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LIGO low-latency alerts

Why low-latency?

-Directed follow-up and multi-messenger astronomy

What does LIGO mean by “low-latency”?

- O(sec-min) rather than O(days-weeks)

What challenges are associated with low-latency?

- non-stationary, non-Gaussian noise background (“glitches”)
- wide parameter space
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What all-sky low-latency searches are running?

Compact Binary Coalescence (CBC)

“Everything else” (Bursts)
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What all-sky low-latency searches are running?

Compact Binary Coalescence (CBC)

Both perform decompositions of
large template banks and
matched-filter data
Templates — assumed morphology

gstlal (lowmass)

Multi-Band Transit Analysis (MBTA)

“Everything else” (Bursts)
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What all-sky low-latency searches are running?

Compact Binary Coalescence (CBC)
gstlal (lowmass)

Multi-Band Transit Analysis (MBTA)

“Everything else” (Bursts)

Coherent WaveBurst (cWB)

Omicron+LALInferenceBurst (oLIB)

cWB maximizes a “contrained” likelihood
to reconstruct the waveform.
Makes minimal assumptions about
polarization (when possible).

oLIB performs incoherent coincidence with
sineGaussian template (Omicron) before
Computing fully coherent Bayes Factors

(LIB) using a single sineGaussian template.
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How are candidates reported internally?

GraceDB
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How are candidates reported internally?

synchronous asynchronous

GraceDB
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What follow-up Is conducted internally?

MOU
partners

GraceDB

SegDB 1
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What follow-up Is conducted internally?

MOU
partners

GraceDB

humans

SegDB 12
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What follow-up Is conducted internally?

MOU
partners

| GraceDB \

lvalert

humans

alert_type=“new”

‘ event_supervisor /
‘ approval_processor

SegDB 13
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alert_type=“new”
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What follow-up Is conducted internally?

MOU
partners

GraceDB
A

lvalert

humans

“glitch report”

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

MOU
partners

| GraceDB \

lvalert

alert_type=* updat
“glitch report”

‘ event_supervisor
‘ approval_processor

SegDB 16
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What follow-up Is conducted internally?

MOU
partners

GraceDB
A

lvalert

humans

decision about
QV label

‘ event_supervisyér ‘

‘ approval_processor ‘
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MOU
partners

GraceDB

lvalert

humans
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What follow-up Is conducted internally?

MOU
partners

GraceDB

lvalert

humans

Segments'& DQ flags

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

GraceDB

humans

Presence of
neighboring GRBs

‘ event_supervisor ‘

‘ approval_processor ‘

MOU
partners

lvalert

LIGO-G1501424
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What follow-up Is conducted internally?

MOU
partners

GraceDB

lvalert

humans

Presence of
nearby HWInj

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

MOU
partners

GraceDB

\ lvalert Localization (FITS)
& orbital parameters

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

MOU
partners

GraceDB
A

lvalert

humans

Labels, VOEvents

‘ event_supervisyér ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

MOU
partners

lvalert

automated processes

humans

alert_type=“new”

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

MOU
partners

| GraceDB \

lvalert

humans

alert_type=“new”

Warnings about
automated processes

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

FAR < 1/month

GraceDB
ADVREQ A

lvalert

alert_type=* new

‘ event_superws
‘ approval_processor

SegDB 27

MOU
partners
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What follow-up Is conducted internally?

GraceDB

MOU
partners

ADV

lvalert

humans

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

GraceDB

MOU
partners

LVC private GCN

lvalert

humans

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

- visibility of follow-up
results controlled by MOU
“lvem” tag

‘ partners
| GraceDB

lvalert

humans

‘ event_supervisor ‘

‘ approval_processor ‘
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What follow-up Is conducted internally?

GraceDB — Gravitational Wave Candidate Event Database

| Howe | =EaRcH | CREATE | REFORTS | RSS | LATEST | OFTIONS | DOCUMENTATION | AUTHENTICATED AS: REED ESSICK

Basic Info
GFS Time] =

Basic information about the event = | == ow mee s mee SR e ue e

Coinc Tables Single Inspiral Tables
F HL L1
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'I'en'plmel:umbn INATEOZEIALIN 5 2 BTEOCOLALS 5
Toaal Mess ZEMI M, Effective Distance 114, 22639 Mpc L) (RS e
. : . COA Phass 22972782 rad D.ZINE1LS
More detailed information st ey
Chirp Mass 12009 M, Mass 2 LILZ7E My LI1Z7&3 M
(parameters reported by search) 2 cmwm oo
Hr T OH
SMR 124073 SKR SETETR4L TEITET
f DETTITITI Q.ES&3TOE
x° DOF L :
Falzz Alsrm Probabllity 203502 spinlz [la] [+11]
spinZz [\ 1] [\ T:]
Lng LikelFood Ratio 117712539331 0000

