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The Advanced LIGO detectorsLIGO-P150914-v13
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the detector
plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening the
other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector records
these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for most
other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset a: Location and orientation
of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset b: The instrument noise for each detector near the time
of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain amplitude.
The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at lower
frequencies [48]. Narrowband features include calibration lines (33 – 38 Hz, 330 Hz, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

Thermal noise is minimized by using low-mechanical-loss
materials in the test masses and their suspensions: the test
masses are 40-kg fused silica substrates with low-loss di-
electric optical coatings [59, 60], and are suspended with
fused silica fibers from the stage above [61].

To minimize additional noise sources, all components
other than the laser source are mounted on vibration iso-
lation stages in ultra-high vacuum. To reduce optical phase
fluctuations caused by Rayleigh scattering, the pressure in
the 1.2-m diameter tubes containing the arm-cavity beams
is maintained below 1µPa.

Servo controls are used to hold the arm cavities on res-
onance [62] and maintain proper alignment of the opti-
cal components [63]. The detector output is calibrated in
strain by measuring its response to test mass motion in-
duced by photon pressure from a modulated calibration
laser beam [64]. The calibration is established to an uncer-
tainty (1�) of less than 10% in amplitude and 10 degrees
in phase, and is continuously monitored with calibration

laser excitations at selected frequencies. Two alternative
methods are used to validate the absolute calibration, one
referenced to the main laser wavelength and the other to a
radio-frequency oscillator [65]. Additionally, the detector
response to gravitational waves is tested by injecting simu-
lated waveforms with the calibration laser.

To monitor environmental disturbances and their influ-
ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, AC-power line monitors, and a cosmic-ray detec-
tor [66]. Another ⇠ 105 channels record the interferome-
ter’s operating point and the state of the control systems.
Data collection is synchronized to Global Positioning Sys-
tem (GPS) time to better than 10µs [67]. Timing accuracy
is verified with an atomic clock and a secondary GPS re-
ceiver at each observatory site.
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iLIGO → eLIGO → aLIGO 

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

S5 data run e-LIGO installation
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S6 data analysis & preparations 
for Advanced LIGO commissioning and open data

Advanced LIGO Project

Commissioning & initial data 
With Advanced LIGO Adv LIGO
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begins

now

Improve amplitude sensitivity by a factor of 10x, and…
⇒ Number of sources goes up 1000x! 5



GWs from coalescing compact 
binaries (NS/NS, BH/BH, NS/BH)

Tidal disruption of neutron star

Gravitational waveform:             inspiral              merger  BH-ringdown

A unique and powerful laboratory to study  
strong-field, highly dynamical gravity  
and the structure of nuclear matter  
in the most extreme conditions

6Waveform carries lots of information about binary masses, orbit, merger 



Template-based searches
6

tion period (referred to as LVT151012) was reported on Oc-
tober 12, 2015 at 09:54:43 UTC with a combined matched-
filter SNR of 9.6. The search reported a false alarm rate of 1
per 2.3 years and a corresponding false alarm probability of
0.02 for this candidate event. Detector characterization stud-
ies have not identified an instrumental or environmental arti-
fact as causing this candidate event [14]. However, its false
alarm probability is not sufficiently low to confidently claim
this candidate event as a signal. Detailed waveform analysis of
this candidate event indicates that it is also a binary black hole
merger with source frame masses 23+18

�5 M� and 13+4
�5 M�, if

it is of astrophysical origin.
This paper is organized as follows: Sec. II gives an

overview of the compact binary coalescence search and the
methods used. Sec. III and Sec. IV describe the construction
and tuning of the two independently implemented analyses
used in the search. Sec. V presents the results of the search,
and follow-up of the two most significant candidate events,
GW150914 and LVT151012.

II. SEARCH DESCRIPTION

The binary coalescence search [19–26] reported here tar-
gets gravitational waves from binary neutron stars, binary
black holes, and neutron star–black hole binaries, using
matched filtering [27] with waveforms predicted by general
relativity. Both the PyCBC and GstLAL analyses correlate
the detector data with template waveforms that model the ex-
pected signal. The analyses identify candidate events that are
detected at both observatories consistent with the 10 ms inter-
site propagation time. Events are assigned a detection-statistic
value that ranks their likelihood of being a gravitational-wave
signal. This detection statistic is compared to the estimated
detector noise background to determine the probability that a
candidate event is due to detector noise.

