mass
ratio ¢ > 4 and total masses M > 150M for a SNR
p ~ 8. This study was based on the Fisher information
matrix formalism, which allowed them to study a large
number of points in the parameter space. In contrast
Littenberg et. al., [19] studied the presence of systematic
biases in the estimated parameters of the CBC but com-
pared them against the expected statistical errors using
Markov-Chain Monte-Carlo (MCMC) techniques. How-
ever, the large computational cost of this study restricted
it to a few points of the parameter space. They obtained

that, for binaries such that 1 < ¢ < 6 and M < 60Mg
and fixing inclination angle to § = 7/3, systematic er-
rors introduced by the omission of HM are smaller than
the expected statistical errors at SNR ~ 12. However, for
larger masses (M = 120M,, g= 6), systematic biases will
dominate statistical errors at SNR ~ 12. Finally, dur-
ing the preparation of this paper we became aware that
Graff et. al., [20] shown that higher modes are required
for parameter estimation and detection of non-spinning
high-mass binaries with an SNR > 9.

While the above summarized work has considered non-
spinning searches and the design Zero-Detuned High
Energy Power Advanced LIGO sensitivity curve (Ad-
vLIGO) [10], we extend their studies to the case of
aligned spin searches [21] for the early 2015 Advanced
LIGO (ealLIGO) sensitivity curve and [9]. We also re-
visit the case of the initial LIGO (iLIGO) [12] sensitivity
curve using a non-spinning template bank and targets.
There are various reasons that motivate these choices:
the first is that it is expected that aligned-spin searches
like [21] will be implemented in the upcoming Advanced
LIGO science runs. The extra degree of freedom that
the spin parameter y provides could reduce the losses
observed for non-spinning targets due to the omission
of HM when non-spinning template banks are considered
and of course, we want to test what the effect for spinning
systems is. Also, the different sensitivity curves consid-
ered and in particular their different frequency cutoff fj,
will translate into very different event losses and param-
eter biases produced. The fact of including an effective
spin parameter x in our template bank will lead to lower
event losses for non-spinning targets than those found in
[21] and [18], we will pay the price of important biases
in the estimated spin. This extends the study of Veitch
et al.,[22] who concluded that the spin of non-spinning
BBH (lacking HM) cannot be accurately measured using
a single-effective spin parameter template bank. Finally,
we will see that the value of the spin has a secondary
effect in the impact of HM compared to that of the total
mass and mass ratio.

II. DATA ANALYSIS

Given two real waveforms, h(f) and g(f), where f de-
notes frequency, and the one sided power spectral density
curve S, (f) of a detector, the inner product (h|g) can be
expressed as

(hlg) = 4R [  —LZ22Ldf, (1)

> h(f)g (f)
5o Sulf)



fo being the low-frequency cutoff of the considered noise
curve?. The overlap of h and g is then defined as

o lhle) o)
V/{h|R)(glg)

An output signal s is in general a combination of a GW

signal with background noise n.The signal-to-noise-ratio

(SNR) of a signal s when filtered with a template h is

then given by

L sl
oD

If one assumes the background noise to be Gaussian and
with zero-mean, as we will do in this paper, the SNR
is directly related to the probability that a GW signal
represented by h is buried in s and to the distance at
which it can be detected.

3)

A. Waveform parameters and fitting factor.

Consider a non-precessing CBC with intrinsic parame-
ters total mass, mass ratio and effective spin collectively
denoted by = = {M,q,x}. Denoting by dr the lumi-
nosity distance between source and detector, consider a
frame of reference centered on the source and described
by standard spherical coordinates (dy,, 8, ¢) such that the
0 = 0 axis coincides with the total angular momentum of
the binary. Then, the strain h produced by an emitted
GW with effective polarization ¢ [23] at a given point
p = (dr, 0, ) on its sky can be decomposed as a sum of
modes hy ., (Z;t) weighted by spin -2 weighted spherical
harmonics[24] YZ,_WQZ(H, ©) as:

h(E7 dL7 97 SO,'(/J, t)

m=~_
F _ ) )
— E(RCOSLZJ—HZ'SHM/;)E: Z }/'6775(9790)%”(:;15)7
>2m=—1¢

(4)

where R and Z denote the real and imaginary part
operators, hym,(Z;t) = Ag,m(E;t)e’inm(E;t), Ap o and
®¢,m being real, and the factor ' encodes the amplitude
of the antenna pattern of the detector [18, 25]. Fig.1
shows the amplitude of the most dominant modes for a
non-spinning ¢ = 8 binary. Note that as mentioned in
Section I, the (2,2) mode dominates the HM during the
most part of the coalescence.

