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Multi-Order Coverage Map (MOC)

- Effective comparison mechanisms

between different sky maps CWE U LIB

(90% conf.)

g 10 tables .(:|ueried from
~ LALInference (90 % conf.)

- Simultaneous queries of all VizieR
tables (16.000 MOCs)

MOC provides a dynamic approach to manage probability sky maps




SAMP + Aladin Console Commands = GWsky

M.B. Taylor, T. Boch and J. Taylor https./arxiv.org/pdf/1501.01139v1. pdf

GWsky: tiling the skymap in
- - - fielels o}(V?ew
GWsky: quickly design an observing p—

strategy when a sky map is issued

The sky map of a GW event - represented by white region of
interest on a dark background - is tiled with multiple EM ‘

observations, each one targeting a colored tile

|
fiurting Electromagretic Counterparts of Gravitational Waves!l!

SAMP + Aladin Console Commands provide an interactive
approach to work with a probability sky map 2




MOC and EM-FollowUP

The MOC method is based on the HEALPix tesselation algorithm and
it is essentially a simple way to maj | omplex sky regions
into hierarchically grouped predefined cells.

gular

are extremely
ven for very com

The GCN Circular (18858) shows the overlap regions between the
sky maps published with the GW 150914.
The same regions are visualized applying the MOC method.

Probability sky map

W spma: Tham 2000 b 2015

Frm e pepmm et o e s i o et 48 e 1 8

AL pvelzaLin s ok sed 1 D Sdvances LVC Am
- e

[ ———

e can desesibe complin
sk region sisi ng ks ling
ol cells based on Healpix

To identify likely host galaxies of a GW event
we need to collect as much information as possible




The MOC method is based on the HEALPIx tesselation algorithm and
it is essentially a simple way to map irregular and complex sky regions
Into hierarchically grouped predefined cells.

Probability sky map
*

GW skymap: from 2009 to 2015

Sky Inc:ill;‘zatl‘;m :f The trigger pipelines report the estimated position of each candidate GW event as a
Several nundre skymap, a list of probability densities assigned to pixels in a grid covering the sky.
square degrees
i -
&2
o

b
150" 120 -80°7 507 slﬁ;\hﬂs 0" | 607 907 120T 1507

DEC idegees)
Lo

Source location can
From Singer et al. 2014, The Astrophysical Journal, 795 be characterized by
disjoint sky areas

The gravitational wave skymap for swvent G19377 ID 4532; data release for The First Two Years
* which occurred on 16th September 2010. This event of Electromagnetic Follow-Up with Advanced

Rl“g Shape as a result of was later revealed fo be a blind injection. LIGQ and Virgo.

“triangulation” based on P )
HEALPIx pixelization is introduced in the Advanced LVC run.

arrival time delay between - oleleh
detector sites. The implementation is manageble!

We can describe complex
sky region using just a list
of cells based on Healpix

From Abbott et al. 2016, Living Rev. Relativity 19, 1




GW skymap: from 2009 to 2015

The trigger pipelines report the estimated position of each candidate GW event as a
skymap, a list of probability densities assigned to pixels in a grid covering the sky.

i W
& ]
Probability per square degree

SKYMAPFER

*|—ROTSE+TAROT |
ZADKO

M0 120 1 100 I N N e Zwreees
RA (degrees) Aasi et al. 2014 -75° Singer et al. 2014 & Berry et al. 2015

The gravitational wave skymap for event G19377 ID 4532; data release for The First Two Years
which occurred on 16th September 2010. This event of Electromagnetic Follow-Up with Advanced
was later revealed to be a blind injection. LIGO and Virgo.

HEALPix pixelization is introduced in the Advanced LVC run.
The implementation is manageble!




Probability sky map

*

Sky localization of
several hundred
square degrees

o[ -150°-120° -90° -60° -30° 0° 30° /60° “90¢ 120° 150°

A Source location can
From Singer et al. 2014, The Astrophysical Journal, 795 be characterized by
disjoint sky areas

&

Ring shape as a result of
“triangulation” based on
arrival time delay between
detector sites.

We can describe complex

sky region using just a list

of cells based on Healpix
From Abbott et al. 2016, Living Rev. Relativity 19, 1




The operations between the MOC maps (union, intersection,
. subtraction, difference) are extremely simple and fast (generally a
few milliseconds) even for very complex sky regions.

