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OVERVIEW 2

» First observing run of Advanced LIGO (O1) occurred 12 September,
2015 - 19 January, 2016

» 2 confident detections made:

» GW150914 (“The Event”): 14 Sept. 2015 at 09:50:45 UTC [1]
» GW151226 ("Boxing day Event”): 26 Dec 2015 03:38:53 UTC [2]

» Both > 5.30[3]

» Third possible signal detected with lower significance, LVT151012 [1]

» 87% chance that is astrophysical in origin [3]

1. LSC+Virgo,PRL116,061102 (2016) 2. LSC+Virgo, PRL116,241103 (2016) 3. LSC+Virgo, arXiv:1606.04856
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SEARCH DESCRIPTION

TWO MODELED SEARCHES PERFORMED

» PyCBC [4]

» Python based, frequency-domain matched filter workflow to compute

signal-to-noise ratio (SNR)
» Uses a chi-squared statistic to re-weight SNR

» Analyzed 46.1 days of coincident data

» GstLAL[5]

» gStreamer based, time-domain matched filter workflow

» implements a different ranking statistic from PyCBC

» Analyzed 48.3 days of coincident data

4. S.A.Usmanetal., arXiv:1508.02357 5. C.Messick et al., arXiv:1604.04324



SEARCH DESCRIPTION 6

THE BANK USED IN O1

» 4 free parameters x1] < 0.9895, |x2| < 0.05

|x1,2] < 0.05
< 0.9895
2 component masses x1,2]
g P GW150914
. . GW151226
» 2 (non-precessing) spins LVT151012 (gstlal)

LVT151012 (PyCBC) ,~

/

» We limit NS spin to

» |Is sensitive to NS with

» Assume BHs can have
m:=2 MQ

» |xgu| < 0.9895 LSC+Virgo, arXiv:1606.04856

6. A. Nitz, Ph.D. thesis (2015)



SEARCH DESCRIPTION

IN A NUTSHELL

» Filter each template with data to obtain triggers

» Enforce coincidence to obtain events: triggers must occur
in same template within +/-15ms at each detector

» Compute ranking statistic for events, select template with
largest ranking statistic

» Repeat with data shifted in time between detectors to
obtain rate of background chance events



RESULTS FIRST 16 DAYS 8
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» Initially reported using first 16 days
of O1 coincident data [7,8]

LSC+Virgo, PRD 93, 122003 (2016)

» FAR <5x10%/ year

-value <2 x107(> 5.1
» Louder than all background > p-value X ( o)

8. LSC+Virgo, PRL116,061102 (2016) 9. LSC+Virgo, PRD 93, 122003 (2016)



RESULTS O1 g
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LSC+Virgo, arXiv:1606.04856
GWI150914

» Use all of O1 to estimate

» FAR<6x107/
background . year

-value <6 x108(>5.3
» Still louder than all background » prvalue x ( o)



RESULTS O1-G\WI150914 10
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» PyCBC: Louder than all background » GstLAL:
when GW150914 is removed » FAR =2 x 107/ year

» FAR<6x107/year

LSC+Virgo, arXiv:1606.04856

» p-value =3.5x10%(4.50)
» p-value <6 x108(>5.30)



RESULTS O1-G\WI150914 11
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» PyCBC: FAR =1/2.7 years (1.70) » However... parameters consistent
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LSC+Virgo, arXiv:1606.04856

» Based on rate estimate of BBHs,

» Not significant enough to claim as )
87% probability that it is a signal

definitive event
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PARANETER ESTIMATION 13

MCMC & NESTED SAMPLING

» Use 2 independent stochastic sampling engines to
evaluate likelihood over multi-dimensional parameter

space

» Markov-chain Monte Carlo (MCMC) [92,10]

» Nested sampling [11,12]

» Time and mass estimate from searches used to inform prior

» L. +/-0.1s uniform prior centered on searches'’ ¢,

9. C.Roveretal., CQG 23,4895 (2006) 11. J. Skilling, Bayesian Analysis 1, 833 (2006)
10. M.van der Sluys et al., CQG 25, 184011(2008) 12. J.Veitch & A. Vecchio, PRD 81, 062003 (2010)



