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Abstract: <p>LI1GO's first observing run which ended in January 2016 yielded two unambiguous gravitational wave signals (GW150914 and
GW151226) from the merger of binary black holes as well as a possible third signal (LVT151012). | will review our current estimates of the
parameters of the source systems as well as possible formation scenarios. | will discuss how joint analyses of GW150914 and GW151226 allow us
to place bounds on departures from general relativity, infer astrophysical binary black hole formation rates, and constrain the mass distribution of
coalescing black hole systems. Additionally, | will review the status of searches for other types of gravitational wave signals in data from LIGO's
first observing run as well as the implications of the nondetection of gravitational waves from the merger of binary neutron star and
neutron-star-black-hole systems. Finally, with the start of LIGO's second observing run within the next few weeks, | will outline our expectations for
new detections and scientific prospects.</p>
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Where we placed our bets...
Hulse-Taylor Binary

Low Realistic
Advanced Detection | Detection

LIGO Rates (yr') | Rates (yr')

0 ‘..“q_
Neutron Star 0 4 40 | Credit: | Weisberg
Binaries ) and |. Taylor "‘-‘,

Neutron Star-Black
Hole Binaries 0.2 10

Cumulative period shift (s)

The Double Pulsar

Black Hole Binaries 04 20

LVC, Class. Quant. Grav. 27. 173001 (2010)

Credit: M. Kramer
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LVC,PRL 116,061102 (2016)

GWI150914 found within 3 minutes
of arriving.

Binary Black Hole
Merger!

C;:urtesy;'SXS Collaboration
* Over | billion light years
away.
* 3 Mo radiated as GW
energy in fraction of
second.
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‘5‘ September 14,2015 at 09:50:45 GMT =

Hanford, Washington (H1) Livingston, Louisiana (L1)
T

' — ' Binary Black Hole
i | | Simulating v,‘w.-|M>.§m!:g&§||‘l.'l'u!-;.-‘-l

www bhlack-holes org
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* Over | billion light years
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LVC,PRL 116,061102 (2016)

GWI150914 found within 3 minutes
of arriving.
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5ecember 26,2015 at 03:38:53 GMT

Hanford Livingston Another Binary
e Over | billion light years

Black Hole Merger!
: WE M.

| * | Mo radiated as GW
1.0 0.8 0.6 0.4 0.2 00 -<1.0 0.8 0.6 0.4 0.2 0.0 H .
e (o S energy in ~| second.

LVC,PRL 116,241103 (2016)

GWI151226 found within 70 seconds
of arriving.
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Hanford Livingston }ﬂ\r]‘:)t:r](alﬂ E;ir1zlr.)(
Black Hole Merger!
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e Over | billion light years
away.
* | Mo radiated as GW
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LVC,PRL 116,241103 (2016)

GW 151226 found within 70 seconds
of arriving.
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Hanford Livingston An Oth e r Bin a ry
Black Hole Merger!
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October 12,2015 at 09:54:43 GMT
A third detection?

() 0
120-100 80 -60 40 20 0 20 40 60 120-100 -80 60 -40 20 0 20 40 60
Time [milliseconds

LVC, CQG 33, 134001 (2016)

® 2% chance LVT 151012 could be due

to noise.
* |t would also be a binary black hole.
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A stochastic background of gravitational
waves from binary black holes!?

Qaw (f < 100Hz) oc M>/3 f2/3

7

10
- = - 05:2020-22
Fiducial
ANSFR
=9~ LongDelay
—9- LowMass
-8~ LowMaetallicity
al +- ConstRate
'~ FlatDela
10 ' Y

" Detection may be possible before
design sensitivity reached.

total
- - -residual
Paoisson

20 40 60 80 100
Observation time (months)

LVC, Phys. Rev. Lett. | 16, 131102 (2016)
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How significant were these
signals!?
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- low-latency and archival
matched-filter searches

* an open source media library
e used for low-latency processing of
LIGO data

[ = MBTA - Median=57.0 s
GSTLAL- Median=65.5 s

3 60 90 120
Latency to GraceDb [s]

LVC, arXiv:1607.07456

Highlights from O

Implemented uberbank for low-latency searches
Identified GW 151226 within 70s

Demonstrated use of timeslide-less background
estimation

Development of IMBH matched-filter search

Y ) 0.9%95
1.2l 0.060
1.2 (1, O895
O GW150914
0 Gwis1226
Vo LVT151012 (gstlal)
A LVT151012 (PyCBC)

LVC, PRD. 93, 122003 (2016)
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Some features of the GstLAL pipeline

* Time-domain matched- .00
filtering SNR(t) = p(t) = 2 / drhi(T)d(t + 7)

* Template bank compression by
SVD/multibanding

o =00

e Autocorrelation-based least Ingredients for computing &
squares test &

*Likelihood ratio ranking

statistic
* Noise model built from non-
coincident triggers. No
timeshifts!
* Signal model assumes uniform-in- i
volume sources and 10% T 0.05 000 0.05 0.10
waveform mismatch. Time from peak (s)
Messick, et al, arXiv:1604.04324
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The likelihood ratio

Noise Model | Signal Model

P (XH, XL, DH, DL ’9_, Signal)
P (xu|0, noise) P (x,|0, noise)

XH,L = {Pa 52,--.}

[ —
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Modeling the noise for different template
regions

: : 2 :
Movie shows evolution of 12:€”} from low mass to high
mass.

