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GRAVITATIONAL WAVE SkY LOCALIZATIONS &
THE MuLTI ORDER COVERAGE MAP METHOD

GW source sky localizations
are encoded as HEALPIX
projection in FITS file format.

The GW sky localizations

We can represent

are irrggulorly shaped. | the GW credible
In parTncuIar coses.‘rhe “""A region using the
sky regions can be fitted Multi Order

The value stored at each pixel
is the probability that the
gravitational-wave source is
within that pixel.

by an ellipse. Coverage Map.

Discussed in ASTERICS DADI Technology Forum 2
7 & 8 March, 2016 - Edinburgh
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03 GW SkY LOCALIZATIONS: A FEW EXAMPLES

Lt

The irregular and complex shapes of the GW sky

localizations represent a new challenge for

observational astronomers, who need to work with
e  Fast tiling

Catalog queries

Transient localizations

Visibility

Skymap comparisons

event ID: G332191
50% area: 79 deg?
90% area: 399 deg?

60°

e

event ID: G330561
50% area: 2806 deg?
90% area: 10183 deg?

event ID: G331315
50% area: 104 deg?
90% area: 448 deg?

60°




MuLTl ORDER COVERAGE MAP
o= D St bttt

The MOC method is based on the HEALPIx tessellation algorithm (Gorski et. al
2005) and it is essentially a simple way to map irregular and complex sky
regions into hierarchically grouped predefined cells.

The operation between the MOC maps (union, intersection, subtraction,
difference) are very fast even for very complex regions.

Some dataserver, such as VizieR, can be queried by MOC in order to return
data (galaxy catalogs/list of images) only inside the MOC coverage.

Fernique et al, 2014



MOC Basic ALGORITHM

Each MOC cell is defined by two numbers:
the hierarchy level (HEALPix order) and
the pixel index (HEALPix npix).

The NUNIQ scheme defines an algorithm
for packing an (ORDER, NPIX) pair into a
single integer for compactness:

F{an order 2
UniqEx aeiliEls A MOC can thus be represented as a flat list of
integers (in this example, 8 of them) and stored
in a single-column FITS table.

Fernique et al, 2014 sl :




GW SKY LOCALIZATION AREA IS THE CONFIDENCE REGION THAT ENCLOSES A GIVEN
PERCENTAGE OF THE LOCALIZATION PROBABILITY.

SORT weaq>> CUSUM >» MOC

MORE DETAILS ABOUT THE COMPUTATIONAL TIME IN SLIDE 13.
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MMA SECTION

From credible region(s) to galaxy catalog queries




w Settings Help

oomin |1:1.5 oomOut |Medium ~ | | Mouse | window [ 3 Screen

“atalog Overlay - Tool View Interop Help

Command |06:51:09.99 ESER e coverage (IMOCQ) of the ¢ enksurvey

ol Ml tlle | 03 a specifical MOC...

Help on MultiOrder Coverage (MOC)...

Specify a probability map,
specify a threeshold ([0..1]) and
press the CREATE button to generate the resulting MOC.

Proba skymap GW150914 skymap.fits - "2045... | v

Probability threshold :

CREATE Reset

The current image, HEALPix map or HiP5...

An image collection...

e Space: 179
s B ng.
e« MOC order:

T

(v S GW1509

P S




2. PROPERTIES

Properties

Properties of the plane "MOC 0.1 GW150914_skymap.fits"

PlanelD: MOC 0.1 GW150914_skymap.

Color:

Format: Multi-Order Coverage map (MOC)
Coverage: 0.02% of sky => 8.078°/2

Best MOC ang.res: 6.871' (moc order=9)

Drawing method: ~ perimeter cell borders
Coord.sys.: ICRS

100
Overlay opacity/transparency

[ 1 1 1 1
20 40 60 80 100

Apply Close

DisSPLAY MULTIPLE CONFIDENCE
LEVELS SELECTING “PERIMETER”
AS DRAWING METHOD




3. QUERIES

The Aladin data collections tree
provides access to a large data
collections.

> cps/vil/275/glad
For catalogues, you can load all
sources in the GW sky localization
(at any confidence regions).

For imnage surveys, you can access
the HiPS images.

64.13° x 41.4°°

Ds. dit

(0]
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https://drive.google.com/file/d/1JIWwjl7_9-RtHE4UIL_beAjaXQIB3PNB/view 2usp=sharing
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https://docs.google.com/file/d/1JIWwjI7_9-RtHE4UlL_beAjaXQIB3PNB/preview

4. QUANTITATIVE COMPARISONS

14

g ° LIGO LdCALIZATION

: GW170014 . S
LIGO AND VIRGO LOCALIZATION N

REFINED LOCALIZATIO f S Sl

Union or the intersection of the data sets

L coverages and skymaps comparisons can be
S provided.

