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The story so far

Global network of 3 multi-km interferometric observatories:
LIGO—-Hanford, LIGO—Livingston,Virgo

During joint LIGO—Virgo science run in Summer—Fall 2010,
sent alerts to astronomers to point telescopes see Abadie et al. 2012, A&A 541,A155

Detectors off-line while they are reconfigured as advanced detectors
— eventually |0x greater range for binary neutron stars

More detectors planned: KAGRA, LIGO—-India

http://www  8.i2u2.org/elab/ligo/home/project.jsp
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Possible electromagnetic
Cou nte rPa rts Jet—ISM Shock (Afterglow)

Optical (hours—days)
Radio (weeks—years)

Radio (years)

2 neutron stars merge, form
compact object and
accretion disk

Kilonova *._
Optical (t ~ 1 day)

Accretion feeds pair of jets ;
Merger Ejecta

Tidal Tail & Disk Wind
Internal shocks in jet \Q 01030
produce prompt Y-ray burst Q

~ ~

Shock between jet and ISM
produces optical and radio
afterglow

Figure | of Meztger & Berger 2012,Ap), 746,48

Ejecta—ISM Shock
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with GWV trigger is enough

Outlook for detection of GWV inspirals by GRB-triggered
searches in the advanced detector era

e But what GRB satellites will  Deitz, Fotopolous, Singer, and
be up in 2018... Cutler (2013, PRD 87:064033)

IPN, Swift, Fermi, Lobster, SVOM, anything at all? http://dx.doi.org/10.1 103/PhysRevD.87.064033
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Optical afterglows
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How do we get there!

low-latency event detection

K. Cannon, C. Hanna, D. Keppel + many others + me

rapid sky localization

L. Price + me + many others

timely optical transient detection

Palomar Transient Factory + S. B. Cenko + D. Brown + M. Kasliwal+ myself



etection

symm. mass ratio, spins...
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Strain transduced by detectors Matched filter Triggering, coincidence
also: data quality, vetoes, aggregate  sliding dot product of strain data w/ excursion in matched filter
data to analysis clusters sampling of all possible inspiral signal-to-noise ratio (SNR) at

signals similar times in all detectors
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GstLAL:

online inspiral detection engine powered by

e

~gstreamer

Built from “off the shelf” open-source DSP tools
Singular value decomposition
Multirate filtering
Long aLIGO waveforms
Adaptive whitening
Online, adaptive event significance
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Decimation Qrthogonal Reconstruction Interpolation and
® of input FIR filters matrices SNR accumulation

my contributions

4096 Hz '

handle data gaps efficiently
(particularly resampling)

computational budget

first complete description
of algorithm for literature
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Toward early-warning detection of gravitational
waves from compact binary coalescence

Cannon et al. (2012,Ap] 748: I36)
http://dx.doi.org/10.1088/0004-637X/748/2/136
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Triangulation

symm. mass ratio, spins...
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See also: Fairhurst, 2009, New ]. Phys., | 1, 123006),
Fairhurst, 201 |, Class. Quantum Gerav., 28, 105021
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See also: Fairhurst, 2009, New ]. Phys., | 1, 123006),
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Triangulation

symm. mass ratio, spins...
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Time delays & relative amplitudes

[ N

—inform sky location N
=

o ° [ ] ’?
Triggers = point estimates ;/g
)

Statistics of estimation error

Ve ry fast! See also: Fairhurst, 2009, New |. Phys., | 1, 123006),
Fairhurst, 201 |, Class. Quantum Gerav., 28, 105021
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Bayesian Markov-chain Monte Carlo
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Vivien Raymond, <http://www.ligo.caltech.edu/~vraymond/>

Input: strain time series from all detectors ®  Sample distribution converges to posterior

Stochastically sample from parameter ® (Can be computationally expensive

space, compute overlap of signal with data
in each detector ® Takes hours to days, currently
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Bayesian Markov-chain Monte Carlo
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Rapid sky localization
in last science run: S6/VSR3
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G71031: ER3 gstlal event, before
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ldea: Use point estimates triggers, but start from Bayes’ theorem
Then hold to same self-consistency

standards as full MCMC
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ldea: Use point estimates triggers, but start from Bayes’ theorem
Then hold to same self-consistency

standards as full MCMC
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ldea: Use point estimates triggers, but start from Bayes’ theorem
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thus was born...