Let us denote (0, ¢,1) = A, which we will call extrinsic
parameters, i.e., those independent of the nature of the

2 As previously mentioned we consider fo = 10Hz for AdvLIGO
and fo = 30Hz for eaLIGO and iLIGO.

source. We define the match Myg as the overlap O(h|g)
maximized over relative time-shifts and the extrinsic pa-
rameters of g, Ay. The fitting factor (or effectualness)
F of a bank B containing waveforms k¥ with intrinsic
parameters =5 to a waveform h is then defined as [16]

Fph = max M,k (E8) € [0, 1] (5)

The fitting factor Fgh gives the fraction of optimal SNR
that the bank B can recover from h
Psubopt = ]:Bh X Popt = ]:Bh X <h|h> (6)
and is thus proportional to the maximum distance at
which h can be observed with a given SNR. In general,
there is a bias 0= in the estimation of the intrinsic pa-
rameters E of h. This is, if h® is the waveform of B which
has the best overlap with h, then in general, 28 = Z+4Z.

(¢ =(8,0)

LogioAim
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FIG. 1. Amplitude of the (¢,m) modes of a (g,x) = (8,0)
system during the last orbits of the coalescence in logarithmic
scale. The modes are the result of hybridizing post-Newtonian
Taylor T1 and Numerical Relativity data [see Sec. IV].

III. EFFECTS OF HIGHER ORDER MODES

The effect that HM have in the observed signal
depends on three main factors. First, regarding the
mass ratio and spin of the source, post-Newtonian
results yield that the larger the mass ratio, the larger
the ratio Ay /A2 is [26], as can be noticed in the
top row of Fig.2, where wy represents the frequency
of the (2,2) mode, ie., Mwy = Mdps2/dt. Note
how in the frequency range shown in these plots, the
post-Newtonian amplitude of the (2,2) mode is about
1 order of magnitude larger than that of the next most
dominant mode (typically the (3,3), when present)
for all the sources shown. However, although this
behaviour is qualitatively kept through the late inspiral
and merger (at Mwy =~ 0.33 in the bottom plots.), the
NR amplitudes shown in the bottom row of Fig.2, show
that this ratio can get up to ~ 0.3 for the case of a ¢ = 8
non-spinning system. As a general trend, the larger ¢
is, the larger the contribution from HM will be. This
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FIG. 2. Relative T1 (Top) and NR (Bottom) amplitude of the higher modes (3,3) and (4, 4) relative to the dominant (2,2)
mode as a function of the frequency for several non-spinning systems. Note how the larger the mass ratio g, which increases
from bottom to top in the plots, the larger the contribution from higher order modes. As in [23], we notice the differences
between the predicted amplitudes by both PN and NR mainly due to PN truncation error. Note that the merger, taken as
coincident with the amplitude maximum of the (2,2) mode, occur between Mwy ~ 0.30 for ¢ = 8 and Mwg ~ 0.36 for ¢ = 2 in

the bottom plots.

will translate into larger event losses due to omission of
HM for larger q. The effect of the spin is a bit more
intricate since the contribution of the different modes
as a function of the spin is mode-dependent. As an
example, top and bottom rows of Fig. 3 show respec-
tively the PN and NR ratio between the amplitudes of
the (3,3) and (4,4) modes wrt., that of the (2,2): while
the relative amplitude of the (3,3) mode grows as the
spin gets more positive, the behavior of the (4,4) is the
opposite in the PN case. Note however that the range of
variation of the ratios shown in these plots is much tinier
than that in Fig.2, which suggests that spin should have
a sub-dominant effect compared to that of the mass ratio.

Secondly, the location of the detector on the sky of the
source adds a second factor: the YQTQQ spherical harmonic
is weaker at close to edge-on orientations (6 = 7/2),
where some higher ones have their maximums. This im-
plies that signals from edge-on systems will have a larger
HM content.

Finally, as noted in [27], there is a combined effect of the
detector sensitivity curve and the total mass M of the
CBC: the frequency of each mode roughly scales with the

orbital frequency as wg n, (t) % ~ m X werp(t) and

as the total mass M increases, wo.(t) falls off as 1/M.
When the total mass M of the source is such that the
frequency of the (2,2) mode is below the detector low-
frequency cutoff (fy), larger m modes will dominate the
incoming signal in band. This will make the observed
signal be very different from a quadrupolar waveform.
In particular, the lower the seismic wall (the lower the
frequency cutoff), the longer PN inspiral (strongly dom-
inated by the (2,2) mode) the detector will be sensitive
to. For this reason we decided to study both the cases
of AdvLIGO with a f; = 10 Hz frequency cutoff and
ealLIGO and iLIGO with f, = 30 Hz. As we will see,
the different f, generates notably different event losses.
This effect is visualized in Fig. 4, where the upper panels
show the absolute value of the Fourier transform of the
three most dominant modes of a ¢ = 8 non-spinning bi-
nary for the cases of M = 100My and M = 200M, and
the bottom ones the corresponding whitened versions,
|he.m ()/\/Sn(f), for both eaLIGO and AdvLIGO. No-
tice here how the larger flatness and lower low-frequency
cutoff of AdvLIGO makes the (2,2) mode clearly domi-
nate in all the plots shown (particularly at the sweet-spot
3 of the noise curve), while for the case of eaLIGO con-
tributions from HM get comparable to that of the (2,2)

3 Frequencies for which the noise curve reaches its minimum value.
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FIG. 3. Relative T1 (Top) and NR (Bottom) amplitude of the (3,3) and (4,4) modes relative to the dominant (2,2) mode as

a function of the frequency for several ¢ = 3 spinning systems.

for high-mass cases. In order to estimate how important
the contribution of HM will be as a function of the to-
tal mass and the detector curve, Fig. 5 shows the value
of the ratio Iy, /122, where Iy, = \/(he,m|hem), as a
function of the total mass of the binary. Note how this
ratio grows for the case of eaLIGO *.