We report on a search using coincident observations be-
tween the two Advanced LIGO detectors [28] in Hanford, WA
(H1) and in Livingston, LA (L1) from September 12 to Octo-
ber 20, 2015. During these 38.6 days, the detectors were in
coincident operation for a total of 18.4 days. Unstable instru-
mental operation and hardware failures affected 20.7 hours
of these coincident observations. These data are discarded
and the remaining 17.5 days are used as input to the analy-
ses [14]. The analyses reduce this time further by imposing
a minimum length over which the detectors must be operat-
ing stably; this is different between the two analysis, as de-
scribed in Sec. III and Sec. IV. After applying this cut, the
PyCBC analysis searched 16 days of coincident data and the
GstLAL analysis searched 17 days of coincident data. To pre-
vent bias in the results, the configuration and tuning of the
analyses were determined using data taken prior to September
12, 2015.

A gravitational-wave signal incident on an interferometer
alters its arm lengths by dLx and dLy, such that their mea-
sured difference is DL(t) = dLx � dLy = h(t)L, where h(t) is
the gravitational-wave metric perturbation projected onto the
detector, and L is the unperturbed arm length [29]. The strain
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FIG. 1. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m1 > m2. The lines bound mass regions with
different limits on the dimensionless aligned-spin parameters c1 and
c2. Each point indicates the position of a template in the bank. The
circle highlights the template that best matches GW150914. This
does not coincide with the best-fit parameters due to the discrete na-
ture of the template bank.

is calibrated by measuring the detector’s response to test mass
motion induced by photon pressure from a modulated calibra-
tion laser beam [30]. Changes in the detector’s thermal and
alignment state cause small, time-dependent systematic errors
in the calibration [30]. The calibration used for this search
does not include these time-dependent factors. Appendix A
demonstrates that neglecting the time-dependent calibration
factors does not affect the result of this search.

The gravitational waveform h(t) depends on the chirp
mass of the binary, M = (m1m2)3/5/(m1 + m2)1/5 [31, 32],
the symmetric mass ratio h = (m1m2)/(m1 + m2)2 [33],
and the angular momentum of the compact objects c1,2 =
cS1,2/Gm2

1,2 [34, 35] (the compact object’s dimensionless
spin), where S1,2 is the angular momentum of the compact
objects. The effect of spin on the waveform depends also on
the ratio between the component objects’ masses. Parameters
which affect the overall amplitude and phase of the signal as
observed in the detector are maximized over in the matched-
filter search, but can be recovered through full parameter esti-
mation analysis [18]. The search parameter space is therefore
defined by the limits placed on the compact objects’ masses
and spins. The minimum component masses of the search are
determined by the lowest expected neutron star mass, which
we assume to be 1M� [36]. There is no known maximum
black hole mass [37], however we limit this search to bina-
ries with a total mass less than M = m1 + m2  100M�. The
LIGO detectors are sensitive to higher mass binaries, how-
ever; the results of searches for binaries that lie outside this
search space will be reported in future publications.

For binary component objects with masses less than 2M�,
we limit the magnitude of the component object’s spin to 0.05,
the spin of the fastest known pulsar in a double neutron star
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A Search for Gravitational Waves from Compact Binary Coalescences in 33 Days of1

Advanced LIGO Data Associated with GW1509142

The LIGO Collaboration and The Virgo Collaboration3

(Dated: 15 January 2016)4

Advanced LIGO made the first observation (GW150914) of gravitational waves from the coales-
cence of two black holes on September 14, 2015. In this paper, we describe two modeled search
pipelines for observing gravitational wave signals emitted from compact binary coalescence. These
pipelines were used to analyze the first 33 days of Advanced LIGO’s first observational run (O1),
during which this event occurred. We present results from these analyses as pertains to our inter-
pretation of GW150914 as a gravitational wave signal, and describe additional tests conducted to
validate these results. Additionally, we discuss the second most significant event found by these
search pipelines during this time; this event is also consistent with a binary black hole merger, but
is not significant enough to confidently rule out that it is due to instrumental noise. The full results
of the analysis of these data, as well as analysis of the remaining O1 observations, will be presented
in a future publication.