PARANETER ESTIMATION 14

LUMINOSITY DISTANCE

» GW150914:
Dy, = 4207120 Mpc
GW150914

GW151226
» GW151226:

Dy, = 44071155 Mpc
LVT151012
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DL — 10001_?)88 MpC LSC+Virgo, arXiv:1606.04856



PARANETER ESTIMATION
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LUMINOSITY DISTANCE

» GW150914:

Dy, = 4207720 Mpc

z = 0.097003

» GW151226:

Dy, = 4407150 Mpec

z=0.09T003

» LVT151012:

Dy, = 10007205 Mpc

0.09

Redshift coupled to masses. We estimate

z assuming flat ACDM cosmology.*
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LSC+Virgo, arXiv:1606.04856

*Hy = 67.9km s~ Mpc™?
Q.. = 0.306



PARANETER ESTIMATION 16

COMPONENT MASSES

» GW150914:

M3 = 36.2752 Mg

M = 29.173 " Mg,

%wawm
LVT151012

» LVT151012: 3040 50

mTOUI'Ce (M o )

(M)

» GW151226:

)
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e
=
Q
n

2

m5eMC = 14.2150 M

m%ource _ 751—%3 M@

miource _ 23%_—%8 M@ LSC+Virgo, arXiv:1606.04856

m;ource _ 134_—31 M@
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COMPONENT MASSES

» GW150914:

m?ource — 36. 2—|—5 .2 M@

m;ource — 99. 1—|—3 7 M@

%waogm

LVT151012

(M)

» GW151226:

)
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Q
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2

miource _ 14 24—2 S; M@

source
s,

» LVT151012: 30 40 50
SOUI‘CG(M@)

miource P LSC+Virgo, arXiv:1606.04856

source
%

None of the components are neutron stars.



PARANETER ESTIMATION 17

MEASURING SPINS

» Individual component spins not well constrained

» Dominant spin effect:

| Xy T maX2 2
Xeff — - )
mq — Mo

» Effective precession parameter:

4q + 3 /
— Imax ; — ma2/m
Xp X11, 34 4C_ZX2¢ q 2/17




PARANETER ESTIMATION 18

EFFECTIVE SPIN & MASS RATIO

» GW150914:

Xert = —0.06 70 1

g =0.81%73;

» GW151226:

——

S

LVT151012
Xett = 021757

0.43
q = 0. 52+0 g

» LVT151012:

LSC+Virgo, arXiv:1606.04856

GW151226: At least one component has a
spin > 0.2. (99% credible level)
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PRECESSION: GW150914

—— Prior
—  |[MRPhenom

cSy/(Gm3)

08T 08T

LSC+Virgo, PRL116, 241102 (2016)



PARANETER ESTIMATION
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PRECESSION: GW150914

—— Prior
—  |[MRPhenom

Data uninformative
about prcession

LSC+Virgo, PRL116, 241102 (2016)
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PRECESSION: GW151226

——  Prior
— Posterior
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Xp
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005)[

08T 08I S2/(Gmy)

LSC+Virgo, PRL116, 241103 (2016)
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PRECESSION: GW151226

——  Prior
— Posterior

0.00 0.25 0.50 0.75 1.00
Xp

Data uninformative
about prcession
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LSC+Virgo, PRL116, 241103 (2016)



PARANETER ESTIMATION
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FINAL MASS & SPIN®

» GW150914:

Meree = 62.375 1 Mg

a; = 0.687000

» GW151226:

Mg = 20.87%1 M,

ar = 0.747008

» LVT151012:

source ___ +14
Mgewree = 35+ 14 M

a; = 0.66709

GW151226

@ GW150914

LVT151012

20 30 40 50 60 70 80
MfSOUI'Ce (M o )

LSC+Virgo, arXiv:1606.04856
*Calculated using fitting formulae to NR. [17]

17. N.K.Johnson-McDaniel et al., Tech. Rep. LIGO-T1600168 (2016)
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RADIATED ENERGY & LUMINOSITY

» GW150914:

GW151226

— 9 —0. :
y GW151226: | @ GW150914

Eraq = 1.070°5 My c?
3108

056

Upeak = 3. erg/s

g X 1

LVT151012

» LVT151012: " 20 30 40 50 60 70 80
MfSOLlI“CG(M@)

LSC+Virgo, arXiv:1606.04856




PARANETER ESTIMATION 23

SKY LOCATION

» With 2 detectors can only limit » GW150914: 230 deg?

location to annulus on the sky
» GW151226: 850 deg?

