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M. Zanolin,37 T. Zelenova,30 J.-P. Zendri,54 M. Zevin,89 L. Zhang,1 M. Zhang,140 T. Zhang,46 Y.-H. Zhang,57

C. Zhao,64 M. Zhou,89 Z. Zhou,89 S. J. Zhu,38, 10 X. J. Zhu,6 A. B. Zimmerman,90 M. E. Zucker,1, 15 and J. Zweizig1

LIGO Scientific Collaboration and Virgo Collaboration

1LIGO, California Institute of Technology, Pasadena, CA 91125, USA
2Louisiana State University, Baton Rouge, LA 70803, USA
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39APC, AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris, Sorbonne Paris Cité,
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ABSTRACT

On June 8, 2017 at 02:01:16.49 UTC, a gravitational-wave signal from the merger of two stellar-mass black holes was

observed by the two Advanced LIGO detectors with a network signal-to-noise ratio of 13. This system is the lightest

black hole binary so far observed, with component masses 12+7
−2M� and 7+2

−2M� (90% credible intervals). These lie in

the range of measured black hole masses in low-mass X-ray binaries, thus allowing us to compare black holes detected

through gravitational waves with electromagnetic observations. The source’s luminosity distance is 340+140
−140 Mpc,
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corresponding to redshift 0.07+0.03
−0.03. We verify that the signal waveform is consistent with the predictions of general

relativity.

∗ Deceased, February 2017.
† Deceased, December 2016.
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3 SEARCH FOR BINARY MERGER SIGNALS

1. INTRODUCTION

The first detections of binary black hole mergers

were made by the Advanced Laser Interferometer

Gravitational-Wave Observatory (LIGO) (Aasi et al.

2015; Abbott et al. 2016a) during its first observing

run (O1) in 2015 (Abbott et al. 2016b,c,d). Following

a commissioning break, LIGO undertook a second ob-

serving run (O2) from November 30, 2016 to August

25, 2017, with the Advanced Virgo detector (Acernese

et al. 2015) joining the run on August 1, 2017. Two bi-

nary black hole mergers (Abbott et al. 2017a,b) and one

binary neutron star merger (Abbott et al. 2017c) have

been reported in O2 data. Here we describe GW170608,

a binary black hole merger with likely the lowest mass

of any so far observed by LIGO.

GW170608 was first identified in data from the LIGO

Livingston Observatory (LLO), which was in normal ob-

serving mode. The LIGO Hanford Observatory (LHO)

was operating stably with sensitivity typical for O2, but

its data were not analyzed automatically as the detec-

tor was undergoing a routine angular control procedure

(Section 2 and Appendix A). Matched-filter analysis of

a segment of data around this time revealed a candi-

date with source parameters consistent between both

LIGO detectors; further offline analyses of a longer pe-

riod of data confirmed the presence of a gravitational

wave (GW) signal from the coalescence of a binary

black hole system, with high statistical significance (Sec-

tion 3).

The source’s parameters were estimated via coher-

ent Bayesian analysis (Veitch et al. 2015; Abbott et al.

2016e). A degeneracy between the component masses

m1, m2 prevents precise determination of their individ-

ual values, but the chirp mass M = (m1m2)3/5(m1 +

m2)−1/5 is well measured and is the smallest so far ob-

served for a merging black hole binary system, with the

total mass M = m1 + m2 also likely the lowest so far

observed (Section 4). Individual black hole spins are

poorly constrained, however we find a slight preference

for a small positive net component of spin in the direc-

tion of the binary orbital angular momentum.

In combination with GW151226 (Abbott et al. 2016c),

this system points to a population of black hole binaries

with component masses comparable to those of black

holes found in X-ray binaries (Section 5) and signifi-

cantly below those seen in other LIGO-Virgo black hole

binaries.

We also test the consistency of the observed GW signal

with the predictions of general relativity (GR); we find

no deviations from those predictions.

2. DETECTOR OPERATION

The LIGO detectors measure gravitational-wave

strain using dual-recycled Michelson interferometers

with Fabry-Perot arm cavities (Aasi et al. 2015; Abbott

et al. 2016a). During O2, the horizon distance for sys-

tems with component masses similar to GW170608—the

distance at which a binary merger optimally oriented

with respect to a detector has an expected signal-to-

noise ratio (SNR) of 8 (Allen et al. 2012; Chen et al.