I. INTRODUCTION5

On September 14, 2015, the Advanced LIGO (aLIGO)6

gravitational wave detectors [1] in Hanford, Washing-7

ton and Livingston, Louisiana observed a loud gravita-8

tional wave signal [2]. The event, designated GW150914,9

was initially identified by a low-latency transient gravita-10

tional wave search [3], which makes minimal assumptions11

about the signal morphology. The later interpretation12

of GW150914 as a binary black hole (BBH) merger was13

achieved with two modelled detection pipelines, which we14

report on here.15

Our analyses were performed on data collected be-16

tween 00:00 UTC on September 12, 2015 and 13:30 UTC17

on October 20, 2015. These data constitute the most18

sensitive data taken by gravitational wave observatories19

to date. The expected signal rate in this short 33 days of20

data exceeds that surveyed in 158 days of the final initial21

LIGO observations by an order of magnitude. The first22

aLIGO observing run continued until January 12, 2016.23

Results from the full observing run will be reported in a24

subsequent publication.25

We searched these data for gravitational wave (GW)26

signals from compact binary coalescence using two de-27

tection pipelines : pycbc [4–6] and gstlal [7, 8]. The28

pycbc pipeline is fundamentally the same as that used29

to search for gravitational waves from compact binaries30

in Initial LIGO’s Sixth Science Run and Virgo’s Science31

Runs 2 and 3 [9, 10], with the improvements described32

in Ref. [6]. The gstlal pipeline complements the pycbc33

pipeline with a collection of novel algorithms that pro-34

vide for a tunable search latency [7]. We describe these35

pipelines in Sec. IV.36

Both pipelines filtered the data using a common bank37

of template waveforms. The template bank covers com-38

pact object binaries with component masses m1, m2 �39

1 M� and total mass M = m1 + m2  100 M�, as40

shown in Fig. 1, which includes binary neutron star41

(BNS), neutron star–black hole binary (NSBH), and stel-42

lar mass binary black hole (BBH) sources. The tem-43

FIG. 1. Sensitive distance as a function of the component
masses for a fiducial single detector SNR of 8. Sources are
assumed to be non-spinning; for sources with both spins set
to 0.99 (�0.99) distances are increased (reduced) by a factor
of 3 or less. The masses of the template producing the loudest
response to GW150914 are indicated with a star. Masses and
distances are given in the observer frame.

plate waveforms also include the e↵ects of component44

spin angular momentum S aligned with the direction of45

orbital angular momentum. For components with mass46

mi � 2 M�, we allow dimensionless spins �i ⌘ cSi/Gm2
i47

up to |�i|  0.99; for lower mass components, we restrict48

the spins to |�i|  0.05. We describe the construction49

and verification of the filter bank in Sec. II. In Fig. 1, we50

illustrate the expected astrophysical reach of the search51

as a function of mass, using the average noise curve of52

the two instruments during the observation time.53

Both analysis pipelines observed the same two loud-54

est events, which are discussed in Sec. V and summa-55

rized in Tbl. I. The loudest event in each pipeline is56

GW150914, which is significantly louder than all mea-57

sured background events. The probability of GW15091558

being due to noise is less than 2 ⇥ 10�7, as measured59

Masses and (aligned) spins 
Templates spaced for < 3%  
loss of SNR: 250K templates.

BNS

BBH

NSBH

GW150914

Sensitive distance in Mpc

> 900 Mpc

https://dcc.ligo.org/LIGO-P1500269/public/main 7



GW150914

Whitened and band-passed [40-300] Hz

Reconstructed
(no whitening)

Audio:
•  filtered data
•  freq-shifted data
•  reconstructed & shifted

https://dcc.ligo.org/LIGO-P150914/public/main
Phys. Rev. Lett. 116, 061102 – Published 11 February 2016
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GW150914 in the  
frequency domain

inspiral
merger

ringdown

Made with data from the  
LIGO Open Science Center, losc.ligo.org 9



Observed BBH merger rate

GW150914

LVT151012

From GW150914 – like events (high mass BBH), 
Rate ~ [2-53] /Gpc3 /yr  (comoving frame).