BAYESTAR
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Bayes' Rule

® Take some data, X, and form a hypothesis, ©. How probable
is your hypothesis, given the data!

“likelihood” “prior”
“posterior” X|@ ¥ P
0|X) =
“evidence”

® Marginalize to get rid of
nuisance parameters

> PX[©,M)P(O, A
N P(X

P(©, )\ X
®

Or, if hypothesis is continuously
parameterized,

[ p(x|6,X)p(6, A
_ e

p




Problem setup: data, parameters

Data/observation

amplitude,

strain time series N deteCtOrS SQR pP;lse N detectors

z;(t;) [ M samples Pis Tiy Vi

% A vt |
TOA note: not using phase right now

Nuisance variables

polarization
luminosity angle
component masses distance
m17m2aslas2 TEBvDLa 7¢ ¢c
spins TOA at coalescence
geocenter |ncI|nat|on phase
intrinsic variables (fixed at maximum-
likelihood estimates for triangulation) extrinsic variables

Parameters of interest

direction of source 1

e.g.

right ascension, declination O{, 5



QOutline of calculation

Likelihood: factor into a time of arrival (TOA)-only
contribution and an SNR-only contribution, both Gaussian

L o< LsNR X LTOA

Prior: uniform in

3
T ¢C? wv COS L, DL

Posterior: factor into an TOA-only contribution and an SNR-only contribution

p(n|7ﬁ1,...,7ﬁN7ﬁla'“7ﬁN)
— fTOA(n|7A-17°°'77/:N) X fSNR(n‘ﬁlwﬂaﬁN)



Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

image: http://healpix.jpl.nasa.gov
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Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

_4/12 pixels (13,751 deg*)

15°/ e A S S S i SN SRR SN

150\ M R S SRt SRR Feeeeeees N g R A

-75°



Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

110748 pixels (8,594 deg?)
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Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

193/768 pixels (4,995 deg®)




Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

344/3,072 pixels (4,619 deg®)
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Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

5o Time-of-arrival only
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Adaptive resolution

Evaluate TOA posterior first, then evaluate SNR posterior
for those points that comprise the 99.99th percentile of
the TOA posterior.

75°Time-of-arrival and SNR

0
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Distance marginalization

® Radial integrand peaks
sharply at distance that is
best supported by data

® Divide integration domain
into 3 sub-domains that
enclose maximum likelihood
peak, small-distance tail, and

prob ——

large-distance tail

® Use adaptive Gaussian
quadrature to discover

which region dominates
(gsl_integration_qagp)



http://www.gnu.org/software/gsl/manual/html_node/QAGP-adaptive-integration-with-known-singular-points.html
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CBC Mock Data
Challenge



Observing scenarios

i Advanced LIGO 0 Advanced Virgo
10” e ——— 10” T
B Early (2015, 40 — 80 Mpc) B Early (2016-17, 20 — 60 Mpc) |
Mid (2016-17, 80 — 120 Mpc) | Mid (2017-18, 60 — 85 Mpc) ||
gA 0 Late (2017-18, 120 — 170 Mpc)| g/\ I Late (2018-20, 65 — 115 Mpc)|
'N Il Design (2019, 200 Mpc) N Il Design (2021, 130 Mpc) o
L 1072 BNS-optimized (215 Mpc) L 10722 BNS-optimized (145 Mpc)
() , : , O , : , ,
S S
: 2
= =
(4y] (4]
? A
.g 10_235 .g 10-235
10‘24 i il 10_24 ; ; S S R il
10’ 10° 10° 10’ 10° 10°
frequency (Hz) frequency (Hz)
Estimated | Eqw = 1072Myc? Number % BNS Localized
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
Epoch Duration | LIGO Virgo LIGO Virgo Detections | 5deg? | 20 deg?
2015 3 months | 40 — 60 — 40 — 80 — 0.0004 - 3 — —
201617 6 months | 60 — 75 20 — 40 80 — 120 20 — 60 | 0.006 — 20 2 5—12
201718 9 months | 75 — 90 40 — 50 120 - 170 | 60—-85 | 0.04-100 | 1 -2 10 — 12
2019+ (per year) 105 40 — 80 200 65 — 130 | 0.2 — 200 3-8 8 — 28
2022+ (India) | (per year) 105 80 200 130 0.4 — 400 17 48