2017)—peaked at ∼1 Gpc for LLO, and at ∼750 Mpc

for LHO.

At the time of GW170608, LLO was observing with a

sensitivity close to its peak. LHO was operating in a sta-

ble configuration with a sensitivity of ∼650 Mpc; a rou-

tine procedure to minimize angular noise coupling to the

strain measurement was being performed (Kasprzack &

Yu 2016). Although such times are in general not in-

cluded in searches, it was determined that LHO strain

data were unaffected by the procedure at frequencies

above 30 Hz, and may thus be used to identify a GW

source and measure its properties. More details on LHO

data are given in Appendix A.

Similar procedures to those used in verifying previous

GW detections (Abbott et al. 2017b) were followed and

indicate that no disturbance registered by LIGO instru-

mental or environmental sensors (Effler et al. 2015) was

strong enough to have caused the GW170608 signal.

Calibration of the LIGO detectors is performed by

inducing test-mass motion using photon pressure from

modulated auxiliary lasers (Karki et al. 2016; Abbott

et al. 2017d; Cahillane et al. in preparation). The max-

imum 1-σ calibration uncertainties for strain data used

in this analysis are 5% in amplitude and 3◦ in phase over

the frequency range 20–1024 Hz.

The Advanced Virgo detector was, at the time of the

event, in observation mode with a horizon distance for

signals comparable to GW170608 of 60−70 Mpc. This

was however during an early commissioning phase with

still limited sensitivity, therefore Virgo data are not in-

cluded in the analyses presented here.

3. SEARCH FOR BINARY MERGER SIGNALS

3.1. Low latency identification of a candidate event

GW170608 was first identified as a loud (SNR ∼9)

event in LLO data, via visual inspection of single-

detector events from a low-latency compact binary

matched filter (‘template’) analysis (Usman et al. 2016;

Nitz et al. 2017b,a). Such events are displayed auto-

matically to diagnose changes in detector operation and

in populations of non-Gaussian transient noise artifacts

(glitches) (Abbott et al. 2016f). Low-latency templated

searches (Cannon et al. 2015; Messick et al. 2017; Adams

et al. 2016; Nitz et al. 2017b) did not detect the event
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4 SOURCE PROPERTIES 3.1 Low latency identification of a candidate event
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Figure 1. Time-frequency power maps of LIGO strain
data at the time of GW170608. The characteristic upwards-
chirping morphology of a binary inspiral driven by GW emis-
sion is visible in both detectors, with a higher signal ampli-
tude in LHO. This figure, and all others in this Letter, were
produced from noise-subtracted data (Section 4).

with high significance because LHO data were not anal-

ysed automatically. The morphology of the LLO event

is consistent with a compact binary merger signal, as

shown in Figure 1 (lower panel), but a noise origin could

not be ruled out using LLO data alone.

Consequently, LHO data were investigated and were

determined to be stable at frequencies above 30 Hz

(see Appendix A). A segment of LHO data around

the event time was then searched with a filter start-

ing frequency of 30 Hz, using templates approximat-

ing the waveforms from compact binary systems with

component spins aligned with the orbital angular mo-

mentum (Bohé et al. 2017; Pürrer 2016). The frac-

tion of SNR expected to be lost due to imposing the

30 Hz cutoff, as compared to the lower starting frequen-

cies typically used in O2 data (Dal Canton & Harry

2017), is ∼1% or less. An event was found having con-

sistent template binary masses and spins, times of ar-

rival and SNRs in LHO and LLO. Based on this 2-

detector coincident event an alert was issued to electro-

magnetic observing partners 13.5 hours after the event

time, with a sky localization (Singer & Price 2016) cov-

ering 860 deg2 (90% credible region). GRB Coordinates

Network Circulars related to this event are archived at

https://gcn.gsfc.nasa.gov/other/G288732.gcn3.