From both events, the observed BBH merger
Rate ~ [2-400] /Gpc3 /yr 

SNR ρ

iLIGO+eLIGO BBH rate upper limit: ~< 420 Gpc-3 yr-1

Same ballpark as population synthesis models, CCSN rate, etc

Aasi, J. et al. 2013, Phys. Rev. D, 87, 022002, arXiv:1209.6533 

https://dcc.ligo.org/LIGO-P1500217/public/main
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Expected (and measured!) 
compact binary merger rates

sGRB rate

T. Callister et al, in prep (2016); D.M. Coward et al, MNRAS 425, 1365 (2012), arXiv:1202.2179 ;  
B. Abbott et al, Living Rev. Relativity, 19, 1 (2016) arXiv:1304.0670. 11



Expected ranges of  
binary neutron star merger rates 

and detections
§  “It’s tough to make predictions, especially about the future” (Yogi Berra)
§  Estimated BNS rate: [101 – 104] Gpc-3yr-1 

LIGO and Virgo Collaborations, 
“Prospects for Observing and Localizing 
Gravitational-Wave Transients with Advanced 
LIGO and Advanced Virgo”  
Living Rev. Relativity, 19, 1 (2016)

12



Binary neutron star mergers 
are a unique laboratory  

for nuclear (astro)-physics

Daniel Price and Stephan Rosswog 
13



Short-hard and Long-soft GRBs

14



BNS and NSBH mergers

15



Binary neutron star merger

http://www.nasa.gov/mission_pages/swift/bursts/short_burst_nsu_multimedia.html 

Dana Berry/NASA
16



Electromagnetic radiation  
from sGRB progenitors

Short 
GRB

“kilonova”
Prompt optical emission  
from seconds to days

Ejecta-ISM shock 
radio emission  
from days to years

Metzger & Berger 2011

17



Low-latency identification of  
transients for rapid (< ~100s) followup

18

EM counterparts to GW sources (if any) are short-lived and faint



sky localization with the  
GW detector network

19



Kasliwal (2016) 20	



Kasliwal (2016) 21	



Kasliwal (2016) 22	



Kasliwal (2016) 23	



Neutron stars

§  Remnants of core collapse 
supernovae

§  A unique laboratory for 
fundamental physics

§  Strong, Weak, EM, gravity –  
all under the most extreme 
conditions

§  Structure can be revealed 
through binary mergers

24

http://www.astro.umd.edu/~miller/nstar.html



All four fundamental forces  
under the most extreme conditions 

§  Gravity: Compact stars have gravitational 
fields GM/c2R ~ O(1), strong tidal effects, 
strong curvature, highly relativistic

§  Strong interaction at > 2x nuclear density 
in core
»  Hard repulsive core of nucleon-

nucleon interaction plays crucial role
»  Potential transition to hyperonic 

matter, strange quark matter, QGP
»  Complex ionic crystal lattice structure 

in crust: “nuclear pasta”
§  Weak interaction under extreme conditions 

with neutrino trapping -> beta equilibrium
§  EM: Superfluid core supporting extreme 

magnetic fields (perhaps > 1015 Gauss at 
surface), flux tube pinning in core

25
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Phase diagram of ground state

 Weber, Fridolin et al. Acta Phys.Polon.Supp. 3 (2010) 701-710 arXiv:0911.5164

Neutron stars

BNS mergers

27



J. Read, CGWAS 2015 28



“polytrope”
Γ = 5/3 corresponds to a non-relativistic gas.  
A relativistic gas has Γ = 4/3, which is unstable to collapse.
Note that (unlike ideal gas law P = nkT)  
the result is independent of temperature.  
In general, pvn = const is polytropic, with Γ = 1+1/n; here,  
n = polytropic  index (NOT n = ρ/mN)

29



30C. Ott, 2012
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J. Read, CGWAS 2015 35
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Tolman-Oppenheimer-Volkov (TOV) eqns

C. Ott, 2012



Building neutron star mass-radius 
relation with TOV and NEOS 

J. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012) 37



EOS and Neutron star structure

Knowing masses and radii would really help! 38J. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012)  
arXiv:1305.3510v1



Neutron star masses

Feryal Ozel, Paulo Freire, http://arxiv.org/abs/1603.02698v1
39



Mass and radius constraints

2 M¤

Strange quark models appear to be ruled out… 40



Astrophysical constraints on 
masses and radii of NSs

AW Steiner, JM Lattimer, EF Brown. Astrophys. J. 722:33 (2010)
J. Lattimer, Annu. Rev. Nucl. Part. Sci. 62, 485 (2012), arXiv:1305.3510v1 41



Binary neutron star mergers

Daniel Price and Stephan Rosswog 

42



Matter distribution during  
the disruption of the neutron star

 F. Foucart et al, Phys. Rev. D 90, 024026 (2014) arXiv:1405.1121

About half of the 
remnant material is 
unbound,
while a relatively low 
mass hot disk 
forms.