IV. ANALYSIS SET UP

We use as target signals hybrid PN/NR waveforms
containing HM as built in [23]. The early inspiral part
of the hybrids is built post-Newtonian data computed
via the TaylorT1 approximant including 3.5 PN non-
spinning [26] and spin-orbit [28] and 2PN spin-spin [29]
phase corrections. We include 3PN non-spinning ampli-
tude corrections for the HM [30] and 3.5PN for the 22
mode [31]. Spin corrections to the amplitudes are used
up to 2PN [32]. The late inspiral and merger are de-
scribed by NR waveforms extrapolated to null infinity
to polynomial order N = 2. The latter have been ob-
tained from the publicly available SXS catalogue [8, 33—
35]. The (2,2) mode of all target waveforms starts at
10Hz for M = 45Mg. The cases ¢ # 1 included the
{2+1,2+2,3+2,3+3,4+3,4+4} modes while ¢ =1

4 Note that Ip,, is equal the optimal of the (¢,m) mode when
filtered with itself, i.e., its optimal SNR. See Eq. (3).

SIM ID qalx PN Mwnyp
SXS:BBH:0168|3|0 T1 0.043
SXS:BBH:0167 4|0 T1 0.045
SXS:BBH:0166 |6 |0 T1 0.045
SXS:BBH:0063|8|0 T1 0.043
SXS:BBH:0150|1|+0.2|T1 0.035
SXS:BBH:0149|1(-0.2 |T1 0.043
SXS:BBH:0047|3|+0.5|T1 0.038
SXS:BBH:0046|3(-0.5 |T1 0.043
SXS:BBH:0064 |8 |-0.47 |only NR[0.042

TABLE I. Summary of hybrid waveforms used as target wave-
forms. If one expresses hao = A2,2€i¢2’2, Az o being real,
Mwhy, = Mdgs,2/dt indicates the hybridization frequency of
the (2,2) mode.

cases included the {2 4+ 2,3 + 2,4 + 4} modes.

For each hybrid waveform h in Table I we construct all
the signals h; ;(Z;, A;) for all the values of M and A in
Table. IT The described grid suffices for describing all

Magnitude M cost| P
Range [50,218] M [ [0, 1] |[0, 27) | [0, )
Step 12M¢ 0.05| 7/20 | ©/6

TABLE II. Grid in Mass and angles A used for our studies.

the possible (6, p, 1) since in the non-precessing case it
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FIG. 4. The upper panels show the absolute value of the Fourier transform kg ., (f) x Af'/2 of the (2,2), (3, 3) and (4, 4) modes of
a non-spinning ¢ = 8 binary and the three noise curves considered in this paper. The modes have been re-scaled by an arbitrary
factor (Afl/Z/dL) to clearly stand out from the noise curves, since we are only interested in their relative values. The vertical
line marks the 30Hz cutoff of ea.IGO and iLIGO. Note how for the case of M = 100Mg, the (2,2) mode clearly dominates at
the sweet-spot of the different noise curves, while this is not the case when M = 200M, resulting in a higher contribution of
HM in the latter case. The bottom panels show the corresponding whitened templates for ealLIGO(red) and AdvLIGO(black).
The lower low-frequency cutoff of AdvLIGO, together with its flatter sensitivity curve, makes the detector sensitive to a much
longer inspiral, clearly dominated by the (2,2) mode, and whose amplitude (unlike for ealLIGO) dominates that of the higher
modes peaks corresponding to the merger stage. This makes contribution from HM to be weaker for AdvLIGO. Also, it can be
noticed how for the 200Mg eaLIGO case, the peaks of all whitened templates have similar amplitudes due to the (2,2) mode
being clearly out of the sweet-spot while the HM are in, which does not happen for AdvLIGO.

holds

h(ﬂfe,(p,tl)) = h(9790,77*7/1) (7)

h’(ea w, T + w) = —h(@, ®, w)
T emenico For the bank templates we use an equal-spin
DR X = x1 = x2 reduced order model (ROM) [6] of SEOB-
NRv1l [36]. The ROM is constructed in the frequency
domain and agrees with SEOBNRv1 waveforms to a
00 mismatch of < 0.002 for low mass and < 0.003 at high

50 100 150 200

mass. The mismatch can reach ~ 0.01 in isolated re-
M[Mg]

gions, for very high mass-ratios and/or high anti-aligned
FIG. 5. Value of the ratio I3,3/12,2 and I4,4/1>,> as a function Spins. ’I_‘h_ls behavior 1S due. to the undersampling of
of the total mass of a non-spinning ¢ = 8 binary for the cases non-quasicircular coefficients in SEOBNRv1. Its range
of eaLIGO and AdvLIGO. Note how the (2,2) mode is more  of validity in terms of spin is x € [~1, +0.6].

dominant for AdvLIGO while the contribution of HM is larger

for the case of eaLIGO for all the mass range. For each target waveform h;;(Z;,A;) we compute
Fi,j = FBhij, the corresponding recovered intrinsic pa-

rameters Z°; and the optimal SNR. p;; = /(h;]hi ;).
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Maximization of the fitting factor over =, is performed
running several Nelder Mead Simplex algorithms as im-
plemented in [37]. We let each of the runs start sampling
the parameter space at different initial regions of the pa-
rameter space and the highest result is chosen as the true
fitting factor F; ;. Further details about our particular
usage of Nelder Mead are given in Appendix II.

