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Advanced Era of
GW Detector Network

Credit: C. Mayhew & R. Simmon (NASA/GSFC), NOAA/ NGDC, DMSP Digital Archive




“Horizon” Distance for
Binary Inspiral/Merger

Initial LIGO and Virgo
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“Horizon” Distance for
Binary Inspiral/Merger

Initial LIGO and Virgo
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Initial LIGO: 2002 to 2007

Best Strain Sensitivities for the LIGO Interferometers
Comparisons among S1 - S5Runs  LIGO-G060009-03-Z
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Initial LIGO: 2009 - 2010

Best Stra/n Sensn‘/wty S6 Science Run
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Initial LIGO Science Requirement
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Initial LIGO & Virgo: 2010 - 2011

LIGO Hanford 2010-05-15 |
:| =—LIGO Livingston 2010-05-31 |
- - --| —Virgo 2011-05-22 ]
.i....| —GEO 2012-03-22
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From Initial o Advanced

Local Superclusters

Virgo Supercluster

Initial Reach NS-NS Advanced Reach




Current Rate Predictions

Abadie et al 2010; arXiv: 1003.2480
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Advanced LIGO/Virgo
Sensitivity Evolution

Aasi et al 201 3; arXiv: 1304.0670
Advanced LIGO ) Advanced Virgo

B Early (2015, 40 - 80 Mpc) 3 |\ B Early (2016-17, 20 - 60 Mpc)
Mid (2016-17, 80 - 120 Mpc) || | Mid (2017-18, 60 — 85 Mpc)

B Late (2017-18, 120 - 170 Mpc)/i A Late (2018-20, 65 - 115 Mpc)

Il Design (2019, 200 Mpc) - Bl Design (2021, 130 Mpc)
BNS-optimized (215 Mpc) BNS-optimized (145 Mpc)
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Current Science Plan for

Advanced Detectors

NS-NS Reach in Mpc

LIGO: BLU , VIRGO: RED

200 FE 200 X x

o ib

180 0 marth na LIGO

Second generation interferometers to begin
science operations:

« Advanced LIGO (2 interferometers) — 2015
« Advanced Virgo (1 interferometer) — 2016
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Initial LIGO/Virgo Results
or Transient Sources
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GW Limits on Binary Inspiral/Mergers

Abadie et al 2012

current BH mass: 5 Msun
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Follow-up of 2 close short GRBs

GRB070201 error box (Mazets et al., 2008)

Significant previous non detections

@ Short GRBs,

» GRB070201 sky location overlap with M31,
(Andromeda 770 kpc)
» GRB051103 sky location overlap with M81
(~ 3.6 Mpc)
R e @ no GW found
™ S — Binary coalescence in M31 excluded at
GRB051103 error box (Hurley et al., 2010) >99% confidence level (Abbott et al., 2008)
N — Binary coalescence in M81 excluded at 98%
confidence level (Abadie et al., 2012b)
@ Compatible with

» Neutron star quake in M31/M81
(Soft gamma-repeater) > 3.5/5.2Mpc
» Coalescence in galaxy behind M31/M81




Follow-up of ~150 GRBs:

exclusion distances
Abadie et al 2012; arXiv: 1205.2216 fOI‘ 26 SG RBS
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Expectations for GRB Follow-Up
in the Advanced Era

Abadie et al 2012; arXiv: 1205.2216
Unmodeled GW bursts Binary coalescence

. ~40 Mpe  ~400 Mpc ~ ~40 Mpc  ~400 Mpc
SR L EERROE S IR SEEE RS ARREREEIC SR SIS SERRMNNIRRS - ot IEE Sl [N A OO CLIIIETOX 10 sensitivity:

RSV EERY orRUE ORI

f10/sensitivity -

>4

=
S
-~
=
2
—
~+~
2
<
[
=
o
~
=
=
g
=
@)

Cumulative distribution

X e
2 102M.c? exclusion SR - »% ——NS-NS exclusion
BN Mo oo v et e ——=NS-BH exclusion :
Co==-10 M c? extrapolation - 5 - ===NS-NS extrapolation
~ ===10""Myc* extrapolation e - --NS-BH extrapolation
.~ EM observations ; ... ~——_EMobservations
107" 10° 10" } 107 10’ 10
redshift redshift

1




Constraints from Blind Search
for Generic Bursts

Abadie et al 2012; arXiv: 1202.2788

Linear Q=9
sine-Gaussian

Elliptical Q=9

sine-Gaussian

Linear
Ring-down

Circular
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Band-limited

white noise
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Expectations for Advanced Searches
of Generic Bursts

| good rule
M.Was (priv.comm.)

Range frequency dependence EGW = 10 M@c:2 of thumb!?

: """""" Advance‘ Could GV emission

efficiency be
frequency dependent?