The probability skymaps are disseminated using a sequence of
algorithms with increasing accuracy and computational cost.

Distributed sky maps of GW 150914 GW Alerts and Elapsed Time
@)

minimal assumptions of 0O Update
waveform morphology [Hours/days]

® Initially shared
("2« Area =310 deg? (90% conf.)
Initial
[5 - 10 min]
o Initially shared Bayesian inference assuming ! o i )

Prelimi ~§ .Human Event
H[: 3« Area = 750 deg? (90% conf.) sinusoidally modulated Gaussian [: ':;::r]' '. validation
signal

* 2016 Jan. 13 . e .
VI I - Arca = 400 deg? (90% conf) triangulating times, amplitudes
and phases

ol
5 .,a\©
LALInference i016 ‘?';9103(1 2 (90% conf. cﬁ“tﬂ CBC waveform, BH spin and
e =€ ;;::g“o detector calibration uncertainties We need faSt tOOl to Compare

them!




The GCN Circular (18858) shows the overlap regions between the
sky maps published with the GW 150914.
The same regions are visualized applying the MOC method.

1

# VR T LR G EJE!EIGI

Both of the sky maps above agree with the initial LALinference Burst
(LIB) localization (GCN 18330, LIB skymap.fits.gz) on favoring the
southern portion of the annulus determined by an arrival time
difference between LIGO Hanford and LIGO Livingston of about 7 ms.

Area Overlap  Algorithe

e plane “Int MOC 0,3 Ladinference_siy.

T TR LTR {LTR skymap.fiTs.g7 e
. . . 3 A0 150 l!l'.\‘;‘STfulf fbene_s‘.u'_lul'. sl 1. 'J".s.ll;:_-
The table below presents a quantitative comparison of the available B9 - Laefermce (ALITeranchskmap. it s

E_ O e
localizations along the lines of Sec. 4.5 of Essick et al. (2015, '

http://adsabs.harvard.edu/abs/2015ApJ...800...81E). The first column
gives the area in deg2 of the 90% credible region, and the second
column gives the area in deg2 of the overlap with the LALInference 90%
credible region.

L
@0

»

S 1

Area Overlap Algorithm (filename)

310 230 cWB (skyprobcc cWB complete.fits)

750 270 LIB (LIB_skymap.fits.gz)

400 350 BAYESTAR (bayestar gstlal C0l.fits.gz)
600 - LALInference (LALInference skymap.fits.gz)
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N E e
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Skymap Viewer

UL ueo ()
A sky atias 1or understanding LIGC-Virgo skymaps. Help nere, of wi ap Viewer. Planty simulaled @)
skymaps hore. If you do not 586 the Dig dark sky map, ook beil m with the + and - at the right of c =
the sky,




2d applying the MOC method.

Aladin v8.0

File Edit Image Cataloc

Location

Overlay Coverage Tool View Interop Help

2MASS *WISE *GALEX *PLANCK *AKARl #XMM +Fermi *Simbad

Algorithm (filename)

cWB (skyprobcc cWB complete.fits)

LIB (LIB skymap.fits.gz)

BAYESTAR (bayestar gstlal C01.fits.gz)
LALInference (LALInference skymap.fits.gz)

mullvlew

(<) 2016 UnistrafCMRS - by CDS - Distributed under GHNU GPL 2

NED +

= [ % ) 1320 %
E =2

Frame ICRS

Properties

20.9 bayestar_gstlal_C01.fits |
Computed by Aladin
IIJJIJIIJIJ
N/ Ereee
Multi-Order Coverage map (MOC)
0.858% of sky=> 354°A2
6. 87 1' (moc or der=9
& borders & fillin
ICRS

07:01:23.45 -47:35:53.1
180" x 114.5"

(m] [y

Oselj0src S1lfps) 149Mb E




400
600

Aladin v8.0

File Edit Image Catalo

= _‘_; Location

SDSS #2MASS

II
M

—
=]

350

BAYESTAR (bayestar gstlal COl.fits.gz)

- LALInference (LALInference skymap.fits.gz)

v Interop Help

WISE +GALEX *PLANCK

Overlap

230
270
350

der GMU GPL w2

AKARI *XMM

Fermi *Simbad

MNED 4+

Algorithm (filename)

cWB (skyprobcc_cWB_complete,fits

LIB (LIB_skymap.fits.gz)

BAYESTAR (bayestar_gstlal_C0l.fits.gz)
LALInference (LALInference skymap.fits.gz)

180° x 106.4

Properties

) 13:32 {F

=]

Properties of the plane "Int MOC 0.9 LALInference_sky...