As in previous work [18], we then compute the ratio
between optimal and suboptimal volumes in which a sys-
tem h; with parameters =; can be detected as

> (8)

3 3
100 x (Zj FiiPi
3

subopt

AV[%)] = 100 x i

opt =
i

2Pl
=100 x (F7)
Above, F; T can be interpreted as an effective, observa-

tion averaged, fitting factor. The observation-averaged
recovered parameters are computed as

=B 3 3

<Zj ‘—‘i,j'ﬁ,jpi,j)

3 3
25 TP

and the corresponding averaged parameter bias as

=B _

—; =

9)

= =B
=5

— 54,0 (10)
where Z; o are the recovered parameters for the case that
the target waveform contains only the (2,2) mode. This
accounts for intrinsic biases of the template bank towards
the quadrupolar modes of our targets and allows to iso-
late the effect of HM. We note that unlike studies like [18],
which quote the absolute value of the parameter bias, we
prefer to keep track of its sign, as this can be then com-
pared with a priori estimates. For instance, since low
mass systems have larger frequency content than large
mass ones, we expect that the higher mode content of

large mass systems will produce averaged-biases to lower
masses.

In order to assess the significance of these biases, we com-
pare them to the corresponding statistical uncertainty
that searches are affected by due to the presence of Gaus-
sian noise in the data. For doing so, we employ the indis-
tinguishability criterion for two waveforms h and g with
mismatch e = 1 — O[h, g] given by [38] and used in [39].
Two waveforms are indistinguishable at a given SNR p
if € < 1/2p% We will thus consider that parameter es-
timation® is not compromised due to systematic biases
produced by the presence of HM in the target waveform
if the best matching template h®(Z¥) and the one best
matching the injection with no HM h3(Z; ) are insdistin-
guishable. We stress that this method does not provide
a complete parameter estimation study, as, for instance,
a bayesian MCMC study [19, 20, 40], would do, but pro-
vides a fast first guess of the significance of the systematic
parameter bias we find, which we get for free as a result
of the fitting factor calculation.

V. EFFECT ON DETECTION

We show in Fig.6 the fractional loss of sensitive vol-
ume for the various studied targets due to the omission
of HM in our template bank. In general, as ¢ and M
increase, the larger contribution from HM to the target
signal makes AV decrease, which is expected from PN
theory. For AdvLIGO losses never reach 20% for any
of the studied cases and losses of 10% of events occur
for high mass ¢ > 6 M > 100My systems. In con-
trast, mainly due to their higher fj, for both ealLIGO

5 Or measurement following the notation in [38].



(and iLIGO) losses reach values of ~ 23% (~ 35%) for
the highest ¢ studied. Losses of 10% occur for all the
targets with mass parameters (¢ > 6, M > 50Mg) and
losses of 20% are present for iLIGO for ¢ > 4. The lower
seismic wall (fo =10Hz) of AdvLIGO makes it sensitive
to a longer inspiral dominated by the (2,2) mode, which
causes losses to be lower than those obtained for ealLIGO
for M > 140M and make them increase as the total
mass does and the (2,2) mode-dominated inspiral leaves
the detector band. However, while the AdvLIGO noise
curve is quite flat, eaLIGO shows a pretty well defined
sweet-spot at f ~ 130H z which makes the behaviour of
losses as a function of the total mass more intricate for
lower masses. In particular, we see that for the mass
range (~ 60Mg,~ 100Mg), losses do not increase as a
function of the total mass (and even decrease a bit) for
the case of non-spinning systems (see. Fig. 6, left panel)
and that they clearly decrease for the case of the negative
spin case shown in Fig. 6, right panel.

We note that our predicted losses for AdvLIGO are a a
bit lower than those shown in [18] due to the inclusion
of the effective spin parameter y in our template wave-
forms. This provides an extra degree of freedom that
can be exploited by quadrupolar waveforms to filter sig-
nals containing HM. We find plausible that this is also
the main reason behind the different results obtained for
iLIGO and eaLLIGO.

Regarding the effect of spin, no ¢ = 1 case reached even
3% losses. For the (¢,x) = (3,£0.5) case, losses are
very similar to the ones for (¢,x) = (3,0) (see Fig.6,
right panel) which is consistent with the statement that
spin should be secondary in terms of the impact of HM.
Note however, how losses are a bit larger for the positive
spin case than for the negative one for low mass. This
could be however due to the fact that y = 40.5 lies in
the limit of validity of the SEOBNRv1-ROM model. For
high mass, results show that contributions from HM be-
come equally important in terms of F¢f/. Furthermore,
the losses observed for y = 0 seem a good guess of those
observed for the spinning cases, particularly for the high-
est masses. We note that it would have been interesting
to study cases with spins closer to =1 and higher mass ra-
tios. However, the only case with reasonably high spins
and mass ratio available in the SXS catalogue was the
q = 3, x = £0.5 used here.

