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In this article, we describe the results concerning the third
coincident signal GW170104 from the coalescence of binary
black holes (BBHs) during the second observation run (02).
The result was obtained from the LIGO Scientific Collabo-
ration and the Virgo Collaboration. Following the first and
second gravitational waves (GWs) detections in the first ob-
servation run (O1) [1], recently LIGO has observed a third
coincident signal GW170104 from the coalescence of BBHs
during the second observation run (O2) [2]. The observation
was made on January 4, 2017 at 10:11:58.6 UTC through the
Hanford and Livingston detectors.

The search procedures for this detection were similar to
the previous events. With improved data quality and detector
sensitivity, the LIGO and Virgo Collaborations found no ev-
idence of instrumental or environmental noise that may have
contributed to the GW170104 signal. Based on the matched
filter method, the event was detected by the waveform-based
PyCBC pipeline [3, 4] with a network signal-to-noise ratio
(SNR) of 13 and a false alarm rate of less than 1 in 70000
years; the event was later independently identified by other
pipelines.

From a coherent Bayesian analysis of the data in both de-
tectors [5, 6], the values of the source parameters were recov-
ered by the collaborations with 90% credible intervals. The
coalescence of BBHs was located at a luminosity distance,
Dy, or about 3 billion light years, which is the farthest dis-
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tance recorded so far. Therefore the successful detection of
such a weak signal at a greater distance has given more con-
fidence. The total mass of the source is ~50M, which is
in the mass gap of the GW151226 source (~21M) and the
GW150914 source(~62M). In theory, the formation of such
BBHs systems is suggested in a sub-solar metallicity envi-
ronment [7]. As a subdominant parameter of the BBHs, their
effective inspiral spin is inferred, which implies that black
holes might spin in any direction [2]. This is the first time
that the LIGO and Virgo Collaborations have obtained exper-
imental evidence to show that the spins of BBHs may be anti-
aligned (not excluding zero spins), but the probability seems
very low. This research is meaningful in distinguishing the
theoretical models for BBHs’ formation.

Combined with previous events, it provides more con-
fidence for the result of the general relativity (GR) test-
ing. From the modified dispersion test [8-16] and waveform
parametrized test [17-25], additional tight constraints on the
deviations from GR were obtained. Until now, no significant
departure from GR has been found.

Searches: As with the searches from the previous detec-
tions, the analysis search for the source of GW 170104, which
is also included online and offline searches in each pipline.
First, in the online searches, GW170104 was identified by
inspection of low-latency triggers in L1 due to the temporary
incorrect condition of the Hanford detector in the low-latency
system [4,26]. The online low-latency search can provide
alerts when a GW signal is propagated to the detectors within
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minutes. After collecting the data from triggers over several
days and weeks, the quantity of data and the detector calibra-
tion were refined.

Based on the matched-filter method, many pipelines have
waveform templates with building-discrete banks to cover
the search parameter space, correlating the data with each
waveform in bank to produce a list of triggers, and exe-
cuting coincidence tests to find candidate events from the
triggers. There are several different pipelines, such as
PyCBC pipeline [3, 4], cWB pipeline [27-29], oLIB pi-
pline [30], BayesWave pipeline [31, 32], GstLAL pipeline
(https://wiki.ligo.org/DASWG/GstLAL) and so on. In this
study, the PyCBC pipeline will be briefly introduced in the
subsection of confidence.

In this search, the parameter space was composed of
the BBH systems with a total mass between 2M, and
(100-500)M and between both the component spins €
[-0.99,0.99] [33]. Determination of the upper boundary of
the total mass relied on the detector’s sensitivity. Currently
the maximum mass boundary in Ol is set as 100M, and then
is increased to 500M,, in O2. With these conditions, the con-
struction of waveform templates can be derived from two ex-
isting algorithms: a geometric-based aligned-spin algorithm
[34,35] and a ““stochastic” algorithm [33,36,37] .

The correlating step is done by multiplying the template
and the data weighted by the power spectrum in the frequency
domain. Conduction an inverse Fourier transform of these
data will yield the time series of the matched filtering as z(7).
On the other hand, for a given waveform template the equiv-
alent filter output of the SNR threshold can be calculated as
7' = p*or/2dyn, where p* is the user-defined threshold on
the SNR, o7 is the variance of the template and dyn is dy-
namic range factor. By comparing the z(f) to z*, the triggers
can be obtained when z(¢) > z*.

In the coincidence test, the triggers were observed within
a given time window of ¢t between each other for the Han-
ford detector, and 67 + 10 ms at the Hanford-Livingston pairs,
which deemed them to be the candidate events. The 10 ms
interval is the travel time for extreme case when the GWs are
emitted from a distant source along the line connecting the
HI and L1. The value of ¢ that describes the uncertainty in
the arrival time of weak signals was tuned by injections and
timeslides that can be fixed by evaluating how wide the win-
dow would be to recover as many added injections as possible
to the data while keeping the rate of accidental coincidences
low. Based in the current quality of the data and the system
sensitivity, a reasonably safe value for this search was found
to be 6t = 5 ms [38].