LSC & Virgo 2013, arXiv:1304.0670




Observing scenarios

Advan

ced LIGO

strain noise amplitude (Hz"1/2)

B Early (2015, 40 — 80 Mpc)

Mid (2016-17, 80 — 120 Mpc) ||

W Late (2017-18, 120 — 170 Mpc)|
Il Design (2019, 200 Mpc)

" BNS-optimized (215 Mpc)

107",

strain noise amplitude (Hz‘”z)

Advanced Virgo

B Early (2016-17, 20 — 60 Mpc) |
Mid (2017-18, 60 — 85 Mpc) ||
I Late (2018-20, 65 — 115 Mpc)|
Il Design (2021, 130 Mpc)
. BNS-optimized (145 Mpc)

SR
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P’

10 1 “‘12 “‘13 10 1 “‘12 “‘13
10 10 10 10 10 10
frequency (Hz) frequency (Hz)
Estimated | Eqw = 1072Myc? Number % BNS Localized
Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
Epoch Duration | LIGO | Virgo LIGO Virgo | Detections | 5 deg? | 20deg?
2016-17 6 months | 60 — 75 | 20 — 40 80 —120 | 20—-60 | 0.006 — 20 2 5—12
201718 9 months | 75-90 | 40-50 | 120-170 | 60 -85 | 0.04 -100 | 1 -2 | 10— 12
2019+ (per year) 105 40 — 80 200 65 —-130 | 0.2—-200 | 3-8 8 — 28
2022+ (India) | (per year) 105 80 200 130 0.4 — 400 17 48

LSC & Virgo 2013, arXiv:1304.0670
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BNS Mock
Data Challenge

Sk injections
HI-Ll network
early aLIGO configuration

Uniformly distributed component masses

I2MO <m=< 1.6 M

TaylorT4threePointFivePN waveforms

Gaussian noise (recolored noise simulations exist too)



FAR < 10* Hz (1643 events)
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number of injections
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run time (s)

(single threaded; parallelized with OpenMP )




number of injections

FAR < 10~* Hz (1643 events)
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Spike near 180°!



Why the bump at 180°?

H1 rms antenna pattern
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Why the bump at 180°?

L1 rms antenna pattern
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Why the bump at 180°?

H1l <« L1 time delay
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H1l <« L1 time delay




Crosshairs cluster at time
delay=0 and maxima in HI,
L1 antenna pattern

H1l <« L1 time delay
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Crosshairs cluster at time 2 locations, 180° apart,
delay=0 and maxima in HlI, <>  nearly indistinguishable
LI antenna pattern by TOAs or SNR
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Bump near 180° is inevitable, given HI,L| configuration.
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Crosshairs cluster at time 2 locations, 180° apart,
delay=0 and maxima in HlI, <>  nearly indistinguishable
LI antenna pattern by TOAs or SNR

H1l <« L1 time delay

.......................................

.............................................
.....................................

07 -60° -30°

................................................

..............................................

-75°

Bump near 180° is inevitable, given HI,L| configuration.
Worse: these degenerate points are almost |2h apart in RA.

Multiple nights and multiple optical facilities
required to follow up many GWV events!
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Epoch

2015
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2022+ (India)




Observing scenarios

Epoch

2015
2016-17
2017-18
2019+
2022+ (India)

Number | % BNS Localized

of BNS within
Detections | 5deg® | 20deg?
0.0004 — 3 — —
0.006 — 20 2 5—12
0.04 —100 | 1 -2 10 — 12
0.2-200 | 3-8 8 — 28

0.4 — 400 17 48

Observing scenarios
document doesn’t even

bother to put a number for
7% localized in 2015 run...