Neighboring events  xegsors 5.4
(internal and external) ===~

= Event Log Messages [
= Anatyst Comments

Comments and analysis input by hand &, . et
Localizations (HEALPix FITS files) 5 l‘
Follow-up footprintsandEmM | /|
observations reported below s == E S S,
EE;ELE{EE;'?E{I“RM gg_:nrr:‘u_&\"ru#el I:ﬁnmsnlc et json Wisw In: Sleymaphiewer!
Dec 4, 2003 100032 AM Shymapiiewer baesiar json Wisw I Skymaphieser!

+ EM Chzprantions
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How are candidates circulated externally?

Private GCN notices
currently written by hand.
contain at least one FITS file and brief description of event.
an “initial” alert rather than a “preliminary” alert.

What is in the MOU?
Privacy rules:
who owns what data and with whom can it be shared?
Publication rules:
possible counterparts embargoed until GW event published.
LVC will provide “detailed information” prior to publication.
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What follow-up Is conducted internally?

GraceDB — Gravitational Wave Candidate Event Database

Basic information about the event

More detailed information
parameters reported by search

Neighboring events
(internal and external)

Comments and analysis input by hand

Localizations (HEALPix FITS files)
Follow-up footprints and EM
observations reported below

= Sicy Locaizaton

| Howe | =EaRcH | CREATE | REFORTS | RSS | LATEST | OFTIONS | DOCUMENTATION | AUTHENTICATED AS: REED ESSICK
Basic Info
GFS Time] = UTC| =
] Labeis Growp Fipeiie Search Instruments Event Time FAR [Hz) Links Submitted
M20EELL EM_READY L. getal uDC HLLL SEImE] 3197 el als 20131204 16:00:08 UTC
Coinc Tables Single Inspiral Tables
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Log Likelbood Ratio  1177125353310000
Neighbors [-5,+5]
Mo nelghbors in rasgs.
= Event Log Messages [
= Anatyst Comments
LLO Loscai] =
Loa Entrs Created Submitter Comment
Dec 4, 2013 10400:11 AM DE Processo This simulsled delechion candidaie i & copy of event 13832 from fhe 2015 scenaric of fhe "Frst Two
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= Watse Cunses
LLD Lecal] =
Lo Entry Created Submitter Comment
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i

PHG r\emrrnqs:‘ apid BAYESTAR localzafion
tenyestar.pog. Submitied by GDE Processoron Dec
I AT 0T PR

PHGS r\emrrn%:v‘yrmd
LALINFERENLE_MEST sky map
alnizrence nesipng. S

=MHEREFB
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Loa Eniry Crealed Submitter
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Dec 4, 2017 1000:13 AM GDE Processo

+ EM Chzprantions

Comment

lslinference nest fson View I Skymaghiewer!
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How Is follow-up coordinated externally?

Skymap Viewer a0 &

2 anding LIGO-Virgo skymaps. Help here, and skymaps here. If you do not see the big dark sky map, <D @5
look below and wlden your browser. Zoom with the + and - at the right of the sky. ——
LIGO-Virgo Skymaps @ 20T 1029 47.913 +07 320y e

This skymap is from GraceDB Q
candidate M2057553. |"|||||| |
76.2 50 deg

sq deg

South _._._.. North

L7

Show Weighted Galaxies (or table).
Time and Place @

Universal time
2010-10-12T17:59:47 [ Now |

E Longibud Latitude

= H and . = Moon

Catalog Sources @

Click the Layers icon é to switch on catalogs. If FoV: 175.31°

you click on the sources on the sky, information will
appear here with links to Simbad and NED.

Zoomabhle Multiwavelength Sky

Zoom in on the sky with the mouse or the +/- icons
on the right of the sky. Te change the image layer,

click the Layers icon é and select on Base image

layer. Select the DSS rather than Mellinger to get
better fine detail.
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How Is follow-up coordinated externally?

Skymap Viewer a0 &
A anding LIGO-Virgo skymaps. Help here, and skymaps here. If you do not see the big dark sky map, <D @5

look below and wlden your browser. Zoom with the + and - at the right of the sky.