.'I Jlll.t 1NE '.'I.'I )

Origin:
Color:

Format:

[ FitsMOC 0.9 LIB_skym

Computed by Aladin

P rir\,]

O
A mee

Multi-Order Covera
0.666% of sky=> 274
6.871' (moc order=2
& borders & fillin
ICRS

Apply | | Close

(MOC)

Ko

a
skyprc
HB_sk
ted O
¢ cWB
ap.fits
_gstla

07:01:22.45 -47:25:59.1
1807 3 10E.4°

v T o o

OseljOsrc  31fps/ 150Mb E

Skymap Viewer




Aladin v8.0 ¥ =03 ) 1343 I
Frame ICRS
WISE *GALEX *PLANCK *AKAR| #XMM *Fermi +Simbad *NED +

Properties

Properties of the plane "Int MOC 0.9 LALInference_sky...

|\,-;'.'-"-I.'n:<'. cWB_complete,fits |
Computed by Aladin
. —— | | ] ) O]
Area Overlap Algorithm (filename) o -—JJJ-J-JIFJ

Fulti-Order Coverage map (MOC
318 230 cWB (skyprobcc cWB complete.fits) T — Eebs e mmm COAS
758 276 LIB (LIB skymap.fits.gz) vy Y =5 )
408 358 BAYESTAR (bayestar gstlal Cel.fits.gz) y "(moc order=9)
608 - LALInference (LALInference skymap.fits.gz) - . -
B borders & Fillin

ICR

“lose

07:01:25.45 -47:85:53.1
1807 = 106.4°

L b=l ew il
[

- by CDS - Distributed under GNU GFL v3 OselfOsrc 26fps/ 276Mb E




Skymap Viewer

A sky atlas for understanding LIGO-Virgo skymaps. Help here, or w
skymaps here. If you do not see the big dark sky map, look bel

the sky.

LIGO 'ﬂ

¢ )
map Viewer. Plenty simulated )

-

bm with the + and - at the right of .

76444812

LIGO-Virgo Skymaps @ J2000 = 0906 55.79

This is skymap
GW150914:.CWB. I |
|| —

0% area 98 19 =q daqg

e 308 2 =q deg

Show Weighted Galaxies (or 1
Time and Place @ .
or astronomers might be
Universal time useful to visualize the +
[2015-00-14T09:50:45 [ MOC operations in =
e : astronomical context

in the Skymap Viewer

Catalog Sources @

Click the Layers icon e to switch on catalogs. If

you click on the sources on the sky, information will
appear here with links to Simbad and NED.
-_;,?
FoV: 180 &
Zoomable Multiwavelength Sky

Zoom in on the sky with the mouse or the +/- icons




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.

To identify likely host galaxies of a GW event
we need to collect as much information as possible

post-processing: to organize data from queries.

TOPCAT




MOC representation of sky areas enclosed
into iso-contour lines

CIGC b CoANY S v s B o IO s T e S by v i S )
29100 o= 30

The red line shows the 90%
enclosed probability

MOC_area_prob( infile, percentage, output ) based on MOCpy module

The enclosed area within a given probability level of a GW sky map can be
effectively described through the Multi-Order Coverage (MOC) method.