Observing scenarios

Number | % BNS Localized
of BNS within
Epoch Detections | 5deg® | 20deg?
2015 0.0004 — 3 — —
2016-17 0.006 — 20 2 5—12
2017-18 0.04 —100 | 1 -2 10 — 12
2019+ 0.2-200 | 3-8 8 — 28
2022+ (India) 0.4 — 400 17 48

N

Observing scenarios
document doesn’t even

bother to put a number for
7% localized in 2015 run...

Statistically, in “2015
epoch” MDC:

% BNS localized within
within 5 deg? within 20 deg?

with pc=12

2.2 + 0.6% 98 + 1.2%

...for good reason, considering the sky maps for the

HIL| events in the MDC.



Observing scenarios

Number | % BNS Localized
of BNS within
Epoch Detections | 5deg® | 20deg?

2015 0.0004 — 3 Jous — — |
2016-17 0.006 — 20»%:" ) -
2017-18 0.04 — 100}
2019+ 0.2 — 200}

2022+ (India) 0.4 — 400 [}

These numbers will be more
interesting to fill in as MDCs

progress through detector
configurations...



Observing scenarios

Number | % BNS Localized
of BNS within
Epoch Detections | 5deg® | 20deg?
2015 0.0004 — 3 | s L —
2016-17 0.006 - 204 2 ) 51278
2017-18 0.04 — 1004
2019+ 0.2 — 200 [f

2022+ (India) 0.4 — 400 [}

Team assembled to produce MDCs for all of the observing
scenarios: Chad Hanna, Chris Pankow, Branson

Stephens, Alex Urban, Sarah Caudill, Ruslan Vaulin,
Salvatore Vitale, Larry Price, Leo Singer



Observing scenarios

Number % BNS Localized

of BNS within
Epoch Detections | 5deg® | 20deg?
2015 0.0004 — 3 | o R
2016-17 0.006 - 204 2 ) 51278
201718 0.04 — 100;
2019+ 0.2 — 200 {f

2022+ (India) 0.4 — 400 [}

Which detector network is likely to produce
the first well-localized CBCs!?

Team assembled to produce MDCs for all of the observing
scenarios: Chad Hanna, Chris Pankow, Branson

Stephens, Alex Urban, Sarah Caudill, Ruslan Vaulin,
Salvatore Vitale, Larry Price, Leo Singer



Future work

® Feed rapid localization into full parameter estimation

¢ MCMC implementation of BAYESTAR

developed w/ Ben Farr | J WL"J Mﬂﬂ .
Low-Latency Localization Pipeline Trigger Values : | : I | : :h:
- MM

Intrinsic Analysis Extrinsic Analysis N MMWM
[ | | | | |

) . i
Full Analysis - J | Mﬂ[ﬂfﬂﬁ’%l—\
see https://dcc ligo.org/LIGO-G1300015v3 ~ ~f' " IH’MW wwﬂﬂj\m

Ben Farr, Northwestern U. 80 100 120 140 160 200 220
sample #

Dec

el



https://dcc.ligo.org/LIGO-G1300015-v3
https://dcc.ligo.org/LIGO-G1300015-v3

Searching for optical
counterparts of GBM
events with PTF



TITLE: GCN CIRCULAR

NUMBER: 13489

SUBJECT: GRB 120716A: Candidate Optical Afterglow from PTF
DATE: 12/07/19 00:01:37 GMT

FROM: S. Bradley Cenko at Caltech <cenko@srl.caltech.edu>

S. B. Cenko (UC Berkeley), E. 0. Ofek (Weizmann Institute of Science), and
P. E. Nugent (Lawrence Berkeley National Laboratory / UC Berkeley) report
on behalf of a larger collaboration:

We have imaged the location of the IPN GRB 120716A (Hurley et al., GCN
13487) with the Palomar 48 inch Oschin Schmidt telescope as part of the
Palomar Transient Factory (PTF). 1Images were obtained in the r' filter
beginning at 4:25 UT on 18 July 2012 (~ 1.5 d after the IPN trigger).