3.2. Offline search

To establish the significance of this coincident event, a

period between June 7, 2017 and June 9, 2017 was iden-

tified for analysis during which both LIGO interferome-

ters were operating in the same configuration as at the

event time. Times at which commissioning activities at

LHO produced severe or broad-band disturbances in the

strain data were excluded from the analysis. Standard

offline data quality vetoes for known environmental or

instrumental artifacts were also applied, resulting over-

all in 1.2 days of coincident LHO–LLO data searched.

Two matched filter pipelines identified GW170608,

with a network SNR of 13. An candidate event is as-

signed a ranking statistic value, in each pipeline, that

represents its relative likelihood of originating from a

GW signal vs. from noise. One pipeline estimates the

noise background using time-shifted data (Usman et al.

2016), finding a rate of occurrence of noise events ranked

higher than GW170608 of less than 1 in 3,000 years.

This limit corresponds to the maximum background

analysis time available from time shifts separated by

0.1 s. The other pipeline uses different methods for

ranking candidate events and for estimating the back-

ground (Cannon et al. 2015; Messick et al. 2017) and

assigns the event a false alarm rate of 1 in 160,000 years.

A search for transient GW signals coherent between

LHO and LLO with frequency increasing over time,

without using waveform templates (Klimenko et al.

2016), also identified GW170608 with a false alarm rate

of 1 in ∼30 years; the lower significance is expected as

this analysis is typically less sensitive to lower-mass com-

pact binary signals than matched filter searches.

4. SOURCE PROPERTIES

4.1. Binary Parameters

The parameters of the GW source are inferred from

a coherent Bayesian analysis (Veitch et al. 2015; Ab-

bott et al. 2016e) using noise-subtracted data from the

two LIGO observatories. Noise subtraction is a data

processing step that removes several instrumental noise

sources from the GW strain measurements (Abbott

et al. (2017b) and references therein), thus increasing the

expected SNR of compact binary signals in LHO data by

typically 25% (Driggers et al. 2017). The likelihood inte-

gration is performed starting at 30 Hz in LHO and 20 Hz

in LLO, includes marginalization over strain calibration

uncertainties (Farr et al. 2015), and uses the noise power

spectral densities (Littenberg & Cornish 2015) at the

time of the event.

Two different gravitational-wave signal models cali-

brated to numerical relativity simulations of general rel-

ativistic binary black hole mergers (Mroue et al. 2013;

9
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4.1 Binary Parameters 4 SOURCE PROPERTIES

Table 1. Source properties for GW170608: given are
median values with 90% credible intervals. Source-frame
masses are quoted; to convert to detector frame, multiply by
(1 + z) (Krolak & Schutz 1987). The redshift assumes a flat
cosmology with Hubble parameter H0 = 67.9 km s−1 Mpc−1

and matter density parameter Ωm = 0.3065 (Ade et al. 2016).

Chirp mass M 7.9+0.2
−0.2 M�

Total mass M 19+5
−1 M�

Primary black hole mass m1 12+7
−2 M�

Secondary black hole mass m2 7+2
−2 M�

Mass ratio m2/m1 0.6+0.3
−0.4

Effective inspiral spin parameter χeff 0.07+0.23
−0.09

Final black hole mass Mf 18.0+4.8
−0.9 M�

Final black hole spin af 0.69+0.04
−0.05

Radiated energy Erad 0.85+0.07
−0.17 M�c

2

Peak luminosity `peak 3.4+0.5
−1.6 × 1056 erg s−1

Luminosity distance DL 340+140
−140 Mpc

Source redshift z 0.07+0.03
−0.03

Chu et al. 2016; Husa et al. 2016), building on the break-

through reported in (Pretorius 2005; Campanelli et al.

2006; Baker et al. 2006), are used. One waveform family

models the inspiral-merger-ringdown signal of precessing

binary black holes (Hannam et al. 2014), which includes

spin-induced orbital precession through a transforma-

tion of the aligned-spin waveform model of (Husa et al.

2016; Khan et al. 2016); we refer to this model as the

effective precession model. The other waveform model

describes binaries with spin angular momenta aligned

with the orbital angular momentum (Bohé et al. 2017;

Pürrer 2016), henceforth referred to as non-precessing.