Jzooo ¥ 10

=
Q

29 47.913 +07 39 00N

LIGO-Virgo Skymaps @

This skymap is from GraceDB
candidate M2057553. |"|||||| |

i—cE s0 deg
“:'-q ed = 954.0 sq deg

.- Morth

i:J

Show Weighted Galaxies (or table).
Time and Place @

Universal time
2010-10-12T17:59:47  |EE0)

E Longibude Latitude

= H and = Moon

Catalog Sources @

Electro-Magnetic

Bulletin Board (EMBB)
part of GraceDB accessible
by MOU partners.

Click the Layers icon é to switch on catalogs. If FoV: 175.31°

you click on the sources on the sky, information will
appear here with links to Simbad and NED.

EMBB Event Log (EEL)
Zoom in on the sky with the mouse or the +- icons Standardlzed format for
0|.1IheIightofth.esky.TochangeIheimagelay.rer. reporting Observation

click the Layers icon é and select on Base image

layer. Select the DSS rather than Mellinger to get fo Otp ri ntS to E M B B .

better fine detail.

Zoomabhle Multiwavelength Sky
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What to expect from LVC alerts

CBC alerts

Burst alerts
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What to expect from LVC alerts

CBC alerts
Initial
- search's point estimates
- Bayestar localization
Updates
- LALInference posterior distributions
- LALInference localization

Burst alerts

LIGO-G1501424

37


https://dcc.ligo.org/G1501424

What to expect from LVC alerts

CBC alerts
Initial
- search's point estimates
- Bayestar localization
Updates
- LALInference posterior distributions
- LALInference localization

Burst alerts
Initial
- search's point estimates
- CWB (or LIB PE) localization
Updates
- LIB PE localization
- BayesWave waveform reconstruction
- BayesWave localization

LIGO-G1501424
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Public Data

Technical documentation, tutorials, and instructions for registering for LV-EM services
https://gw-astronomy.org/wiki/LV_EM/TechlInfo

LIGO Open Science Center (LOSC) provides instructions on how to access
and manipulate archival LIGO data. A variety of formats are provided as well
data quality information.

S5 data : 2005 - 2007

S6 data : 2009 - 2010

BNS F2Y OpenData : arXiv:1404.5623 o
A large-scale MDC study of detectability T A TR 13.2
of BNS signals in both Gaussian and - PERAGIC SRS 13,

re-colored noise. Provides estimates on o of s0r 00 v 30 o0 ol o 150
the expected detection rate as well as 5o\ 2\ e

LALInference localizations.

Burst F2Y OpenData arXiv:1409.2435
A large-scale MDC study of burst localizations
in Gaussian noise. Makes no predictions
for detection rate. Provides a large catalog
of cWB and LIB localizations.



https://losc.ligo.org/S5/
https://losc.ligo.org/S6/
http://www.ligo.org/scientists/first2years/
http://www.ligo.org/scientists/burst-first2years/
https://dcc.ligo.org/G1501424
https://gw-astronomy.org/wiki/LV_EM/TechInfo
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What follow-up Is conducted internally?

gstlal

MBTA MOU

GraceDB R‘

partners

‘ event_supervisor ‘

‘ approval_processor ‘

SegDB 41
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What follow-up Is conducted internally?

MOU
partners

GraceDB R‘

lvalert
N

humans

‘ event_supervisor ‘

‘ approval_processor ‘

SegDB 42
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What follow-up Is conducted internally?

MOU
partners

GraceDB R‘
|Va|ei—/.
humans

‘ event_supervisor ‘

‘ approval_processor ‘
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Technical documentation, tutorials, and instructions for registering for LV-EM services
https://gw-astronomy.org/wiki/LV_EM/TechlInfo

LIGO Open Science Center (LOSC) provides instructions on how to access

and manipulate archival LIGO data. A variety of formats are provided as well

data quality information.
S5 data : 2005 - 2007
S6 data : 2009 - 2010

BNS F2Y OpenData
A large-scale MDC study of detectability
of BNS signals in both Gaussian and
re-colored noise. Provides estimates on
the expected detection rate as well as
a large catalog of Bayestar and
LALInference localizations.