Linearly dependent templates are grouped together for
noise modeling.

Pirsa: 16090031 Page 15/44




Where do the events fall?

Noise Model™ Signal Model

Credit: S. Sachdev (CIT),
C. Messick (PSU)
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Search results from the GstLAL pipeline

2030 40 5S¢ = 50 20 30 49 L 1e)
20 g 4g 50 - 20 3o 40 S0

Search Result I Search Result

Background excluding only GW150914 Background excluding
GW150914 and GW151226

l L
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GW150914

Number of events
Number of events

1
1

= Background including all search results Background excluding only GW150914

10 20 30 40 50 60 70 80 20 25 30 35 40
Detection statistic In £ Detection statistic In £

LVC, arXiv:1606.04856

GW 151226
LVTI51012
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Cumulative distribution of observed
triggers

Probability of
astrophysical origin
LVT151012

GW151226
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signal + noise model

observed LVT 5] O | 2

LVC, arXiv:1606.04856

Probability of astrophysical origin for all remaining events < |5%.

Pirsa: 16090031 Page 18/44




Detector noise and signal waveforms
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LVC, arXiv:1606.04856
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Detector noise and signal waveforms
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Component masses from Bayesian
stochastic sampling

From early inspiral:

(1 *11:.2)3/5
M1/5
¢’ [5 8/3 p—11/3 ; 3/

~ = 967 f f

M, =

Y N\GW150914

q = ma/m

From late
inspiral: mz2 (Mo)

A’Itutul = my + ma B 2911_;7’1

LVTI51012 372 1313

GWI151226 7.5%23
LVC, arXiv:1606.04856
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Final BH parameters from Bayesian
stochastic sampling

From late inspiral
and merger:

( |\.-""f l 509 {1
P

Af’[ﬁ]l;ll ) a final —

|Shn al

GJ\F

final

Eru(l — AJLUL&L[ - A’{film,l

Mfinal (MQ) Eraq (MQCz) Afinal

v -+.‘i.7 ‘ —|—{).47 nQ+0.05

IVTI51012 | 35%1 1507033 0.6670:%

GWI51226 | 20.8%%; 1.00%0 50 | 0.74700

LVC, arXiv:1606.04856
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More binary parameters from Bayesian

stochastic sampling LVC, arXiv:1606.04856

. C LS_"’I _I_ LST';
Xeft = GM \my mo

Xeff Mass ratio ¢
~0.0610-14 0.81F017
LVTI51012 0.003 0.571538

GWI51226 | 0.21757) 0.52+0 59

At least one component has spin = 0.2 at 99% credible level.
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Component spin parameters from
Bayesian stochastic sampling

GW150914

LVC, arXiv:1606.04856
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Distance parameters from Bayesian

stochastic sampling
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LVC, arXiv:1606.04856
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Sky location parameters from Bayesian
stochastic sampling

LVTI51012| —0.6708
GWI51226| 1.1%93

sky area
230 deg?
LVTI51012 | 1600 deg?

GWI151226| 850 deg*
LVC, arXiv:1606.04856
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What are the implications
of these signals?




Revised binary black hole merger rates

Advanced | rates (Gpc™®
yr')

Only GW150914,
LVTI51012, |14 - |54
GWI151226
9 - 240

LVC, arXiv:1606.04856
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Summary of stellar black hole masses

Black Holes of Known Mass
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X-Ray Studies

LVT151012
GW151226

Credit: LIGO
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Summary of stellar black hole masses

Black Holes of Known Mass
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LVT151012

0
Mass gap ~ 2—5Mg ma > 5.6Mg

Maximum neutron star mass ~ 3Mg
Credit: LIGO

Page 30/44




Pirsa: 16090031

First attempt at constraining BBH merger
mass distribution

Model as general
power law:

¥

m

p(ml,m2,|a) x _
my — A'[mill

Some assumptions: LVC, arXiv: | 606.04856

Myin =5 Weak constraint of:
1nin L B +1.5
m1 + ma < 100Mg =257

¢ Flat distribution in mass
ratio.

* Redshift-independent
merger rate.

Consistent with Salpeter
IMF-like power law used for
our rates calculation:

a = 2.35
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First attempt at constraining BBH merger
mass distribution

Model as general
power law:

¥

m

p(ml,m2,|a) x _
my — A'[mill

Some assumptions: LVC, arXiv: | 606.04856

Myin =5 Weak constraint of:
1nin L B +1.5
m1 + ma < 100Mg =257

¢ Flat distribution in mass
ratio.

* Redshift-independent
merger rate.

Consistent with Salpeter
IMF-like power law used for
our rates calculation:

a = 2.35
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How do high stellar-mass black holes
form?
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Star’s Metallicity (as a fraction of the solar metallicity)

LVC, ApJL 818,2 (2016).