MOCs at work
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Handling gravitational-wave sky maps with Multi-Order
Coverage
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Ipython tutorial:
http.//nbviewer.jupyter.org/gist/ggreco? 7/5fc0cc2 777(9edd446b459459db830e9

Video Tutorial:
https://vimeo.com/167173587

IPython Notebook powered by
Aladin Sky Atlas

s

. SAMP:
Aladin sky atlas

Simple Application Messaging Protocol

The Aladin java applet is embedded in the
ipython cell, as the code runs the results are
displayed in real time

in Aladin planes

The interoperability between Aladin and
Ipython notebook is obtained using the
SAMPIntegratedClient with a set of dedicated
functions

The Aladin Console commands are
"converted" in python string

rename_plane = ‘rename’ + ' ' + plane




: Jupyter JUPYTER  FAQ = [0 3
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* Interactive Cdmputin
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Handling gravitational-wave sky maps with Multi-Order
Coverage

This document explains how gravitational wave sky maps can be easily and efficiently visualized and processed using Multi-Order
Coverage (MOC) maps based on HEALPIx sky tessellation. We compute the union and intersection of different sky maps and we
combine them with catalogs of galaxies. For this tutorial we use the sky maps published with GW150914.

We provide sample code in Python; you can download this document and run the code samples in |Python Notebook. The results are
displayed in real time in Aladin Sky Atlas which is embedded in the document.

Caution. While the method is effective for having fast catalog queries, the use of the MOC leads a loss of information. By reducing a
map in only a single confidence region, the probability distribution within that region is irreversible lost; see also Essick et al. (2015).

Ipython tutorial:
http://nbviewer.jupyter.org/gist/ggreco77/5fc0cc2777f9edd446b459459db830e9

Video Tutorial:
https://vimeo.com/167173587




IPython Notebook powered by
Aladin Sky Atlas

HTML( '<iframe src=http://aladin.u-strasbg.fr/java/nph-aladin.pl width=778 height=938></1iframe=>

OQut[l]:

Aladin sky a

File T og Overlay verage

HETS Simple Application Messaging Protocol

Tool View Interop Help

= [ Location :
D55 +5D55 *2MASS *WISE *~GALEX ~PLANCK *AKARI *XMM *Ferml *Simbad *NED + In

r—~rr The Aladin java applet is embedded in the
ipython cell, as the code runs the results are
displayed in real time

in Aladin planes
4 The interoperab“ity between Aladin and

Ipython notebook is obtained using the
SAMPIntegratedClient with a set of dedicated
functions

The Aladin Console commands are
“"converted" in python string

rename_plane = ‘rename’' + ' ' + plane
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Handling gravitational-wave sky maps with Multi-Order Coverage

This document axplains how gravitational wave sky maps can be easily and efficiently visualized and processed using M | fée (MOC) maps
based on HEALPix sky tessellation. We compute the union and intersection of different sky maps and we combine them with catalogs nf galaxies. For this
ilustration we use the sky maps published with GW150914.

We provide sampls cods in Python; you can download this decument and run the code samples in [Python Neteboaok. The results are in real time
displayed in A v A {hat is embedded in the document.

Caution. While the methed is effective for having fast catalog queries, the use of the MOG leads a loss of information. By reducing a map in only a single
confidence region, the probabiity distribution within that region is irreversible lost: see -
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MOC Basic Algorithm

Each MOC cell is defined
by two numbers: the

hierarchy level (HEALPIX |
ORDER) and the pixel e e )
index (HEALPIX NPIX). - -

The NUNIQ scheme

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

FITS MOC
Encoding
Formats

JSON MOC

http://ivoa.net/documents/M0OC/20140602/REC-MOC-1.0-20140602.pdf

40rder

uniq = 4x + npix

Fernique et al. 2014



, The code correctly traces out the original
= underlying mesh in the HEALPIx image?

MOC: No space projection, No smoothing MOC Basic Algor'thm

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: Encoding
Formats

unig = 4x 4" + npix




MOC: No space projection, No smoothing

@ @ @ LALInference_MOC_0.txt (~/Scrivania) - gedit
t Image Catalog erage Tool Vi » Help ! p Open v E = ":. & Undo
Location | L] LALInference_MOC_0.txt x
SDSS «2MASS *WISE *GALEX *PLANCK *AKAR *XMM *Fermi *Simbad *NE|{"4":