VI. PARAMETER BIAS

Due to its importance in GW data analysis, we will
express results not as a function of (¢, M) but rather con-
sider the so called chirp mass parameter M, = Mn3/®
(where n = q/(q+1)?), and the total mass M. Before dis-
cussing the averaged systematic errors measured due to
the omission of HM, we want to note that the intrinsic pa-
rameter bias Z; o of the SEOBNRv1-ROM model towards
our hybrids containing only the quadrupolar modes
were never larger than (|AM|(%), |[AM.|(%),|Ax]) =

AM[% A
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FIG. 7. Systematic biases obtained for the total mass (left)
and effective spin (right) for a ¢ = 8 non-spinning system
for eaLIGO (top) and AdvLIGO (bottom) as a function of
the location of the detector on the (upper hemisphere) sky of
the source. Note that the different interaction of the modes
as a function of the angle ¢ generates biases to either larger
or lower values, which in general grow (in absolute value)
as 6 does. Biases to low masses are more common due to
the higher frequency content of the signal for most values
©, has to be imitated by low mass templates. Last, note that
0 = 0 corresponds to the center of the plot while its perimeter
corresponds to 8 = /2.

(4%,4%,0.05) for all the total mass range, except for
the (q,x) = (3,+0.5) case, for which these reached max-
imum values of (5%, 6%, 0.05)°.

The main effect of HM is introducing large frequencies
in the detector band, thus one should expect that the
quadrupolar SEOBNRv1 ROM waveform best matching
a target waveform h(Z) with parameters Z should have a
larger frequency content than that corresponding to the
quadrupolar template h®(Z) having the intrinsic param-
eters = of the target. Intuitively, this can be achieved
via introducing biases towards lower total mass and
larger positive spin. Fig.7 shows the biases in total mass
and spin obtained for all values of (6, ) (thus averaged
over 1) for a ¢ = 8 non-spinning system for the cases of
ealLIGO and AdvLIGO. Note that § = 0 corresponds to
the center of the plot while its perimeter corresponds to
0 = w/2. We see how the two different ways of increasing
the template frequency (lowering mass and raising spin)
compete along the different (6, ). As expected, the
absolute value of the bias grows as 6 does. Also, the

6 Again, note that (g,x) = (3,40.5) is in the limit of validity of
SEOBNRv1-ROM.
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FIG. 9. Comparison between systematic errors and statistical uncertainties. We show the minimum SNR pg at which systematic
biases due to the omission of HM dominate those due to statistical uncertainties for the studied sources.

different interaction of the modes as a function of ¢ gen-
erates a sort of dipolar pattern where biases vary from
positive to negative. It is remarkable that while averaged
biases shown in Fig.8 for the systems in Fig. 7 are of
(AM,Ax) ~ (=17%, —0.5) for eaLIGO and ~ (—3%,0)
for AdvLIGO, biases for particular edge-on orientations
can be larger than (AM,Ax) ~ (—40%,—0.7) for the
case shown for ealLIGO and ~ (—20%, —0.4) for the one
shown for AdvLIGO. Note also that systematic biases
obtained for AdvLIGO are much lower due to its lower
fo, which makes it much more sensitive to the long PN
inspiral dominated by the quadrupolar modes.

Fig. 8 shows the averaged parameter bias over the
observable volume, given by Eq.(10), for the studied
targets. As a general trend, omission of HM causes
observation-averaged biases towards lower (x, M, M,)
which increase as M and g do. As expected, biases are

much larger for iLIGO and ealLIGO than for Adv.LIGO.
In particular, note that the lower fy of Adv.LIGO allows
for an excellent recovery of M, for most of the M range.
This is due to the larger weight of the PN inspiral in
the detector band. Regarding spinning cases, systematic
biases are larger for negative spin cases than for positive
spin ones. For ¢ = 1 we only show the eaLIGO cases,
which were the only ones having systematic biases
comparable to those of the other cases.

A. Systematic Biases vs. Statistical Uncertainty

We now compare the observation-averaged biases to
the statistical uncertainty we expect for each detector
via computing the minimum SNR pg at which PE would



be dominated by the systematic biases. We note that,
unlike the volume loss R;, the quantity pg = +/1/2¢ is
extremely sensitive to tiny variations in the parameters
recovered by the Nelder-Mead algorithm, which has the
risk of settling in a local maximum. In particular, for an
error Ae in the estimation of €, one gets a variation for
po of Apy ~ e 3/2Ae. This will specially affect regions
of the parameter space where systematic biases are lower
and where the parameter space is denser 7: so for low
mass, low mass ratio, positive spin and AdvLIGO. Due
to this, Fig. 9 shows several peaks that only allow us to
give a rough estimate of pg. Also, for the same reason, for
AdvLIGO we only show results for M > 100M,. Results
suggest that for AdvLIGO, PE at SNR p ~ 8 would be
affected by HM for M > 220M ®. However, for the case
of ealLIGO, this limit gets reduced to M > 100Ms due
to the larger systematic biases.