12



e .
|
i
|
!
K= |
| ;

180" = 1202 !

» 5. . .

https://drive.google.com/file/d/Imx5RetcALoJmVwWn8_cj7dDNTIW6PG-x/view2usp=sharing
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https://docs.google.com/file/d/1mx5RetcALoJmVwWn8_cj7dDNTfW6PG-x/preview

( T EMOCDY ©
PytHON MOC

Matplotlib support



PERIMETER FUNCTION IN MOCPY

THE LAST VERSION OF MOCPY
SUPPORTS “PERIMETER” AS
DRAWING METHOD LINKED THE
POPULAR MATPLOTLIB LIBRARY.

MOCPY.MOC.MOC.GET_BOUNDARIES()
THE BORDERS ARE RETURNED AS A
LIST OF SkYCOORD
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Fourth ASTERICS School

A \ International Virtual Observatory school
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Electromagnetic follow-up of gravitational-wave events

by G. Greco giuseppe.greco@uniurb.it, E. Chassande-Mottin ecm@apc.univ-paris7.fr and M.Branchesi marica.branchesi@gmail.com and many others

TUTORIAL

https://www.asterics2020.eu/tutorials/overview

1. Working with the sky localizations of GW150914, GW151226 and GW170104

The probability sky maps are produced using a sequence of algorithms with increasing accuracy and computational cost. Here, we compare three location estimates: the
prompt cWB and/or the rapid BAYESTAR localizations that were initially shared with observing partners and the final localization from LALInference.

2. GW170814: A Three-Detector Observation of Gravitational Waves from a Binary
Black Hole Coalescence

GW170814 is the fourth published detection of gravitational waves. As was the case with the first three published detections, the waves were generated by the
coalescence of a pair of stellar-mass black holes. When we compare its position reconstruction in the Universe with the previous events, the sky localization of GW170814
is the narrowest. This new and exciting result was reached through a triple-coincident detection, coordinated by a body of more than 1,000 international scientists forming

the LIGO and Virgo Collaboration (LVC).

3 VST tiling of GW170814

You are at ESO-Paranal Observatory in Chile and your team are planning to observe the LIGO and Virgo trigger G297595 (confirmed as GW170814), with the VLT
Survey Telescope (VST) equipped with OMEGACAM. The observations are divided in 9 regions - 3° x 3° - centered on the following coordinates RA, Dec (ICRSd):

4. GW 170817: sky localizations of the golden binary

Fig.7 shows the localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows a projection of the 90% credible regions from LIGO (light
green), LIGO-Virgo (dark green), triangulation from the time delay between Fermi and INTEGRAL (light blue), and Fermi GBM (dark blue). The inset shows the location of
the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hours after the merger (top right) and the DLT40 pre-discovery image from 20.5 days

prior to merger (bottom right).

S Verrecchia et al., in preparation: An AGILE Science Case: using MOC within AGILE procedure
An AGILE Science Case of interface between L-V GW skymap with AGILE data to look for gamma-ray counterpart to GW event.




VO IN THE OPA Era
VIRTUAL OBSERVATORY AND LIGO AND VIRGO OPEN PuBLiC ALERT

The resolution of a GW sky localization with 3
detectors can reach a resolution too large

(NSIDE=2048) for running the MOC in a normal pc! Aladin Beta integrates a more
powerful algorithm to extract MOC
from an HEALPix map.

The HEALPix is converted in HiPS (for
4 splitting the data in tiles) before
lying the MOC method.

You need to sort the values in order to scan the higher Hatas oL St

elements. If your memory cannot contain all your The preliminary tests show a high

values, the sort can not be done easily and the time of perfornmance by computing several

computation explodes. MOC confidence regions just allocated
19igabytes of memory to the Aladin

section.
Discussed in ASTERICS DADI ESFRI Forum &

Training Event 2, 13 & 14 December, 2017 - Trieste
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INTERACTIVE DETECTION PAGE

GW170817

# LIGO LOCALIZATION

0817 \ .
A j'2_\017GFQ TRANSIENT SKY POSI

/  GWN170817
,-. ((398170 7A) INITIAL FER

g
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J e ap
v
0 e d 0 op 0 pelo oaQ pia 0 ela d 0 ae 0
f
Detection Sky Label | Pop-up
localisation info ©
GW170817 - H1 only v v v

08 0 v/ /] v

GW170817 - L1/H1/V1 v v [ ]
[ ] [ ] -

08 RB170817A al Fe B @ v @
GW170817 - (GRB170817A) Final Fermi GBM v [ ] [ ]
localization

08 a/A 017gfo Tra e V] ]
GW170814 - H1/L1 [ ] [ ] [ ]

0814
GW170814 - Refined skymap L[ ] - -
GW170608 - Refined LIGO localization [ ] [ ] [ ]
GW170104 - Refined LIGO localization - - -




J SONIFICATION PROJECT

The frequency is mapped to the galactic

latitude of the mouse cursor location with a

stereo spatialization (left/right speaker) for

the galactic longitude. R S RO o sl e e

The interactive skymap shows the localizations of the various gravitational-wave detections in the sky and helps to understand the importance of multimessenger astronomy.