Frequency (Hz)




GW Emission from Magnetars

Abadie et al 201 I,Ap]JL




Optical Follow-Up of 6W candidate events

Aasi et al 2013;arXiv: 1310.2314

ABSTRACT

During the LIGO and Virgo joint science runs in 2009-2010, gravitational wave (GW) data from three inter-
ferometer detectors were analyzed within minutes to select GW candidate events and infer their apparent sky
positions. Target coordinates were transmitted to several telescopes for follow-up observations aimed at the
detection of an associated optical transient. Images were obtained for eight such GW candidates. We present
the methods used to analyze the image data as well as the transient search results. No optical transient was i1den-
tified with a convincing association with any of these candidates, and none of the GW triggers showed strong
evidence for being astrophysical in nature. We compare the sensitivities of these observations to several model

light curves from possible sources of interest, and discuss prospects for future joint GW-optical observations
of this type. GW candidate event G20190
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Localization:
Unmodelled Bursts

Aasi et al 201 3; arXiv: 1304.0670

at advanced
design sensitivity
for both LIGO & Virgo

wide range of
potential burst signals
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Sky Localization of GW sources

@ Triangulation
of unmodeled bursts
@ Triangulation with some
waveform knowledge

@ Bayesian Parameter Estimation
with detailed waveform knowledge
eg, Markov-Chain Monte Carlo:




Sky Localization of GW sources

@ Triangulation

of unmodeled bursts ~ 1-3 minutes
@ Triangulation with some

waveform knowledge

~ 30 minutes
to
hours
to
days

@ Bayesian Parameter Estimation
with detailed waveform knowledge
eg, Markov-Chain Monte Carlo:




The LIGO/Virgo Parameter Estimation
Team Members from NU/CIERA
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Localization:
NS-NS Inspiral/Merger

Rodriguez et al 2014

@ at Advanced design sensitivity for 3 detectors
@ for a strong signal of SNR~20
@ averaged over noise realizations

@ for non-spinning NS

@ with MCMC




Localization:
NS-NS Inspiral/Merger

Rodriguez et al 2014

s

Sky Location Credible Intervals, HLV Configuration
4 _-onto at 95% CL

median
error of

Solid Angle (deg)® Area of 68% Credible Region (95% in Gray)




Localization:
NS-NS Inspiral/Merger

Rodriguez et al 2014
Sky Location Credlble Intervals, HLVI Conflguratlon

im‘.\ ‘j
v = ; : .‘

12 24 36
Solid Angle (deg)® Area of 68% Credible Region (95% in Gray)

with
INDIGO

at 95% CL
median

error of
~ 5 deg”2




c
2
¥
©
—
(N
@
2
-~
L,
=
=
=
O

Ly
(=]

o
®

o
o

-
KN

o
(N

o
=)

Localization:
NS-NS Inspiral/Merger

Rodriguez et al 2014

-area uncertainties, HLV at 95% CL

90% of error
boxes
> |0 deg”2

40% of

error boxes
50 100 150 200
Sky Area 95% Credible Region (deg” ) > 100 deg"2



Localization:
NS-NS Inspiral/Merger

Singer et al 2014

only 2 LIGO
detectors

comparable to
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Localization:
NS-NS Inspiral/Merger

Singer et al 2014 3 detectors:
2 LIGO & Virgo
(V less sensitive by ~3)
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Physical Parameter Estimation:
NS-NS Inspiral/Merger




Physical Parameter Estimation:
NS-NS Inspiral/Merger
distance
thclination
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Physical Parameter Estimation:
NS-NS Inspiral/Merger

WA SSe€S

Rodriguez et al 2014

Neutroﬁ Star Masseé
IM, — 1M,
1.AM, — 1.4M
1M, —2.5M,
2.5Mg — 2.5M;

0.95 1.00 1.05 1.10
Component Masses (M /M, ject)




Physical Parameter Estimation:
Binary Inspiral/Merger

Frequency(Hz)
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Physical Parameter Estimation:
Spinning Binary Inspiral/Merger

@ 15-dimensional space instead of 9D and
strongly correlated in complex ways
--> MCMUC very challenging

@ parameter measurements are biased, if spin is ignored
@ correlations help break degeneracies, if spin is included
--> better mass measurements

--> better sky localization
--> BH/NS spin measurement




Physical Parameter Estimation:
Spinning Binary Inspiral/Merger

Aasi et al 201 3; arXiv: 1304.1775 mM1-m2 confidence contours

Spinning

——  Non-Spinning %
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'NS | BH
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Physical Parameter Estimation:
How Bad is the Noise?

Rodriguez et al 2014

4000

Noise systematically biases
O N A I physical parameter
measurements

L R Ly pRE RERERC
: / : ' :

PN iy el 22y from true values

(71 IR S SN 4
: e

ility

. . . v . .

Qo
®©
Q
o
S
a
-
9
L
[
—
n
o
a

. W

0.%000 0.0002 0.0004 0.0006 0.0008 0.0010 .0;312 0.0014 1
Chirp Mass (M) 2 SOIUUOn?

Noise modeling

In parameter estimation:
- broadband
- lines (delta functions)
- glitches (sine-waves)
- number of noise features
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Physical Parameter Estimation:
How Bad is the Noise?

Littenberg et al. 2013

without noise

3! i m i _ modeling:
i f’ ’f? f f B :
"with noise modellng misses true

correct signal recovery | signal

time (s)




Physical Parameter Estimation:
Challenges in the Advanced Detector Era

prompft, accurate, well-constrained sky localization
AND distance information
(new hierarchical implementation)

¥ smart, physically motivated MCMC implementation
(machine learning, non-Markovian explorations)

@ turn spin-induced modulations to our advantage

@ use mass, spin, measurements for astrophysical studies
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Neutrino Status and Prospects

-

Target: High-Energy - @

Neutrinos (E >> GeV)

in GRBs: internal/external shock acceleration protons --
> proton-proton or proton-photon --> pion or kaon -->
neutrinos

also from supernovae of course




Some GRB predictions already excluded

Ando et al 2013; arXiv: 1203.5192
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