For their common parameters, both waveform models

yield consistent parameter ranges. A selection of in-

ferred source parameters for GW170608 is given in Ta-

ble 1; unless otherwise noted, we report median values

and symmetric 90% credible intervals. The quoted pa-

rameter uncertainties include statistical and systematic

errors from averaging posterior probability samples over

the two waveform models. As in Abbott et al. (2017a),

our estimates of the mass and spin of the final black hole,

the total energy radiated in GWs as well as the peak lu-

minosity are computed from fits to numerical relativity

simulations (Hofmann et al. 2016; Keitel et al. 2017;

Healy & Lousto 2017; Jiménez-Forteza et al. 2017).

The posterior probability distributions for the source-

frame mass parameters of GW170608 are shown in Fig-

ure 2, together with those for GW151226 (Abbott et al.

2016c). The initial binary of GW170608 consisted of two
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Figure 2. Posterior probability densities for binary com-
ponent masses (m1, m2), total mass (M), and chirp mass
(M) in the source frame. One-dimensional component mass
distributions include posteriors for the effective precession
(blue) and the non-precessing (red) waveform model, as well
as their average (black). The dashed lines demarcate the
90% credible intervals for the average posterior. The two-
dimensional plot shows contours of the 50% and 90% credible
regions overlaid on a color-coded posterior density function.
For comparison, we show both one- and two-dimensional
distributions of averaged component mass posterior sam-
ples for GW151226 (orange) (Abbott et al. 2016c). In the
top panel, we further compare GW170608 and GW151226’s
source-frame total mass (left) and source-frame chirp mass
(right). All other known binary black holes lie at higher chirp
masses than GW170608 and GW151226.

compact objects with source-frame component masses

m1 = 12+7
−2M� and m2 = 7+2

−2M�, with the mass ratio

loosely constrained to m2/m1 = 0.6+0.3
−0.4. Since neutron

stars are expected to have masses below ∼4M� (Lat-

timer & Prakash 2016), both objects are most likely

black holes. Notably, we find this binary black hole

system to be the least massive yet observed through

gravitational waves. The next lightest, GW151226 (Ab-

bott et al. 2016c), has a chirp mass M = 8.9+0.3
−0.3 and

a total mass M = 21.8+5.9
−1.7, compared with values of

M = 7.9+0.2
−0.2M� and M = 19+5

−1M� for GW170608.
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4 SOURCE PROPERTIES 4.1 Binary Parameters

The probability that GW170608’s total mass is smaller

than GW151226’s is 0.89.

While the chirp mass is tightly constrained, spins have

a more subtle effect on the GW signal. The effective in-

spiral spin χeff , a mass-weighted combination of the spin

components (anti-)aligned with the orbital angular mo-

mentum (Racine 2008; Ajith et al. 2011), predominantly

affects the inspiral rate of the binary but also influences

the merger. We infer that χeff = 0.07+0.23
−0.09 disfavoring

large, anti-aligned spins on both black holes.

An independent parameter estimation method com-

paring LIGO strain data to hybridized numerical rel-

ativity simulations of binary black hole systems with

non-precessing spins (Abbott et al. 2016g) yields esti-

mates of component masses and χeff consistent with our

model-waveform analysis.

Spin components orthogonal to the orbital angular

momentum are the source of precession (Apostolatos

et al. 1994; Kidder 1995), and may be parameterized

by a single effective precession spin χp (Schmidt et al.

2015). For precessing binaries, component spin orien-

tations evolve over time; we report results evolved to

a reference GW frequency of 20 Hz. The spin prior as-

sumed in this analysis is uniform in dimensionless spin

magnitudes χi ≡ c|S|i/(Gm2
i ) with i = 1, 2 between 0

and 0.89, and isotropic in their orientation; this prior

on component spins maps to priors for the effective pa-

rameters χeff and χp. The top panel of Figure 3 shows

the prior and posterior probability distributions of χeff

and χp obtained for the effective-precession waveform

model. While we gain some information about χeff , the

χp posterior is dominated by its prior, as for previous

GW events (Abbott et al. 2016b,c, 2017a), indicating

that we cannot draw any strong conclusion on the size

of spin components in the orbital plane (Vitale et al.