» 90% credible regions:
» LVT151012: 1600 deg?

...... .H_
° GW150914 N\ - : S Y

LSC+Virgo, arXiv:1606.04856



a. TESTS OF GR*

*See also talk by J. Meidam, C2



TESTS OF GR
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TESTS USING GW150914 [18]

» Inspiral/Merger-Ringdown consistency test
» Tests for the least damped QNM

» Constraints on parameterized deviations from GR
waveforms

» Constraint on the graviton Compton wavelength

» Ay < 10%kg [m, < 1.2 x 102 eV/c?]

» GR passed all tests

18. LSC+Virgo, PRL116,221101 (2016)



TESTS OF GR

BANDWIDTH OF SIGNALS
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LSC+Virgo, arXiv:1606.04856
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TESTS USING ALL EVENTS

» Inspiral/Merger-Ringdown consistency test

» Tests for the least damped QNM

» Constraints on parameterized deviations from GR
waveforms

» Constraint on the graviton Compton wavelength



TESTS OF GR

WAVEFORM PARAMETERIZATION

» IMRPhenom phase [19]:

B Yo (E) (MU 4 f<fi
(I)IMR ~ % ( . lOg(f) — % f_3) fl < f < f27
Lt f do ¥ v o tan Y (af +0) f2 o

» Parameterize deviations to these coefficients [20]; e.g.:
0o (n) = [1 4 62 pa2(n)

» Vary deviations along with other parameters

19. S.Khan et al., PRD 93, 044007 (2016) 20. LSC+Virgo, PRL116,221101 (2016)
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PARAMETERIZED TEST RESULTS

GW150914

[ ]

PN 25PN® 3PN 3PNO 35PN
Di

LSC+Virgo, arXiv:1606.04856



TESTS OF GR

PARAMETERIZED TEST RESULTS

GW150914

IPN 1.5PN 2PN 2.5PN® 3PN

Pi
GW151226

OPN "~ 05PN IPN 15PN 2PN 25PN 3PN 3PNO
Pi

LSC+Virgo, arXiv:1606.04856
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PARAMETERIZED TEST RESULTS

GW150914 + GW151226

IPN 2 5PNO 3 ~ 3pNO 35PN

LSC+Virgo, arXiv:1606.04856
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LOOKING FORWARD

» We estimate the rate of
BBH coalescence

» GW150914+LVT151012:
2 — 600 Gpc3yr'[18]
» +GW151226:
9 — 240 Gpc3 yr

» See talk by T. Dent for
details
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» Estimate the probability of

detecting N or more
events in O2, O3

10
V1) /(VT)or

LSC+Virgo, arXiv:1606.04856
18. LSC+Virgo, arXiv:1602.03842
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CONCLUSIONS

» We have confidently detected gravitational waves from 2
coalescing BBHs, GW150914 & GW151226, in O1.

» Athird event, LVT151012, is also probably from a BBH.
» GW151226 has at least one component with spin = 0.2
» All events are consistent with GR.

» O2 will bring more detections.