43



The origin of the elements –  
astrophysical nucleosynthesis

§  Lightest elements (H, He, Li) forged in Big Bang
§  Heavier elements (C, O, N, … Fe) forged in the 

core of massive stars, distributed to ISM by core-
collapse supernovae (star-death)

§  Elements beyond Fe (like Cu, Au, Pb, Pt, U…)  
are forged during the SN (“r-process”)

§  but many/most of them might come from binary 
neutron star mergers (second-death)

By Cmglee - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=31761437
44



Nucleosynthesis in  
binary neutron star collisions

C. Ott;   http://www.lippuner.ca/files/nucleosynthesis_000_med.mp4
45



Nuclear abundances from detailed 
simulations on BNS mergers

46



GWs from BNS mergers

47S Bernuzzi, T Dietrich, A Nagar,  Phys Rev Lett 115, 091101 (2015) arxiv.org:1504.01764



J. Read, CGWAS 2015 48
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Nuclear Astrophysics: NS-NS Mergers

58

plus and cross modes of GWs extracted from the metric in
the local wave zone. The waveforms are composed of the
so-called chirp waveform, which is emitted when the BNS
is in an inspiral motion (for tret & tmerge), and the merger

waveform (for tret * tmerge), on which we here focus. For

the HMNS formation, the merger waveforms are com-
posed of quasiperiodic waves for which h & 10!22 for
D ¼ 100 Mpc and the peak frequencies are in a narrow
range fpeak ¼ 2:1–2:5 kHz depending weakly on M. They

agree with that in the approximate general relativistic study
[12]. Note that fpeak depends on adopted EOS [12], and we

will describe the dependence of GWs on EOS elsewhere.

The accumulated effective amplitude, heff #0:4hðf!TÞ1=2,
is much larger where the factor 0.4 comes from the aver-
ages of angular direction of the source and rotational axis
of the HMNS. Figure 4(b) shows the effective amplitude
defined by 0:4hðfÞf& 4–6' 10!22 for D ¼ 100 Mpc,
where hðfÞ is the absolute value of the Fourier transforma-
tion of hþ þ ih'. This suggests that for a specially
designed version of advanced GW detectors such as broad-
band LIGO, which has a good sensitivity for a high-
frequency band, GWs from the HMNS oscillations may

be detected with S=N ¼ 5 if D & 20 Mpc or the source is
located in an optimistic direction.
Summary.—We have reported the first results of the

numerical-relativity simulation performed incorporating
both a finite-temperature (Shen’s) EOS and neutrino cool-
ing effect. We showed that for such a stiff EOS, HMNS is
the canonical outcome and BH is not promptly formed
after the onset of the merger as long as the total mass of
the system is smaller than 3:2M). The primary reason is
that thermal pressure plays an important role for sustaining
the HMNS. We further showed that the lifetime of the
formed HMNS with mass & 3M) is much longer than its
dynamical time scale,* 10 ms, and will be determined by
the time scale of neutrino cooling. Neutrino luminosity of
the HMNS was shown to be high as &3–10' 1053 erg=s.
The effective amplitude of GWs is 4–6' 10!22 at fpeak ¼
2:1–2:5 kHz for a source distance of 100 Mpc. If the BNS
merger happens at a relatively short source distance or is
located in an optimistic direction, such GWs may be
detected and HMNS formation will be confirmed.
Numerical simulations were performed on SR16000 at

YITP of Kyoto University and on SX9 and XT4 at CfCA
of NAOJ. This work was supported by Grant-in-Aid
for Scientific Research (21018008, 21105511, 21340051,
22740178), by Grant-in-Aid for Scientific Research
on Innovative Area (20105004), and HPCI Strategic
Program of Japanese MEXT.
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Sekiguchi+ 11: First full GR NS-NS simulation with realistic microphysics, 
finite-temperature nuclear EOS of H. Shen+ ‘98,‘11
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Frequency of peak of final  
hyper-massive NS resonance
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