Confidence: This search used an improved detection
statistic, which was also used to unambiguously identify
GW150914 and GW 151226 [3]. By reducing the false alarm
rate of the search across the entire target signal space (the
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false alarm rate of PyCBC is a function of the re-weighted
SNR used by the search (Figure 1)) [3], the sensitivity of
the BBHs mergers search is improved. In PyCBC analysis, a
population of sources with an isotropic distribution in sky lo-
cation, orientation, and spin angle are simulated and inserted
into the data from O1. GW170104 was detected with a net-
work matched-filter SNR of 13 [2]. Using simulated signals,
additional improvements in the BBHs detection rate of ad-
vanced LIGO’s Ol is considered to have increased by 30%.
Currently the PyCBC analysis is also used in binary merger
searches in the Advanced LIGO’s O2 [4, 38, 39]. Significant
candidates can be determined by comparing their detection
statistic values to an estimate of the background noise. For
GW170104, the false alarm rate was less than 1 per 70000
years [2].

Waveform reconstruction: As a central challenge in Grav-
itational Wave Astronomy, the process of reconstructing
the GW waveform from non-stationary and non-Gaussian
noise has been widely studied [40-42]. At present, a
morphology-independent wavelet analysis, which is termed
Bayes Wave algorithm [31, 43] derived from a concatena-
tion of Bayesian statistics and Morlet-Gabor wavelet frame,
works for GW170104 detection. The Bayes Wave algorithm
models the detected data s that is composed of GW sig-
nals h, instrument noise (i.e., glitches) g and Gaussian noise
n:s = R+h+g+n, where R is a time-delay operator describing
the detector’s response to the GW strain & [31]. The compo-
nent of target GW signal wavelets in frequency domain can
be derived as:

(R = h)i(f) = (F} (0, ¢, W) (f) + F{ (6, ¢, )hx(f))

X e?,’}'tifAt,-(G,q)) , ( 1 )

where
N .

he =" W(f3 A foj, Qs toj 40)); B = €h e, @)
j=0

and ¥Y(f;Aj, foj, Qj.toj» $o;) depends on the gravitational
waveforms in template, where A, fo;, Q;, toj, ¢o; form the

Figure 1 (Color online) Relative position of Hanford and Livingston pairs,
illustration of source frame (x,y, z), radiation frame (x”,y”,z”), detector

VAN

frame (x',y’,2).
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parameter space of the template. The antenna patterns
F1(0,¢,4) and F}(6,$,y) will be discussed in the follow-
ing paragraph. Here the spectrum of the Gaussian compo-
nent n can be modeled by the Bayes Line algorithm [44,45].
The glitches in the Bayes Wave algorithm g are modeled by
a trans-dimensional Reversible Jump Markov Chain Monte
Carlo [46] with a variable number of Morlet-Gabor wavelets.
The number and parameters of the wavelets would be deter-
mined from the data.

The GW170104 signal from the waveform reconstruction
has different amplitudes, and it almost has inverse phase at the
Hanford and Livingston detectors [2]. Similar phenomenon
also appeared in GW150914 [29] and GW 151226 [47]. The
reason for these phenomena is the detectors’ different spatial
orientations. In reality, a GW originates from any direction
in the sky and its orientation may be such that the detectors
can only capture some portion of it. Thus the strain produce
at the detector is given by

h(t) = ho (DF (6, $,¥) + hx(DF (6, $, ), 3

where the antenna patterns F. (6, ¢,y) and Fx(6, ¢, y) are
given by [48]

1
F,= —5(1 + c0s26)cos2¢cos2y — cosfsin2¢sin2y, 4

1
Fy = 5(1 + coszﬁ)cos2¢sin2¢/ — €0sBsin2¢cos2y. (5)

The angles (6, ¢,y) describing the relative orientation of
source and detector are displayed in Figure 1.

Source properties: GW170104 in the frequency band 30-
350 Hz [1] is from the farthest BBHs source observed to date.
Through matched filtering pipelines with a network SNR of
13, GW170104 was detected by the Advanced LIGO during
its second observation run. The parameters of compact BBH
source can be recovered [5, 6] using LAL Inference [5] soft-
ware library for Bayesian parameter estimation of compact
binary signals. Table 1 shows some source parameters of
GW170104 with 90% credible intervals (Adapted from Ta-
ble 1 of ref. [2]).

Mass and spin can inferred from the waveform as the
most important parameters of black holes. Here, we de-
scribe an approximate approach to find the relationship of
the waveform varying with mass and spin. The chirp mass

3/5 ; \3/5 .
M = —(’”}‘Z’f/z ~ % (%7{‘8/3]““/3]‘) , plays an important
role in the inspiral phase; it can be obtained from the inspi-

ral frequency and its derivative, and the total mass M can
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inferred from the peak value of the detected strain. Compar-
ing the reconstructed waveforms of the three detections (Fig-
ure 1) [2,29,47], the GW signal in the ringdown phases can
easily be determined from the final black mass M and spin
a. Considering the most lasting mode (i.e., 1 = m = 2), the
central frequency is given as:

1 & .
fo=5-c (1.5251 - 1.1568(1 - 2)*'*?). (6)

The corresponding peak strain amplitude mainly relies on

the total mass and source luminosity distance Dy,. It can be
expressed as:

b = 2 [ g2 oy gy, ™

_CZXDL

where Q = 0.7 + 4187(1 — &)™ %, F(Q) = 1 + 7/240Q?,
g(@) = 1.5251 — 1.1568(1 — a)*122,

From Figures 2 and 3, it can be observed that, from the
given spin and effective distance, increasing the total mass
causes significant decline in the frequency of the ringdown
signal, wheras the peak value of the strain increases linearly.