2017). The inferred component spin magnitudes and

orientations are shown in the bottom panel of Figure 3.

We find the dimensionless spin magnitude of the primary

black hole, χ1, to be less than 0.75 (90% credible limit);

this limit is robust to extending the prior range of spin

magnitudes and to using different waveform models.

The measurability of precession depends on the intrin-

sic source properties as well as the angle of the binary

orbital angular momentum to the line of sight (i.e. incli-

nation). The inclination of GW170608’s orbit is likely

close to either 0◦ or 180◦, due to a selection effect: the

distance inside which a given binary merger would be

detectable at a fixed SNR threshold is largest for these

inclination values (Schutz 2011). For such values, the

waveform carries little information on precession.

The distance of GW170608 is extracted from the

observed signal amplitude given the binary’s inclina-
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Figure 3. Top panel : Marginalized one-dimensional pos-
terior density functions for the spin parameters χp and χeff

(blue) in comparison to their prior distributions (pink) as ob-
tained from the effective-precession model. The dashed lines
indicate the 90% credible interval. The two-dimensional plot
shows the 50% and 90% credible regions plotted over the pos-
terior density function. Bottom panel : Posterior probabili-
ties for the dimensionless component spins χi with i = 1, 2
relative to the Newtonian orbital angular momentum L̂, i.e.
the normal of the orbital plane. The tilt angles are 0◦

for spins parallel to L̂, and 180◦ for spins anti-parallel to
L̂. The posterior density functions are marginalized over
the azimuthal angles. Each pixel has a prior probability of
∼ 1.8 × 10−3; they are spaced linearly in spin magnitudes
and the cosine of the tilt angles.

tion (Abbott et al. 2016e). With the network of two

nearly co-aligned LIGO detectors, the uncertainty on

inclination translates into a large distance uncertainty:

we infer a luminosity distance of DL = 340+140
−140 Mpc,

corresponding to a redshift of z = 0.07+0.03
−0.03 assuming a

flat ΛCDM cosmology (Ade et al. 2016).
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6 OUTLOOK

GW170608 is localized to a sky area of ∼520 deg2 in

the Northern hemisphere (90% credible region), deter-

mined largely by the signal’s measured arrival time at

LLO ∼7 ms later than at LHO. This reduction in area

relative to the low-latency map is partly attributable

to the use of noise-subtracted data with offline calibra-

tion (Abbott et al. 2017b).

4.2. Consistency with General Relativity

To test whether GW170608 is consistent with the pre-

dictions of GR, we consider possible deviations of coef-

ficients describing the binary inspiral part of the signal

waveform from the values expected in GR, as was done

for previous detections (Abbott et al. 2016h,d, 2017a).

Tests involving parameters describing the merger and

ringdown do not yield informative results, since the

merger happens at relatively high frequency where the

LIGO detectors are less sensitive. As in Abbott et al.

(2017b), we also allow a sub-leading phase contribution

at effective −1PN order, i.e. with a frequency depen-

dence of f−7/3, which is absent in GR. The GR pre-

dicted value is contained within the 90% credible inter-

val of the posterior distribution for all parameters tested.

Assuming that gravitons are dispersed in vacuum like

massive particles, we also obtained an upper bound on

the mass of the graviton comparable to the constraints

previously obtained (Abbott et al. 2016b,h, 2017a). Pos-

sible violations of local Lorentz invariance, manifested

via modifications to the GW dispersion relation, were

investigated (Abbott et al. 2017a), again finding upper

bounds comparable to previous results.

5. ASTROPHYSICAL IMPLICATIONS

The low mass of GW170608’s source binary, in com-

parison to other binary black hole systems observed by

LIGO and Virgo, has potential implications for the bi-

nary’s progenitor environment. High-metallicity pro-

genitors are expected to experience substantial mass loss

through strong stellar winds (Spera et al. 2015), imply-

ing that high-mass black hole binaries are not formed

in such environments. GW170608’s low mass suggests

formation in a higher metallicity environment; however,

formation at lower metallicity with comparatively lower

mass progenitors is not excluded. Further discussion of

the relationship between black hole masses and metal-

licity can be found in Abbott et al. (2016i).