— [2065,2067,2068,2076,2073,2075,2076,2078,2100,2318,2319,2330,2331,2334,2335,
2337,2338,2340,2378],
g
[6702,8257,8259,8265,8267,8276,8278,8289,8291,8389,8404,8406,8408,8409,8411,
8412 ,8414,9261,9262,9263,9314,9315,9318,9319,9345,9346,9347,9356,9357,9358,
9364,9365,9366,9368,9376,9377,9378,9408,9409,9412,9413,9424,9425,9428,9429,
9518,9519,9530,9600,9601,9604,9605,9616,9617,96208],
"6":
[26758,26764,26765,26767,26778,26789,26800,26802,26803,26814,27153,27156,27158,.
27165,27167,27189,33027,33033,33034,33035,33056,33057,33059,33065,33067,33108, 3!
33138,33144,33146,33147,33153,33188,33189,33191,33232,33234,33240,33266,33272, 3!
33553,33555,33564,33565,33567,33641,33652,33654,33660,33662,33744,33745,33747,3
37023,37037,37038,37039,37042,37043,37066,37067,37078,37071,37082,37083,37085,3"
37322,37323,37326,37327,37338,37339,37342,37343,37377,37378,37379,37436,37437, 3"
7469,37476,37477,37478,37480,37516,37517,37520,37521,37522,37536,37538,37640, 3"
645,37656,38026,38064,38066,38067,38070,38071,38126,38127,38138,38484,38486, 3¢
Tk
[106668,106670,106671,107012,107013,107015,107021,107024,107026,107027,107036, 1€
107106 ,107153,107164,107165,107167,107189,107191,107206,107248,107250,107262, 10€
108623 ,108628,108630,108645,108664,108665,108667 , 108753 ,108764,108765,108767 , 10E
132103,132107,132129,132130,132131,132233,132235,132257,132265,132464,132548, 13
132620,132621,132623,132645,132647,132653,132655,132761,132788,132789,132791, 132
132970,133058,133092,133094,134209,134245,134265,134267,134353,134356,134357, 134
134522,134523,134561,134573,134614,134620,134622,134644 ,134646,134652,134654, 134
134984 ,134985,134996,134998,135004,135006,135024,135025,135027,135028,135030, 14¢
148143,148145,148146,148147,148165,148166,148167,148275,148278,148279,148321, 14¢
148327,148337,148338,148339,149007,149019,149022,149023,149066,149280,149282,14¢
149299,149302,149303,149346,149347,149350,149351,149362,149363,149507,149756, 14¢
149882 ,149884,149885,149916,149924 ,149925,149926,149936,149952,150072,150073,15€
150092,150093,150096,150097 ,150098,150112,150148,150149,150150,150176,150628,15C
150821,150832,150833,150836,150837,150880,150881,1521608,152110,152111,152122,152
W =i 152263,152274,152275,152278,152456,152458,152459,152462 ,152496,152498 ,152499, 152
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GWsky: tiling the skymap in FoV

GWsKky is an interactive Python script to generate a sequence of
pointings given a specific Field of View

airmass in step of FoV query to
hour for each FoV catalogs

USER OPTION: the FoVs can be overlaid or separated from their default pg)siti_ions

\ /f\ .N TTAN

A
'.\I




GWsky Command Line

C runs a new sequence changing the FoV center

I runs a new sequence without drawing the input
FoV

L runs a new sequence starting from the last
drawn FoV

R repeats the last action



VST Observation of GW 150914

File Options Help

Survey ID |vsr_s nmpy{

enn Survey Area Definition Tocl (VST)

Type Lon Lat Diameter (d... | === Angle id... System Exclude
Coordinate Range 30.0 2.0 35.0 1.2 0 Galactic
Coordinate Range 1%:10:00 -02:00:00 19%:30:00 +02:00:00 0 FKS (J20...
Geodesic Rectangle 19:20:00 -07:00:00 5.0 4.0 -20 FK5 (J20
Cirle 260 J25  _J4a5 | | OGakcic | B |
Add Survey Area Delete Survey Area
Powersd by Aladir
OMEGACAM _Dither_diag_5 .
Select Catalogue
GSC-2 at ESO =
Reset Plastic

@ i ! View | Update Areas Start /| Resume




Conclusion and Future Perspectives

SAMP + Aladin console commands offer the ability to build
interactive tools useful to astronomers as GWsky for Grawita

MOC offers a dynamic concept for skymap (logical operations
and simultaneous queries)

A python package for the Aladin console commands
(converting in python string) might be useful

The MOC could be implemented in Skymap Viewer (to
show the MOC operation in astrophysical context)

TOPCAT might be qualified for post-processing analysis to
organize the query data