Within the IPN localization, we identify a new point source with
coordinates:

RA: 20:52:12.10 Dec: +09:35:53.7 (J2000.0)

Using several nearby stars from the Sloan Digital Sky Survey for
reference, we measure a magnhitude of r' ~ 20.4 at this time.

Nothing is detected at this location in previous PTF imaging of this
field, with images beginning in June 2011. Furthermore, no source is
detected in archival SDSS imaging of this location (a faint nearby object
in the SDSS database, SDSS J205212.01+093551.9, appears to be of very low
significance). However, our most recent epoch of PTF imaging was obtained
in March 2012, so we cannot currently rule out the chance alignment of an
unassociated foreground or background transient.

Further observations of this candidate optical afterglow are planned.


mailto:cenko@srl.caltech.edu
mailto:cenko@srl.caltech.edu

P48 - R-band
2012 July 18.26




LAT Instrument
(Large Area Telescope under the AntiCoincidence Detector

Tracker

4 x 4 Array of Towers side view
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Ku-Band Antenna

Gamma Ray Large Area Space Telescope
http://www.nasa.gov/glast

[llustration: NASA/Sonoma State University/Aurore Simonnet
http://physics.aps.org/articles/v2/37
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one 7.25 deg? P48 reference field

1 PTF field w/ ref.
1 PTF field w/o ref.
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Fermi GBM triggers:
localization accuracy
compared with Swift
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Estimated radial profile of Fermi
GBM localization errors
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GSFC/GCN

subscribers V \ photo by: Iair Arcavi
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Photometric upper
limits for UVOT event

aperture photometry using P48 calibration

Dec (J2000)

12h57m07.00s  08.00s 09.00s 10.00s
RA (j2000)

42.0"

TITLE: GCN CIRCULAR

NUMBER: 14192

SUBJECT: GRB 130122A: PTF P48 optical upper limits
DATE : 13/02/09 15:33:37 GMT

FROM: Leo Singer at CIT/PTF <lsinger@caltech.edu>

Dec (J2000)

01'00.0"

L. P. Singer (Caltech), S. B. Cenko (UC Berkeley), and D. A. Brown
(Syracuse) report on behalf of a larger collaboration:

We have imaged the 3-sigma Swift UVOT error circle (P. Evans, GCN WSO 0Ks @00 00
14143) of GRB130122A (Swift546731, S. Barthelmy, GCN 14140) with the

Palomar 48 inch Oschin telescope (P48) as part of the Palomar

Transient Factory (PTF). Images were obtained in the Mould R filter

at 2013-01-23 at ©6:27:39 and 07:11:25 UTC, 6.7 and 7.5 hours after

the trigger.

With sporadic cloud cover and a bright moon, we find no point source,
fading or otherwise, to 5-sigma limiting magnitudes of 19.1 and 18.4.


mailto:lsinger@caltech.edu
mailto:lsinger@caltech.edu

Content-Type: text/plain; charset="us-ascii" . o

MIME-Version: 1.0 P|Pe||ne COMPOSES
Content-Transfer-Encoding: 7bit .

Subject: GRB 130122A: PTF P48 optical upper limits GCN c|rcu|ars

Dear humans,
Would you please review and submit this GCN circular?

Thanks,
react@localhost

TITLE: GCN CIRCULAR

NUMBER: 14192

SUBJECT: GRB 130122A: PTF P48 optical upper limits
DATE : 13/02/09 15:33:37 GMT

FROM: Leo Singer at CIT/PTF <lsinger@caltech.edu>

L. P. Singer (Caltech), S. B. Cenko (UC Berkeley), and D. A. Brown
(Syracuse) report on behalf of a larger collaboration:

We have imaged the 3-sigma Swift UVOT error circle (P. Evans, GCN
14143) of GRB130122A (Swift546731, S. Barthelmy, GCN 14140) with the
Palomar 48 inch Oschin telescope (P48) as part of the Palomar
Transient Factory (PTF). Images were obtained in the Mould R filter
at 2013-01-23 at ©6:27:39 and ©07:11:25 UTC, 6.7 and 7.5 hours after
the trigger.