At this lower boundary of the observed distribution

of binary black hole masses, we can compare compo-

nent black holes with those found in X-ray binaries. X-

ray binary systems contain either a black hole or neu-

tron star which accretes matter from a companion donor

star. Low-mass X-ray binaries (LMXBs) are X-ray bi-

naries with a low-mass donor star which transfer mass

through Roche lobe overflow (Charles & Coe 2003). The

inferred component masses of GW170608 are consistent

with dynamically-measured masses of black holes found

in LMXBs, typically less than 10M� (Özel et al. 2010;

Farr et al. 2011; Corral-Santana et al. 2016).

Black holes in LMXBs are believed to form with

near-zero spin and acquire spin as a byproduct of mass

accretion (Fragos & McClintock 2015). For GW170608,

we infer an effective spin probability distribution that is

concentrated around zero with the 90% credible interval

extending to small positive spin. Thus we can exclude

highly negative anti-parallel spin components, while

remaining broadly consistent with expected LMXB

spins (Miller & Miller 2015; Fragos & McClintock 2015).

Binary black holes may form through many different

channels, including, but not limited to, dynamical in-

teraction (Rodriguez et al. 2016; O’Leary et al. 2016;

Mapelli 2016) and isolated binary evolution (Belczyn-

ski et al. 2016; Eldridge & Stanway 2016; Lipunov et al.

2017; Stevenson et al. 2017b). While the inferred masses

and tilt measurements of GW170608 are not sufficiently

constrained to favor a formation channel, future mea-

surements of binary black hole systems may hint at the

formation histories of such systems (see Abbott et al.

(2017a) and references therein). It may be possible to

determine the relative proportion of binaries originating

in each canonical formation channel following O(100) bi-

nary black hole detections (Vitale et al. 2017; Stevenson

et al. 2017a; Zevin et al. 2017; Talbot & Thrane 2017;

Farr et al. 2017a,b).

The detection of GW170608 is consistent with the

merger populations considered in Abbott et al. (2016j,d)

for which a rate of 12–213 Gpc−3 yr
−1

was estimated in

Abbott et al. (2017a).

6. OUTLOOK

LIGO’s detection of GW170608 extends the range of

known stellar-mass binary black hole systems at the low-

mass boundary, and hints at connections with other

known astrophysical systems containing black holes.

The O2 run ended on August 25th, 2017; a full cata-

log of binary merger gravitational-wave events for this

run is in preparation, including candidate signals with

lower significance and systems other than stellar-mass

black hole binaries (Abbott et al. 2017c). Estimates of

the merger rate and mass distribution for the emerging

compact binary population will also be updated.

With expected increases in detector sensitivity in the

third advanced detector network observing run, pro-

jected for late 2018 (Abbott et al. 2016k), detection of

black hole binaries will be a routine occurrence; studying
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this population will eventually answer many questions

about these systems’ origins and evolution.
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isme and the Conselleria d’Educació i Universitat del
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Jiménez-Forteza, X., Keitel, D., Husa, S., et al. 2017, Phys.

Rev. D, 95, 064024

Karki, S., et al. 2016, Rev. Sci. Instrum., 87, 114503

Kasprzack, M., & Yu, H. 2016, Beam Position from Angle

to Length minimization, Tech. Rep. LIGO-T1600397.

https://dcc.ligo.org/LIGO-T1600397/public

Keitel, D., et al. 2017, Phys. Rev. D, 96, 024006

Khan, S., Husa, S., Hannam, M., et al. 2016, Phys. Rev. D,

93, 044007

Kidder, L. E. 1995, Phys. Rev., D52, 821

Klimenko, S., et al. 2016, Phys. Rev. D, 93, 042004

Krolak, A., & Schutz, B. F. 1987, Gen. Relativ. Gravit., 19,

1163

Lattimer, J. M., & Prakash, M. 2016, Phys. Rept., 621, 127

Lipunov, V. M., Kornilov, V., Gorbovskoy, E., et al. 2017,

New Astron., 51, 122

Littenberg, T. B., & Cornish, N. J. 2015, Phys. Rev. D, 91,

084034

Mapelli, M. 2016, Mon. Not. R. Astron. Soc., 459, 3432

Messick, C., et al. 2017, Phys. Rev. D, 95, 042001

Miller, M. C., & Miller, J. M. 2015, Phys. Rept., 548, 1

Mroue, A. H., et al. 2013, Phys. Rev. Lett., 111, 241104

Nitz, A., et al. 2017a, PyCBC software, v1.7.11, Zenodo,

doi:10.5281/zenodo.883086.