Data release 2015, HL

2016, HLV % 2015, recoloured

Show/hide columns -

The First Two Years of Electromagnetic
Follow-Up with Advanced LIGO and Virgo

I Singer et al. 2014

arxiv:1404.5623

This web page provides
additional online material
related to the paper "The First
Two Years of Electromagnetic
Follow-Up with Advanced LIGO
and Virgo" and the follow-up
paper "Parameter Estimation
for Binary Neutron-Star
Coalescences with Realistic
Noise During the Advanced
LIGO Era."

ve detector network through
0- and three-detector

database of

signals, recovered
detections candidats

maps resulting from Bayesian
estimation.

sterior probability
parameter

K Berry et al. 2015
arxiv:1411.6934

Instructions

You can use the tables in the 2015, 2016, and
2015, recoloured tabs above to browse through
all of the events and sky maps in tl .
You can sort on any column by clicking its
header, or show and hide columns usi

Fl alway e equal
and the NESTED indexing scheme. For
reading these files, the authors recommend the
Python package Healpy or the official HEALPix
C/C++/IDL/Java/Fortran library. They can also
be displayed by many standard imaging
programs such as DS9 and Aladin.

In WebGL capable browsers, there is also an
option to show any sky map @ interactively in
3D.

Each table is also available in ASCII form in

Machine Readable Table (CDS/VizieR) format.
For reading these tables, the journal suggests
several Machine Readable Table readers, but

Source codes

Here are some LIGO) Jo source codes that

were used to prep

= GSTLAL inspiral detection pipeline
(project page and source repository)
» LALSuite: LIGO Algorithm Library
(project page)
o XLALSimInspiralspinTaylorT4,
waveform model (source code)
o XLALSimInspiralTaylorF2
detection templates (source code)
o LA ren rameter-
on library (source code)
AR rapid sky-localization
(source code)

All of the above are free and open source,
released under the terms of the GNU General
Public License.

This page uses MathJax, under the terms of
the Apache License 2.0. It uses Bootstrap, the
Simplex theme, Tablecloth.js, TableSorter, and
Unweiljs. all of which are under the MIT
License
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https://gw-astronomy.org/wiki/LV_EM/TechInfo

LIGO-G1501424

Public Data

Technical documentation, tutorials, and instructions for registering for LV-EM services
https://gw-astronomy.org/wiki/LV_EM/TechlInfo

LIGO Open Science Center (LOSC) provides instructions on how to access

and manipulate archival LIGO data. A variety of formats are rovided as well

data quality information. L
S5 data : 2005 - 2007

S6 data : 2009 - 2010 Localization of Short Duration Gravitational-wave
Transients with the Early Advanced LIGO and Virgo
Detectors

BNS FZY OpenData arX|V14045623 Read on arXiv Read on IOPScience
A large-scale MDC study of detectability

A catalog of HEALPIx all-sky maps produced as part of the

Of B N S Slg n aIS | n bOth G aU SSlan and Burst First2Years localization characterization study.
d H M d M This includes bath the 2015 (LHO-LLO) two-detector network and the 2016 (LHO-LLO-Virgo) three-detector network, for all four
re-colored noise. Provides estimates on S
th e expe Cted d ete Ctl O n rate aS Wel | aS sine-Gaussians (SG), Gaussians (G), White-noise Bursts (WNB), and Binary Black Holes (BBH).
We compare two localization algorithms, coherent WaveBurst (cWB) and LALInferenceBurst (LIB) over a set of astrophysically
a I arg e Catal Og Of B ayeStar an d distributed injections detected by cWB. These injections cover a broad range of morpholgies and probe very different frequency ranges
1 1 and content. In particular, we discuss how signal morphology affect localization with examples taken from our data set. We also include
LALInference localizations.

typical localization results, focusing in the "searched area” as our main quantitative description.

We provide the full lists of detected injections as well as associated skymaps and injection parameters as part of

BurSt F2Y OpenData arX|V14092435 the catalogs. Please browsethroug:]nzzrstt;l;r:;t)tr;aeillzg:z;llse:l{e;f:ulr;fl@ or download tarballs below and
A large-scale MDC study of burst localize
in Gaussian noise. Makes no predictions
for detection rate. Provides a large catalc

e 2015 G 2015 SG 2015 WNB 2015 BBH
of cWB and LIB localizations. N - e

View gallery View gallery View gallery View gallery
Download catalog Download catalog Download catalog Download catalog
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Lessons learned during O1

Latencies associated with pipelines and follow-up processes.
What needs to be monitored.

What can be automated.

Glitch background and how it affects searches.
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Planned improvements for O2+

Update/improve approval_processor — send alerts without human verification?
Update/improve event_supervisor (mostly internal)

Improve DQ, it's “verbosity” and it's application to searches
(reinstate streaming iDQ to CIT, GraceDB reports, etc)

Improve automated skymap comparison to reject glitches

Misc stuff, else? generic “improve pipelines”
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references/pointers
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