With sporadic cloud cover and a bright moon, we find no point source,
fading or otherwise, to 5-sigma limiting magnitudes of 19.1 and 18.4.


mailto:lsinger@caltech.edu
mailto:lsinger@caltech.edu

Multiple detection of BAT
event in catalog search

light curve power law index measured

TITLE: GCN CIRCULAR -
NUMBER: 14244 N

SUBJECT: GRB 130215A: PTF P48 optical detection
DATE: 13/02/21 06:08:29 GMT
FROM: Leo Singer at CIT/PTF <lsinger@caltech.edu> 3500.0" e

RA (J2000)

L. P. Singer (Caltech), S. B. Cenko (UC Berkeley), and D. A. Brown
(Syracuse) report on behalf of a larger collaboration:

We have imaged the 3-sigma Swift BAT error circle (S. Barthelmy, GCN
14214) of GRB130©215A (Swift548760, S. Barthelmy, GCN 14204) with the
Palomar 48 inch Oschin telescope (P48) as part of the Palomar
Transient Factory (PTF).

Images were obtained in the Mould R filter on 2013-02-15 at ©2:35:05
and 04:05:52 UTC, 1.1 and 2.6 hours after the trigger. We detect a
fading point source that is absent in the USNO B-1 catalog at
magnitudes of 16.38 and 17.59 at

RA(J2000) = 2h 54m 00.73s

DEC(J2000) = +13d 23' 43.0"
, matching the ROTSE-IIIb position (GCN 14205, Zheng & Flewelling).

Assuming a power-law decay, these two P48 observations give us an index
alpha=-1.25, consistent with the index of alpha=-1.24 reported by ROTSE
analysis (GCN 14208, Zheng et al.).


mailto:lsinger@caltech.edu
mailto:lsinger@caltech.edu

Multiple detection of BAT
event in catalog search

light curve power law index measured

3°15'00.0"
20'00.0" G

25'00.0" B=
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2h53m20.00s 40.00s  54m00.00s  20.00s 40.00s
RA (J2000)



Deeper photometric limit in
good observing conditions

aperture photometry using P48 calibration

TITLE: GCN CIRCULAR

NUMBER: 14313

SUBJECT: GRB 130305A: PTF P48 optical upper limits
DATE : 13/03/15 19:28:32 GMT

FROM: Leo Singer at CIT/PTF <lsinger@caltech.edu>

L. P. Singer (Caltech), S. B. Cenko (UC Berkeley), and D. A. Brown
(Syracuse) report on behalf of a larger collaboration:

We have imaged the 3-sigma Swift XRT error circle (D. Malesani, GCN
14263) of GRB130305A (Fermi384176354, J. R. Cummings, GCN 14257) with
the Palomar 48 inch Oschin telescope (P48) as part of the Palomar
Transient Factory (PTF). Images were obtained in the Mould R filter
at 2013-03-06 at ©5:13:35 and ©5:56:17 UTC, 17.6 and 18.3 hours after
the trigger.

We find no point source, fading or otherwise, to 5-sigma limiting
magnitudes of 20.8 and 20.8.


mailto:lsinger@caltech.edu
mailto:lsinger@caltech.edu

Fermi trigger from Friday, result so far:

dozens of variable stars
some image subtraction muck
two likely background supernovae, awaiting classification

Fermi trigger from last night

more follow-up observations tonight
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as shown by engineering runs and mock data challenges,
demonstrably ready now, but can be improved a little bit




How do we get there!

low-latency event detection

seems to be in hand
rapid sky localization a O

as shown by engineering runs and mock data challenges,
demonstrably ready now, but can be improved a little bit

optical follow-up

the hard part: largely uncharted territory, §
hic sunt dracones...

photo by: Iair Arcavi
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Extra slides



ER3: Injections Found

4 low-mass triggers, all reported by gstlal



true location
19h51m58.39s

-44°36'10.2"

maximum a posteriori estimate
20h18m34. 29s

-42°36"'35.3"

found at confidence level: 96%
enclosing area: 140 deg?