» The future is bright loud!
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DETAILED PARANMETER ESTIMATES
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LSC+Virgo, arXiv:1606.04856




PARANETER ESTIMATION 36

WAVEFORM MODELS

» "EOBNR": non-precessing spin model using effective-one-
body (EOB) formalism tuned to numerical relativity (NR) (11

parameters) [13,14]

» “IMRPhenom”: precessing waveform model derived from
ohenomenological fits of hybridized EOB & NR wavetorms

(13 parameters)[15,16]
» Precessing EOBNR used in later followup of GW150914 [17]

» gives consistent results as IMRPhenom

13. A.Taracchini et al., PRD 89, 061502 (2014) 16. P.Schmidt Ph.D. Thesis (2014)

14. M. Piirrer, CQG 31, 195010 (2014) . .
15. M.Hannam etal., PRL113, 151101 (2014) 17. LSC+Virgo, arXiv:1606.01210
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GW150914 PE wiTH PRECESSING EOBNR MODEL

cSy/(Gm3) ' = =+ Prior
—— precessing EOBNR

—— precessing IMRPhenom

LSC+Virgo, arXiv:1606.01210
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UNCORRELATED VS CORRELATED SOURCES

» FAR estimate gives rate of chance coincidences from
uncorrelated noise sources

» Use environmental sensors to investigate any correlated
noise sources

» No other environmental influences could be found [21]

» Conclude that GW150914 & GW151226 are gravitational
waves.

21. LSC+Virgo, arXiv:1602.03844
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MATCHED FILTERING

» Have a signal buried in some strain s

» Use a template waveform hto calculate

the signal-to-noise ratio (SNR) p:

» By replacing h with he* we construct p(t)

» Triggers are points where p(t) is maximized

20 30
Iime (s)

Courtesy A. Nitz
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CBC PARAMETERS

» Possible CBC parameters (#):
» component masses m;, mz (2)

» dimensionless spins of
components y1, %2 (6)

» location & orientation (6)

Precessing System

14 Parameters*

*not including coalescence time ¢., assuming

circular orbit & 0 or negligible tidal deformation
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CBC PARAMETERS

» Possible CBC parameters (#):
» component masses m;, mz (2)

» dimensionless spins of
components y1, y2 (&) (2)

L} analytically maximized over
for non-precession

» We consider non-precessing
systems in our searches

4 Parameters*

*not including coalescence time ¢., assuming

circular orbit & 0 or negligible tidal deformation
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COINCIDENCE TEST

» Apply a coincidence test to single-detector triggers

» Must be in same template & within £15ms

L1 ? 03 P 3 P 3 >t

» Construct ranking statistic from reweighted SNR of coincident
triggers:
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BACKGROUND ESTIMATE

» Do time slides to estimate background rate of false alarms
H1 2% 3 3 K >
REW.Y !
H1
L1 +2A¢ l @ >

» Perform all possible At = 0.1s slides




MODELED SEARCHES b4

PYCBC CHI-SQUARED TEST

o)}
o

=
N
o

» Divide template / into p frequency

00
o

bins of equal power

N
I
>
O
-
Q
D)
O
)
-

Yy—

NS
o

» Filter each h; with the data s

» If template matches signal, expect:

(hils) = (hls) /p
~0.06 —0.04 —0.02 0.00 0.02

» Calculate: time (s)
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REWEIGHTED SNR

+++ Sim. signals in software _ 72( GW150914
0Oo Sim. signals in detector | < 7 © LVT151012
« *+ « Background | |

LSC+Virgo, PRD 93, 122003 (2016)

1
5, if 2 > 1,
P, if v2 < 1.
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NEED FOR PE CODE

Ix1] < 0.9895, |x2| < 0.05

» Modeled searches are

, ) P Ix1,2] < 0.05
designed to identify times x1.2] < 0.9895
when a signal exists, GW150914

. GW151226
estimate significance given LVT151012 (gstlal)
. - LVT151012 (PyCBC),~
non-Gaussian transients 7

» Discreteness of template
bank = parameters of
waveform not estimated
accurately

» Need followup code

LSC+Virgo, arXiv:1606.04856
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BAYES THEOREM

» Probability that a waveform h with parameters ¢ = {m, mp, ...} exists in
data sis given by:

—

P(h[d)|s) = L(s[h[J])P(R[9);

- P
L(s|h|¥]) = “likelihood ratio” = }(78(|Sh\g§])

» In Ngdetectors with stationary Gaussian noise:

—

L (s hi[d]) x exp _—% i () = s | hald]) sk>_
_ k=1 i
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INDEPENDENCE OF TIME SLIDES
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LSC+Virgo, PRD 93, 122003 (2016)



