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MULTIMESSENGER ASTRONOMY

Ligo & Virgo
(signals within 10-1000 Hz)

Gravitational Wave Detectors and Sources
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background RS

SKA

Massive binaries

Tomorrow «—
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Today

GW150914

cE

Core collapse
supernovae

Pulsars
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Uncertain
waveforms
Isolated
Neutron Stars

Eew ~10-16- 10-6
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LONG GRB

Hypernovae/collapsar:
evolve much faster, going off
in their formation site
(SN bump needed, no Fe X-
ray lines)

=> “mass-rich environment”

or

SupraNova : the GRB is

preceded by a SN explosion

leaving a dense shell of matter

of many solar masses in the

nearby

(Fe X-ray lines, no SN bump)
=> “mass-rich environment”

Gamma-ray bursts (GRBs)

NEUTRON STARS

o
BLACK HOLE DISK

CENTRAL
ENGINE

MASSIVE

STAR NS

I .
9 N

HYPERNOVA SCENARIO

FORMATION OF A GAMMA-RAY BURST could begin either
with the merger of two neutron stars or with the collapse
of a massive star. Both these events create a black hole
with a disk of material around it. The hole-disk system, in
turn, pumps out a jet of material at close to the speed of
light. Shock waves within this material give off radiation.

BLOBSCOLLIDE
SLOWER (internal shock

FASTER BLOB

=

wave)

PREBURST

X-RAYS,

VISIBLE

LIGHT,
JETCOLLIDES WITH RADID
AMBIENT MEDIUM WAVES

[external shock wave) ‘

i -
F.
= F

AFTERGLOW

SHORT GRB

NS-NS (BH-NS & BH-WD):
travel far from their
formation sites before
producing GRBs => “clean
environment”

Both the hypernova and the merger scenarios lead to the a central engine (rapidly accreting BH surrounded by a
massive disc) able to launch both long and short GRBs



GRBs Jet Model

Forward Shock (wide jet)

T=800%
R~ 6x10" em
FS
=
T
Forward Shock (narmow jet)
-— — T ~ B0-40000 5
A~10"
ceniral F3
B" R e
1 ¥ | ]-:-._.-'1- | -— | —
. 0.4° e [ }m
engine RS
i Reverse Shock
Colar Kay: -— — (not sean)
'|_|,_||

wray: punple .
X-ray: blue internal shocks T
LWoptcab™IB: arecn FtT:tl::,',l-EE'ucsm AS
radio: red Roverse Shock

T =~ 50-800 5

Figure 4 | Schematic of Two-Component Jet Model. Summary diagram showing
spectral and temporal elements of our two-component jet model. The prompt v-ray emission is
due to the internal shocks in the narrow jet, and the afterglow i1s a result of the forward and
reverse shocks from both the narrow and wide jets. The reverse shock from the nammow jet 1s
too faint to detect compared to the bright wide jet reverse shock and the prompt emission. If X-
ray observations had begun earier, we would have detected X-ray emission durning the prompt

burst These expected (but unobserved) emission sources are indicated by the dashed photon
ines. Diagram is courtesy of J.D. Myers (NASA). .
Racusin et al 2008

B 2
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Flux Density (mdJy)

L = 1x10”°53 erg/s

GRB 080319B: the Naked-Eye GRB
Racusin et al 2008 (z=0.937)
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Long=GRBs Lightcurves

GRB130427A: The Monster GRB
Maselli et al. 2014 (z=0.34)
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Flux density [mJy]

LGRBs: supernovae

connhection
GRB130702A/SN2013dx%
0.2 | ; | I I i ! | I I_ 18.0
° 1 18.5
0.1 E ° o .I‘..- 1 19.0
- °° ° 1 19.5
005 B ¢ ® s ° ..f 0 -. .
] “ . 1 20.0 e Bump in the light curve
- e ©
i o ¢ ® .. . 1205 © after ~ 15*(1+z) days
0.02 “e o 121.0 E e Spectroscopic obs

0.01 L S (P + Unmistakable SN features
J e Typical Bolometric light

T TTTT

0.005 *s 1220 curve
| f,*0.8 "o 1 22.5
0.002 - : ;g 105 1 23.0 Some GRBs (~15%) are related
D 1 23.5 to Type lbc Core Collapse SNe
0.001 !z | | | | | | | | | | 24.0
1 2 3 5 7 10 20 40

Observed Time [d]



Compact Binary Model => SGRBs

NS-NS / NS-BH mergers: what do we expect to see ?