The latest observation also provides some useful informa-
tion related to the orientations of the black hole spins which
evolve with the precession of the inspiral orbital [49, 50].
Since the spins of black holes have a close relationship to
its formation, these measurements can potentially be used
to trace the channel of their formation. The effective inspi-
ral spin parameter y.q is defined as yex = (mja; cosfrs, +
myay cos O;s,)/M [51-58], where 65, = cos™'(L - §;) is the
tilt angle between the spin S; and the orbital angular momen-
tum L (0° (spin aligned) < 65, < 180° (spin anti-aligned)).
In Table 1 this is inferred at a point in the inspiral phase
[2,6]. From the recovered source parameters, the effective
inspiral spin parameter of GW170104 was considered to be
—0.12f8:§(1). Although the orientations of this GW source spin
are still undetermined, they can be used to illustrate the pos-
sibility of y.s < O [2], which means that total spin might be
anti-aligned compared with the overall orbital motion, though
it is a slim chance. Such results favor dynamic formation in
dense star clusters, where the black holes can spin in any di-
rection relative to their orbital motion [59]. So far, the detec-
tions have not found evidence to support another main for-
mation channel, which led to the proposal of isolated binary
evolution in galactic fields with aligned spin [60].

Table 1 Source parameters for GW 170104 in source frame: median values with 90% credible intervals (adapted from Table 1 of ref. [2])

Primary black Secondary black Chirp mass Total mass Final mass Effective Final black Luminosity Source redshift
hole mass hole mass inspiral spin hole spin distance
8.4 53 24 5.9 5.7 0.21 0.09 450 0.08
31270 Mo 19.4427 Mo 21,1555 Mo 50712 Mo 48.7, ¢ Mo -0.12*0%) 0.64* 020 8807350 0.18* )5
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Figure 2 (Color online) Frequency of GW in ringdown phase versus mass
for final spin @ = O (blue line), a = 0.4 (red dash-dot), a = 0.99 (green
dashes).
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Figure 3  The peak strain amplitude versus mass for the final spin equal-
ing to the three detected BBHs respectively. Here for the lines the source
luminosity distance is 613.19 Mpc.

Checking the consistency of the observed GW with the
predictions in the GR theory is one of the most important ob-
jectives of LIGO’s detection. Until now, there are three con-
fident detections (GW150914, GW151226 and GW170104).
From these, some deviations from GR can be tested, such as
dispersion in GW [8-10] and waveform consistency [17-19].
For dispersion testing, the energy of GW radiation is modi-
fied by the amplitude of the dispersion A and also by the fac-
tor of modified gravity theory a [11-15]. As a result an extra
phase shift term appears [8] which can be constrained in the
effective-precession waveform [16]. The results show an up-
per bound of |A] is ~ 107'° (GR corresponds to A = 0) [2].
For waveform consistency verification, null testing was per-
formed, where the deviation coefficients of the phase expan-
sion in their nominal GR values were allowed; a posterior
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distribution for the difference between measured and GR val-
ues was obtained [20-25]. Consequently, none of the tests
showed a statistically significant deviation from the GR value

[2].

Combining the GW detection with other astronomical ob-
servatories will open a new era of multi-messenger astron-
omy, which aims to combine observations ranging from sen-
sitive detectors to various messenger particles. Since the first
(GW150914) and second GW (GW151226) detections, few
corresponding joint analysis is in progress, for e.g., High-
energy Neutrino-GW using neutrino observations to help lo-
calize the sources and enable the study of their astrophysi-
cal progenitors [61-63]; EM-GW using GWs and photons to
provide complementary information about the physics of the
source and its environment* !,

Conclusions: Advanced LIGO began its second observa-
tion run (O2) at the end of the November of last year after
more than a month of the occurrence of previous GW event
(i.e., GW170104); GW170104 originated from the farthest
detected BBH source to date. This indicates that the im-
proved data quality and system sensitivity greatly enhanced
the ability of the detection. Additional innovative points of
this detection include the following: using of improved data
and system sensitivity, extending its observatory size in the
universe, finding the probability of anti-aligned spin to filter
the formation models of BBHs, further narrowing the devia-
tion from GR. These parameters will help in the development
of future detections and its corresponding physical meanings.

The third observation run of the Advanced LIGO will be-
gin in late 2018, and it is hoped that more GWs events will be
observed from BBHs as well as from other GW signals (e.g.,
from Neutron star (NS)-NS). These GW signals, together
with their electromagnetic counterpart signals, will lead to
opening of a new research field, termed “multi-messenger”
astronomy [64-66].
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