B. On the usage of the SEOBNRv2 waveform
model.

We note that during this study, the SEOBNRv2 ROM
waveform model [6, 36, 41] became available. This model
not only supersedes SEOBNRv1 ROM but also covers a
wider spin range, namely x € [—1,+1] while for SEOB-
NRvl x € [-1,40.6]. For this reason, we suspected that
qualitatively, our results for the (¢ = 3,x = +0.5) case
might be different when using SEOBNRv2 as quadrupo-
lar model. As a sanity check, we re-computed the event
loss and parameter bias using the SEOBNRv2-ROM fam-
ily as quadrupolar template model for the cases of the
non-spinning ¢ = 8 target and for the ¢ = 3, x = +0.5
one. Note that the latter is close to the limit of validity of
SEOBNRv1-ROM but well inside the one of SEOBNRv2-
ROM. Qualitatively, both models yielded the same trend
in terms of event loss and parameter bias: larger losses
as ¢ and M increase and observation-averaged biases to-
wards lower ¢, M and x. Quantitatively, both studies
(using v1 and v2) yielded very similar results. The ex-
ception to this was the bias of the chirp mass, which
differed by up to a 50% for both the ¢ = 8 and the ¢ = 3
cases when considering the ealLIGO noise curve.

VII. CONCLUSIONS

In this paper we have studied the impact of the cur-
rent omission of HM in GW searches for binary black
holes. We have extended previous studies, which focused
in non-spinning searches, non-spinning target signals and
AdvLIGO to the case of single-aligned spin searches and
targets and to the case of AdvLIGO and the upcom-
ing eaLIGO. We have also considered the case of a non-

7 Where presumably e will be lower and Ae will be larger.

10

spinning search and targets for the case of iLIGO. The
main results of this study are the following.

e Including an effective spin parameter y in our tem-
plate bank reduces the losses observed in [18] and
[15] for the case of non-spinning targets.

e The higher low-frequency cutoff fy of the upcom-
ing eaLIGO, makes losses due to the omission of
HM significantly larger than those obtained for Ad-
vLIGO in [18] and [15] (even though we use an
aligned-spin bank) and increases the region of the
parameter space where HM are needed. The same
applies for iLIGO.

e When an aligned spin template bank is used, omis-
sion of HM leads in general to observation-averaged
biases to lower total mass, chirp mass and spin.
These are much larger for the case of eaLIGO and
iLIGO due to their larger fy. In particular, for non-
spinning targets, biases up to Ay = —0.5 can be
obtained for ealLIGO.

e Losses for moderately spinning systems are quite
similar to those for non-spinning systems, the mass
ratio and total mass being the dominant parame-
ters.

The study of the false alarm rate of a GW search in-
cluding higher modes is out of the scope of this work.
This is however is a crucial instrument for assessing the
real significance of the losses we find and for assessing
the need of such a search. Capano et al., [15] demon-
strated that the threshold SNR needed for claiming a
trigger would have to be raised by roughly 10% due to
the larger number of templates needed for such a search,
which roughly means that the event losses of a search
non-including HM w.r.t., a one including them would
roughly be 90% of those obtained in this paper. Also,
this paper has not considered the effect of signal-based
vetoes as the chi-squared veto[17], used in GW searches
[11] for discriminating real signals from background noise
transients, known as glitches. This would especially pun-
ish signals for which we found poor fitting factors (which
would be treated as glitches), leading to larger event
losses. An obvious limitation of this work is the low num-
ber of spinning cases considered. This is due to the lack
of public aligned spin NR waveforms with high HM con-
tent. We chose for this study an SXS case where HM
were expected to be weak (¢ = 1,x = +0.2) and the
one where HM were the strongest possible while having
equal spins (¢ = 3,x = £0.5). We aim to extend this
study to general unequal spin targets and unequal spin
template bank. We end pointing that another interesting
extension of this work would be to consider the case of
precessing targets.
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APPENDIX 1: THE UNEQUAL SPIN CASE
(g =28,x1=0,x2 =—0.5)

g=8, ¥=(0,-047)

(100-AV)[%]

M[Mo]

FIG. 10. Fractional volume loss in % a for ¢ = 8 non-spinning
system and an unequal spin source with dimensionless spins

(x1,x2) = (0,-0.5).

In order to further test the validity of our statement
that the effect of spin on the HM contribution should
be secondary in terms of detection losses, we studied the
case of the unequal spin case (¢ = 8,x1 = 0, x2 = —0.5),
where the spinning black hole is the “heavy one”. Note
that the quadrupolar modes of this source are not ex-
pected to be well modelled by the SEOBNRv1-ROM sin-
gle spin model. However, the effective spin x can be
computed for this system, obtaining y = —4/9 ~ —0.47.
Fig. 10 shows the sky-averaged event losses obtained
from the effectualness of the SEOBNRv1 ROM model to
the unequal spin system and those corresponding to the
g = 8 non spinning system.