A specific chord is played when the cursor v Js0saseoann sisveens Using the skymap

e n'l'e rs o r Ieaves The cove roge of fhe sky Click on the various options below to display information relating to each detection.
e sz

GW170823 - GWTC-1skymap
GW170818 - GWTC-1skymap ]

GW170817 - GWTC-1skymap (]

An audio file is added to explain the nature 5 ; N e et
of each event and the main properties. L. BNARYBLACKH g o —

GW170729 - GWTC-1skymap
GW170608 - GWTC-1 skymap
GW170104 - GWTC-1 skymap
GW151226 - GWTC-1skymap

The user can modify the frequency range or

© BINARY BLACK HQ

exclude the sound system with a check | ” - .
button ’

FoV: 180°

An automatic tour will be added using the
AladinLite Plugin developed by Tamara
Clvera.

20
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| GWsky

SKYMAP TILING

MOC Visibility
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000 Fov statistics 1

»
)

GWsky

Confirm the pointing in the GWsky_pointings txt file
o
e Skymap Tiling

Zoom in the FoV

<

326.71488 44.59799 {on fly DELETE OR CHANGE THE COORDS!}

FoV center (ra 326.71488 dec 44.59799); prob: 1.5e-02; Moon (illumi.: 0.79 dist.: 122.5 deg2)

Conditional distance distribution
along the FoV center

Start FoV

prob Mpc~!

150 200 250 300

»> & = J

14 15 16 17 18
cat: VII/275/gladel col: Bmag

e MOC Observability

£ & @ observabilitystarting from2017-11-19 18:52:16.569208

Show the region in the 90 % MOC in which the airmass is B 25 Show Sun/Moon

The sky coord ra=145.15083°,
dec=+63.67684°
(label:source_test)lies within the

12.0% c.l.
Discussed in ESFRI Forum & Training Event1, 3& 4
December 2015, Trieste
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ViIRTUAL REALITY APP UsING HIPS PHOTOSPHERES

o

Fromm GOOGLE PLAY
, download&install
Sky localization of GW170814 in VR P ‘ m GWSky 170814

{B //PANO_Mellinger_GW170814_r4.jpg A
JAIPANO_Melinger_GW170814_r4.jpa 13

P Activitystarter1 v I DataUri v RG] /mntsdcard/AUPANG_Mellinger GWA170814 réjpg kB
A ActivityStarter] v BeC ]
BN Melingersin + W TextColor v KOHAL |

P Taitunrilel v Koo d
romFieName |+ (EENEN ST RTYT -
e R ATPAN RIS GWI70614 va o ]

B cvysiaren -]

| call CETDEETI

B /mnusdcard/AIPANO_IRIS_GW170814_vajpo i

B issin v [ Texicolor - JEIG( ]

FermiBtn
cal Copy
omFileName |, * (ZNEIMNEITIUREATT "
{2 S MR TA/PANG e Gwi70614 2 oo 1

E= ActivityStarter1 v J DataUri v [N /mnt/sdcard/AIPANO_Fermi_GW170814_v2,pg i
| call EETIEETEER StartActivity

% y Yae, -4 5
The first triple-coincident observdtion
of a’black hole merger by the LIGO and

: Virgo detectors. :

-

WhatYouSee

| get EEEEITITD)|

WhatYouSeeBtn

Develop using the educational
App code MIT APP Inventor




TourR CREATOR, PoLY AND EXPEDITIONS GOOGLE ApPpP

Immersive GW sky localizations in the GOOGLE educational tools

Create a virtual tour

Tour Creator makes it easy to build immersive, 360° tours right from your computer

B\ httos//poly.google com/u/0/view/dQiX2GhQlel

Bring your lessons to life with Expeditions

Introduce your students to a new way of learning with virtual reality (VR) and augmented reality (AR). Download
the Expeditions app to get started.

) 2 Download on the
» Google Play [ S App Store

]

—J Tutorial

https://dcc.ligo.org/LIGO-G1900764/public
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http://www.slidescarnival.com/