Stars at lower metallicities exhibit
weaker winds and reduced mass loss.
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Possible formation pathways

|. Isolated stellar environment Il. Dynamical formation

TIME (Myr] alRo] e
00000 | MS 2463 015
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¥ Binary-Binary Scattering
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o 87 gat  Bachange

Binary Binary
Eschange
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Binary Formation
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} DIRECT BH

Scattering Ejection

Exchange Ejection

50445 He star

5.3483 He star
DIRECT BH

53481
l MERGER

10,294 ®

K. Belczynski, et al. arXiv: 1602.0453 | C. Rodriguez, et al.arXiv: | 604.04254
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|. Binary black holes exist.

3. Merging binary black holes in a broad mass range
exist.

4. Stellar-mass black holes with mass above 20 Mo exist
and take part in mergers.

5. Consistent with either isolated binary or dynamical
formation.

6. Likely formed in low metallicity environment (either
locally, or at high redshift with long time delay).

7.GWI151226 & LVT 151012 could have formed from
lower mass progenitors or in higher metallicity
environments.
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Tests of General Relativity
Phase of waveform characterized by coefficients: {pi}

Allow for departures from GR: {pi} = (1+ 0pi) pi

Inspiral: {5(?)-5} Intermediate: {5[}.,;} Me!‘ger/

ringdown:

GWI50914

. 1\1—-
Inspiral Inter- erger/

LVC, arXiv: 1606.04856 mediate  ringdown

Page 36/44



GWIS0914

GWIS1226

LVC, arXiv:1606.04856
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Binary neutron star and neutron-star-
black-hole merger rates

Dominik et al. pop syn -

de Mink & Belczynski pop syn -
Vangioni et al. r-process

Jin et al. kilonova -

Petrillo et al. GRB 4

Coward et al, GRB -

Slellez et al. GRB

Fong et al, GRB -

Kim et al. pulsar <

allGO 2010 rate compendium

Dominik et al. pop syn -

de Mink & Belczynski pop syn
Vangioni el al. r-process

Jin et al. kilonova

Petrillo et al, GRB A

Coward et al, GREB

Fong et al. GRE 4

alIGO 2010 rate compendium

1 10! 10¢
NSBH Rate (Gpc ‘yr ')

LVC, arXiv:1607.07456
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Intermediate-mass Black Hole Binaries

NGC 4485 and NGC 4490:two  Globular cluster Mayall |l
potentjal ULXs ’( RN

' i o Do intermediate-

“ ' B mass black holes

Credit:M.Rlch.l(.Mighelf,lj,Neﬂl‘(Cqumbn:\].W. exist in binarieS?

Credic NS Freedman (Carnegie), NASA
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Total Mass, Mo (redshifted) Credit: K, Jani
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Searching for Intermediate Mass Black Holes

100
GO0
I
ml/m2=10,1

IMBHB Template Bank
Uber Template Bank

my (Mg)

Credit: L. Sadeghian (UWM)
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Generic GV Transient Searches

® GW Burst Signal:
* Binary black holes
* Supernovae
e Cosmic strings
* Pulsar glitches

* Something unexpected e TN
Credit: B.Allen &E.P. Slhellard Credit: NASA/GSFC/D. Berry

{ v

a joint LSC-Virgo project

GW 150914 was identified by an online : !
WB Coherent \WaveBurst

burst search within 3 minutes.

LVC, arXiv: 1602.03843
S. Klimenko, et al, Class. Quant, Grav, 25, | 14029
(2008)

Other Burst Searches:

R.Lynch, et al, arXiv: 1511.05955
N. Cornish, Class. Quant. Grav. 32, 135012 (2015)
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Gravitational VWaves associated with
Gamma-ray Bursts during O

76 GRBs reported in GCN

B 13 Short GRBs
[ 56 Long GRBs
5 B 7 Ambiguous GRBs l

— (=] &o - S g

K
0 1 )

T90 (seconds)
Credit A. Williamson

Two dedicated searches: Partners:
CBC - matched filtering for short GRBs Fermi, Swift
Burst - excess power search for all GRBs Also, ~20 IPN GRBs

10 100
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Spinning Neutron Stars

I

S84
VSR24
" ' 85
Credit: NASAIHST/ASU/

Credit NASA/CXC/ A CXC/Hester, et al.
PSU/Paviov, et al, | AdV/ALIGO

856

Credit: C. Hanna/B. Owen

¢ Continuous wave
searches:

>
b
2
b
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=
-]
7]
g
2]
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* Targeted
* Directed
e All-sky
¢ Are computationally
limited. No results yet

but stay tuned.... Gravitational-wave Frequency (Hz)
LVC, Astro. ). 785,2 (2014).

[: Use your computer’s idle time to search

ve From Space for weak signals from spinning NS.
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Expected O2 Improvement

2016 O1 Sensitivity, O2 Projection

|5 - 25% sensitivity
improvements:

o

* Laser power: 20— 50W

-

* Low frequency noise
not well understood;
no gains for O2

N
I
2
L
D
£
@)
c
=
©
—
w)

o

*75—90 Mpc BNS range

allIGO Design: 188 Mpe BNS

10°
Frequency (Hz)
Credit: D. Reitze
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