We note that for this case, we have not used a hybrid
PN/NR waveform as a target. Instead we have used a NR
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waveform. For this reason the plot starts at M = 150M),
which corresponds to the lower mass at which the NR
simulation reaches the 10Hz low-frequency cutoff of Ad-
vLIGO. Once again it can be noted that losses are very
similar for the two cases: for eaLIGO they are basically
the same and for AdvLIGO losses are a bit lower for the
(negative) spin case, as it happens for the ¢ = 3 cases
shown in Fig.10. This reinforces our statement that spin
has a secondary contribution to the strength of HM.

APPENDIX 2: MAXIMIZATION STRATEGY
AND ROBUSTNESS

As mentioned in Section VI, the Nelder Mead Simplex
maximization algorithm has the risk of reporting a
local maximum value of the fitting factor, particularly
when a third parameter x is added to the sampled CBC
parameter space. This not only can cause the former to
be underestimated but also the corresponding parameter
bias to be incorrect. In order to be as safe as we can
from incurring in such issues, we use the strategy we
describe in this appendix.

1. For each source with extrinsic parameters =; we
need to compute the fitting factorF; ; for all pos-
sible extrinsic parameters A; = (¢;,0;, ;). Recall
we denote the corresponding signals by h; ;.

2. For Ay = (0,0,0), the corresponding signal h; 1
only contains m = 2 modes, which makes us
know that the parameters recovered by SEOBNRv1
ROM should be close to Z;. The first A we evaluate
is precisely A; = (0,0,0).

3. In most cases, we expect a smooth variation of the
recovered parameters Efj as a function of A. For
this reason, we vary A as follows:
(a) For fixed (p,0) we evaluate all possible polar-
izations v using the step size in Table II.

(b) Next, we vary ¢ for fixed 6 and repeat (a).
(c) Last, we vary 6 and repeat (a) and (b).

4. We run several Nelder Meads per signal h; ; varying
the number from 5 for low mass ratio, low mass,
face-on cases (for which the HM content is weak)
to 15 for the largest mass, mass ratio and edge-on
cases, which have the strongest HM content.

5. Because of 3., we always force two of the Nelder
Meads to start sampling the parameter space close
to the parameters =; ;_; reported for the previous
signal® hij—1, letting the remaining ones to start
at random regions.

8 For j = 1, these start close to the source parameters Z;.



6. We choose as F; ; the largest fitting factor reported
by the set of Nelder Mead runs, and the correspond-

ing reported parameters as Z5.

%

In order to estimate the robustness of this procedure we
also keep the fitting factor and parameters reported by
the Nelder Mead reporting the second largest fitting fac-
tor. We can then repeat the analysis done in the main
text using these values (whose related quantities we will
denote by a sub-index 2) and compute the average dif-
ferences in the results obtained in the two analysis as

7
Dol Xi— Xio

Zmam

AX = (11)
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We obtain:
o AFeff ~ 1073, irrelevant for event loss purposes.

e AM ~ 1%, much lower than any bias quoted, ex-
cept for the lowest masses.

e Ax ~ 1072, much lower than any bias quoted, ex-
cept for the lowest masses.

e M ~ 2.5%. This larger value is caused by the large
degeneracy of the parameter space in the mass ratio
parameter ¢q. Again, this value is much lower than
any of the large chirp mass biases quoted for large
mass systems.

For details about the Mathematica implementation of
the Nelder Mead Simplex algorithm, please see [37].

[1] B. Abbott et al. (LIGO Scientific Collaboration),
Rept.Prog.Phys. 72, 076901 (2009), arXiv:0711.3041 [gr-
qc].

[2] T. V. Collaboration, Virgo technical report VIR-0027A-
09 (2009).

[3] K. Somiya (KAGRA Collaboration), Class.Quant.Grav.
29, 124007 (2012), arXiv:1111.7185 [gr-qc].

[4] M. Dominik, E. Berti, R. O’Shaughnessy, 1. Mandel,
K. Belczynski, et al., (2014), arXiv:1405.7016 [astro-
ph.HE].

[5] L. Wainstein and V. Zubakov, Prentice-Hall, Englewood
Cliffs (1962).

[6] M. Piirrer, Class.Quant.Grav.
arXiv:1402.4146 [gr-qc|.

[7] L. Santamaria, F. Ohme, P. Ajith, B. Bruegmann,
N. Dorband, et al., Phys.Rev. D82, 064016 (2010),
arXiv:1005.3306 [gr-qc].

[8] The SXS Collaboration, www.black-holes.org.

31, 195010 (2014),

[9] J. Aasi et al. (VIRGO, LIGO Scientific), (2013),
arXiv:1304.0670 [gr-qc]-
[10] D. Shoemaker et al. (LIGO Scientific Collabora-

tion), LIGO-T0900288, https://dcc.ligo.org/cgi-
bin/DocDB/ShowDocument?docid=2974 (2010).

[11] S. Babak, R. Biswas, P. Brady, D. Brown, K. Cannon,
et al., Phys.Rev. D87, 024033 (2013), arXiv:1208.3491
[gr-qc].