offset:

5.2°

G71031

1 2» 1t

. -l 1 l , .-I

prob. per deg-

2 <10 -

Event Type: LowMass

MChirp: 1.191

MTot: 2.75351202488

End Time: 1045019974.847648153
SNR: 13.656

IFOs: H1,L1,V1

FAR: 8.053e-11


http://livepage.apple.com/
http://livepage.apple.com/

true location
19h25m10.65s
+7°53'50.3"

maximum a posteriori estimate
20h51m33.75s
-14°28'39.0"

found at confidence level: 92%
enclosing area: 3240 deg?
offset: 31°

G71593

i ¥ 12¢ ek

1 2 3 4 3
prob. per deg-

Event Type: LowMass

MChirp: 1.533

MTot: 3.53183591366

End Time: 1045456996.50528038
SNR: 10.271

IFOs: H1,L1

FAR: 1.226e-04


https://gracedb.ligo.org/events/G71593
https://gracedb.ligo.org/events/G71593

note: ‘“freak” event,
with V1 in an artificially

sensitive state G 7 I 627

2 1? @ 2 1 e

true location
8h04m29.85s

-49°37'08.1"

maximum a posteriori estimate Event Type: LowMass

14h54m22.50s - l_ l I_ _ 4 MChirp: 4.536

+35°41'97.2" 005 1 15 2 25 3 Sox10 MTot: 17.7093279362
prob. per deg End Time: 1045473314.707031385

found at confidence level: 99% SNR: 12.672

enclosing area: 15725 deg? IFOs: L1,V1

offset: 124° FAR: 1.367e-10


https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627
https://gracedb.ligo.org/events/G71627

G71831

|

i b 1 ik ¢ 6

true location
16h06m35.63s

-71°58'40.0"
maximum a posteriori estimate Event Type: LowMass
19h30me0.00s _;l I_ I_ 3 MChirp: 1.355
-39°27'93.2" 0 05 1 15 2 25xI0 MTot: 3.15994691849
prob. per deg- End Time: 1045702467.740710217
found at confidence level: 40% SNR: 10.954
enclosing area: 223 deg? IFOs: L1,V1

offset: 41° FAR: 1.848e-06


https://gracedb.ligo.org/events/G71831
https://gracedb.ligo.org/events/G71831

Orientation integral

® Newton-Cotes

quadrature in v, cos¢

000000000000000000

000000000000000000

0000000000000000000




NP 1.064, 1.138) M.
The devil is in M e R 2 PR

the details...

O veers from |/p
dependence at p~10

Proper relation of O vs. p

std. dev. of TOA error (s)

. -4 p— -
critical for self-consistency 10 :
Lots of ideas:
Nicholson & Vecchio 1998, PRD
57,4588
‘beyond Fisher information’ series
expansions
Zanolin et al. 2010, PRD, 81,
124048 10-5 : & B KW E Ey : L G E R
\I/lzt:(l)eég( Zanolin 2010, PRD 82, 100 101 102
SNR
‘effective Fisher information’ crosses: measurement of timing uncertainty by numerical experimentdashed
Cho e al. 2013, PRD, 87, 024004 line: Cramér-Rao bound

heavy line: Barankin bound
E.W. Barankin, Ann. Math. Stat., 20, 477
w/fudge factor of  (1?)



The devil is in the details...

test
) weights
. t
Barankin bound on s test points
central moment of l
function h: nov
Y a;h(0;)
i—1
91,...,9n E@
ai,...,anER Z a"’/wgz
neZ"‘ ’l:]. T T
/ likelihood
r'" norm, an ratio against (9()
integral
S
where T =

s — 1

std. dev. of TOA error (s)

(1.064, 1.138) M.
AALA

107

107 .
10° 10* 10°

T SNR

heavy line: Barankin bound
E.W. Barankin, Ann. Math. Stat., 20,477

w/fudge factor of m (17)
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Enhancement: fold phase
measurement into likelihood

® CRB=time & phase errors are correlated

® |ikelihood looks like Gaussian wrapped on cylinder
® At least two ways to do this:
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