https://ligo-cbc.github.io/

Nitz, A. H., Dent, T., Dal Canton, T., Fairhurst, S., &

Brown, D. 2017b, arXiv:1705.01513

O’Leary, R. M., Meiron, Y., & Kocsis, B. 2016, Astrophys.

J. Lett., 824, L12
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A ANGULAR COUPLING MINIMIZATION

APPENDIX

A. ANGULAR COUPLING MINIMIZATION

GW170608 was observed during a routine instrumental procedure at LHO that minimises the coupling of angular

control of the test masses to noise in the GW strain measurement. To maintain resonant power in the arms, the

pitch and yaw angular degrees of freedom of the four suspended cavity test masses at each detector (Abbott et al.

2016a) must be controlled. This is achieved by actuating on the second stage of the LIGO quadruple suspensions. A

feed-forward control is employed in order to leave the beam position of the main laser on the test mass unchanged

while this actuation is applied. However, if this position differs from the actuation point, the angular control can

affect the differential arm length, thus introducing additional noise in the strain measurement (Kasprzack & Yu 2016).

As the beam position can drift over periods of hours or days, the angular feed-forward control must be periodically

adjusted in order to minimize the coupling to strain.

During this procedure, high amplitude pitch and yaw excitations are applied to the test masses via actuation of the

suspensions. Each of the 8 angular degrees of freedom is excited at a distinct frequency; the resulting length signals are

observed via demodulation at each excitation frequency, revealing how strongly the corresponding degree of freedom

couples to differential arm length. The feed-forward gain settings are stepped at intervals of approximately 45 s and the

global minimum of angular control coupling to strain is determined from the resulting measurements. The frequencies

of angular excitations are equally spaced between ∼19 Hz and ∼23 Hz, generating excess power in the differential arm

motion, and thus in the measured strain around these frequencies. This procedure covers from ∼2 minutes before to

∼14 minutes after GW170608, shown in Figure 4 (left). During the period from −2 to 2 minutes substantial excess

noise is visible at frequencies around 20 Hz. To characterize this noise we show amplitude spectral densities derived

from 240 s of data both before the onset of the angular excitations and during the excitations around the event time

in Figure 4 (right). No effect on the spectrum is visible above 30 Hz.

During the procedure, angular control gain settings are stepped abruptly; inspection of all such transition times

shows no evidence for transient excess noise in the strain data outside the 19–23 Hz excitation band. The closest

transition to the event time was 10 s before the binary merger, thus any transient noise associated with this transition
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Figure 4. Left: Spectrogram of strain data from LHO around the time of GW170608. This plot shows variations in the
noise spectrum of the detector over periods on the scale of minutes; unlike Figure 1, it is not designed to show short-duration
transient events. The strain amplitude is normalized to the interval between −6 and −2 minutes relative to the event time. See
Appendix A for discussion of the feature around 20 Hz due to an angular control procedure. Right: Amplitude spectral density
of strain data at both LIGO observatories for 240 s around the event time, (−2, 2) minutes on left panel, and for data before
the start of the angular coupling minimization at LHO, (−6,−2) minutes. Excess noise is clearly visible around 20 Hz but data
above 30 Hz are unaffected.
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could not have affected the matched-filter output at the event time (template waveforms for GW170608-like signals

have a duration between 2 and 3 s.) Furthermore, events from a single-detector matched-filter search covering other

periods at LHO when this procedure was performed shows no anomalous features compared to other times. Thus, we

find no evidence that the angular coupling minimization affected the recorded strain data at LHO around the event

time at frequencies above 30 Hz.
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