[12] J. Abadie et al. (Virgo Collaboration, LIGO Scientific
Collaboration), (2012), arXiv:1203.2674 [gr-qc].

[13] L. Pekowsky, J. Healy, D. Shoemaker, and P. Laguna,
Phys.Rev. D87, 084008 (2013), arXiv:1210.1891 [gr-qc].

[14] D. A. Brown, P. Kumar, and A. H. Nitz, Phys.Rev. D87,
082004 (2013), arXiv:1211.6184 [gr-qc].

[15] C. Capano, Y. Pan, and A. Buonanno, Phys.Rev. D89,
102003 (2014), arXiv:1311.1286 [gr-qc].

[16] T. Apostolatos, Phys.Rev. D52, 605 (1995).

[17] B. Allen, Phys.Rev. D71, 062001 (2005), arXiv:gr-
qc,/0405045 [gr-qc].

[18] V. Varma, P. Ajith, S. Husa, J. C. Bustillo, M. Hannam,
et al., Phys.Rev. D90, 124004 (2014), arXiv:1409.2349
[gr-qc].

[19] T. B. Littenberg, J. G. Baker, A. Buonanno, and B. J.
Kelly, Phys.Rev. D87, 104003 (2013), arXiv:1210.0893

[gr-qc].

[20] P. B. Graff, A. Buonanno, and B. Sathyaprakash, Phys.
Rev. D92, 022002 (2015), arXiv:1504.04766 [gr-qc].

[21] T. Dal Canton, A. H. Nitz, A. P. Lundgren, A. B. Nielsen,
D. A. Brown, et al., Phys.Rev. D90, 082004 (2014),
arXiv:1405.6731 [gr-qc].

[22] J. Veitch, M. Piirrer, and I. Mandel,
arXiv:1503.05953 [astro-ph.HE].

[23] J. C. Bustillo, A. Bohé, S. Husa, A. M. Sintes, M. Han-
nam, et al., arXiv:1501.00918 (2015), arXiv:1501.00918
[gr-qc].

[24] Goldberg et al., J. Math. Phys. 8:2155-2161 (1967).

[25] P. Jaranowski, A. Krolak, and B. F. Schutz, Phys.Rev.
D58, 063001 (1998), arXiv:gr-qc/9804014 [gr-qc].

(2015),

[26] L. Blanchet, Living Rev.Rel. 17, 2 (2014),
arXiv:1310.1528 [gr-qc].
[27) C. Van Den Broeck and A. S. Sengupta,

Class.Quant.Grav. 24, 155 (2007), arXiv:gr-qc/0607092
[gr-qc].

[28] A. Bohe, S. Marsat, and L. Blanchet, Class.Quant.Grav.
30, 135009 (2013), arXiv:1303.7412 [gr-qc].

[29] B. Mikoczi, M. Vasuth, and L. A. Gergely, Phys.Rev.
D71, 124043 (2005), arXiv:astro-ph/0504538 [astro-ph)].

[30] L. Blanchet, G. Faye, B. R. Iyer, and S. Sinha,
Class.Quant.Grav. 25, 165003 (2008), arXiv:0802.1249
[gr-qc].

[31] G. Faye, S. Marsat, L. Blanchet, and B. R. Iyer,
Class.Quant.Grav. 29, 175004 (2012), arXiv:1204.1043
[gr-qc].

[32] A.Buonanno, G. Faye, and T. Hinderer, Phys.Rev. D87,
044009 (2013), arXiv:1209.6349 [gr-qc].

[33] B. Szilagyi, L. Lindblom, and M. A. Scheel, Phys.Rev.
D80, 124010 (2009), arXiv:0909.3557 [gr-qc].

[34] M. A. Scheel, M. Boyle, T. Chu, L. E. Kidder,
K. D. Matthews, et al., Phys.Rev. D79, 024003 (2009),
arXiv:0810.1767 [gr-qc].

[35] M. Boyle and A. H. Mroue, Phys.Rev. D80, 124045
(2009), arXiv:0905.3177 [gr-qc|.

[36] A. Taracchini, Y. Pan, A. Buonanno, E. Barausse,
M. Boyle, et al., Phys.Rev. D86, 024011 (2012),
arXiv:1202.0790 [gr-qc].



[37] 1. Wolfram Research, Mathematica Edition: Version 9.0,
10.0.

[38] L. Lindblom, B. J. Owen, and D. A. Brown, Phys.Rev.
D78, 124020 (2008), arXiv:0809.3844 [gr-qc].

[39] I. MacDonald, S. Nissanke, H. P. Pfeiffer, and
H. P. Pfeiffer, Class.Quant.Grav. 28, 134002 (2011),

13

arXiv:1102.5128 [gr-qc].

[40] M. van der Sluys, V. Raymond, I. Mandel, C. Rover,
N. Christensen, et al., Class.Quant.Grav. 25, 184011
(2008), arXiv:0805.1689 [gr-qc].

[41] A. Taracchini, A. Buonanno, Y. Pan, T. Hinderer,
M. Boyle, et al, Phys.Rev. D89, 061502 (2014),
arXiv:1311.2544 [gr-qc].