Collimated EM emission
from short GRBs

WITH a detectable X-
ray/UV/optical/IR/radio
counterpart (afterglow)

Fast and Furious

Fast: from few ms to
hundreds of s

Energetic: 10/ (-7) -
10A(-3) erg cmA(-2)
Bright: 10A(-8) - 10A(-4)
erg cmA(=2) sA(-1)

GRB
Shocked S -Afterglow
interstellar - y
medium '
- GFIE!-

-----------

Blue
f KN
| <
Wind + hydro r\rj-f
Ejecta /=% _ Red
A4 KN
= .‘:: '
Tidal o r_rr
EJE‘:Cta sl ’

GRB central
Engine

Courtesy of S. Ascenzi

Optical/NIR isotropic emissions
WITH a significant mass

(0.01-0.1Mo) dinamically
ejected during mergers
at subrelativistic velocity
(0.1-0.3c)

¥

R-Process

Neutron capture rate much faster than
decay, special conditions: T> 10 K, high
neutron density 10722 cm”(-3)

Nucleosynthesis of heavy nuclei

¥

Radioactive decay of heavy elements

¥

KILONOVA



KN neutron precursor

~hours

Matter originates from the shock-heated
interface between the merging NSs.

B-decay of these free neutrons in the
outermost ejecta powers a ‘precursor’
to the main
kilonova emission

Solid = Neutron Heating, Dashed = No Neutron Heating

", = 167 Mg

GW Trigger U " -

" e k., = 30 cm®g 3
Y, = 0.05

2_—1d

ZTF /BlackGEM 1\_:

10
time t since merger (hr)

Metzger et al. 2014

100



Lightcurves

M= 102 Mg, vg = 0.1 ¢

20 'Lonthclni.de "Red" Kilonova
22
O 9
ED- o
o 24.
o
N
© 26
E e
E .
28
301 . . B
0.1 1 10
Time (Days)

Lpeak = 10741 erg/s

e Neutron-rich ejecta with Lanthanide elements

Depending on the viewing angle of the
observer

(if they originate from
different locations of the ejecta)

Kasen et al. 2017, Nature 551, 80

(Metzger 2017)

Metzger 2017, Living Reviews in Relativity

M= 102 Mg, vo = 0.1 ¢

Lanthanide—Free "Blue'" Kilonova
R

0.1 1 10
Time (Days)

Lpeak > 10741 erg/s

e Neutron-rich ejecta without Lanthanide elements

squeezed dynamical
v = 0.2¢c-0.3c

squeezed dynamical
v = 0.2¢c-0.3c

tidal dynamical
v = 0.2¢-0.3c

tidal dynamical
v = 0.2c-0.3c

disk wind
v = D.1c

Neutron Star + Neutron Star
remnant prompt collapse to black hole

Neutron Star + Neutron Star
long lived neutron star remnant




relative flux (plus offset)

3.0

2.

=
=

=
i

=
o

0.5

KN SPECTRA

Rapid evolution toward
red colors

1 day!

Broad spectral features arising

o " from blending of many lines
(Kasen et al. 2013)

5000

10000 15000
wavelength (angstroms)

20000 25000



NS-NS NS-BH Merger: a global picture

w
Z Inspiral Dynamical Accretion Remnant
T
Q. short GRB X-ray extended
X-ray/radio v emission/
EM precursor g plateau neutron blue
@ precursor \ /' iilonova red radio
= 4 (w) kilonova transient
5 s /NVVVVVW\
GW G 8 NV
Vv
...... >
TRl
| -
E l ms magnetar -
& 0
w T’ H
pNS) S NS
e PPP
-seconds -ms 10 ms 100 ms mins-hrs  hrs-days days-week  month-yrs

Fernandez & Metzger 2016

Request for network of multi-wavelenght observatories which cover huge region of the sky and repeat observations
over different timescales



GW170817-GRB170817 !l
K N 1 7 0 8 1 7 (AKA AT2017GFO)

Radio afterglow

+10.87 hrs

LVC + astronomers, AplL, 848, L12




GW17081/7-GRB170817

World-wide observational campaign
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Publications on 1 r2017:

Abbottetal. 2017, PhRel, 119,1101; Abbott et al. 2017, ApJL, 848, L13;
Alexander et al. 2017, ApJ, 848, L21; Arcavi et al. 2017, ApJ, 848, L33;
Blanchard etal. 2017, ApJ, 848, L22; Chornock et al. 2017, ApJ, 848, L19;
Coulteretal. 2017, Science, 10.1126, aap9811; Covino etal. 2017, Nat. Astr,, 1, 791;
Cowperthwaite et al. 2017,ApJ, 848, L17; Diaz et al. 2017, ApJ, 848, L29;
Drout et al. 2017, Science, 10.1126, aaq0049; Goldstein etal. 2017, ApJ, 848, L14;
Evans etal. 2017, Science, 10.1126, aap9580; Fong et al. 2017, ApJ, 848, L23
Haggard et al. 2017, ApJ, 848, L25; Hallinan et al. 2017, Science, 10.1126, aap9855;
Hjorth et al. 2017, ApJ, 848, L31; Kasen et al. 2017, Nature 551, 80;
Kasliwal et al. 2017, Science, 10.1126, aap9455; Levan et al. 2017, ApJ, 848, L28;
Kilpatrick et al. 2017, Science, 10.1126, aaq0073; Margutti et al. 2017, ApJ, 848, L20;
Marguia-Berthier et al. 2017, ApJ, 848, L34; McCully etal. 2017, ApJ, 848, L32;
Nicholl et al. 2017, ApJ, 848, L18; Pian, D’Avanzo et al. 2017, Nature, 551, 67;
Pan etal. 2017, ApJ, 848, L30; Shappe et al. 2017, Science, 10.1126, aaq0186;
Savchenko etal. 2017, ApJ, 848, L15; Soares-Santos et al. 2017, ApJ, 848, L16;
Siebertetal. 2017, ApJ, 848, L26; etal. 2017, Nature, 551, 75;

etal. 2017, ApJ, 848, 127; etal. 2017, Nature, 551, 71;
Valenti etal. 2017, ApJ, 848, L24;

+ 70 papers on astro-ph between 16-18 October 2017

~110 published paper in the first week after the end of the embargo
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KN170817 SPECTRA

2.5 1

%

single-component
===+ multi-component

1.5 -
=

1.0

0.5 - y

5 ' J
400 5500 7500 10500 14500 20000
o LI, . . . . wavelength [A]
5,000 10,000 15,000 20,000 25,000
Wavelength (A)

Figure 2 | Time evolution of the AT 2017gfo spectra. VLT/X-shooter, V|€| Fa et a | . 2023

Pian et al. 2017

19/01/2024



GRAvitational Waves

Inaf TeAm

members: 100+ scientists from 20 research institutions

, GRBs, FRBs and SNe MW follow-up observations
know how: and theoretical models and data interpretation

Committed to taking part in the search and the study of
electromagnetic counterparts of the GW events by using

goals:
different observational facilities

collaborations:




Targeted Search Single Objects

e MoOsSt probab[e ga[axies potential EM counterparts
e ranked by Luminosity and Distance candidates found by WG2
e imaging and (eventually) candidates by other teams

spectroscopy Imaging and spectroscopy




=

REM

CHARACTERISTICS

0.00 M

f.0.v : 10x10 arcmin
optical : griz simultaneous
infrared : JHK

imaging

WHAT CAN WE DO:.:

(OVERRIDE PRIVILEGES)




ASIAGO SCHMIDT

CHARACTERISTICS

0.67 - 0.92 m

f.o.v : 5OX59 arcmin

optical : BVugri

imaging

WHAT CAN WE DO: (OVERRIDE PRIVILEGES)




ASIAGO COPERNICO

WHAT CAN WE DO:

CHARACTERISTICS

1.82 m
f.o.v: 8.6x8.6 arcmin
optical : uBVgriz

Imaging and spectroscopy

(OVERRIDE PRIVILEGES)



LOIANO

CHARACTERISTICS

e 1.52 m
e f.O.v:13X13 arcmin
e optical: UBVRI

e imaging and spectroscopy

WHAT CAN WE DO: EVERYTHING (SOMEONE NEEDED ON SITE!!)




TNG

CHARACTERISTICS

e 3.6M

e f.OV: 86%x8.6 / 4.2x4.2 arcmin
e optical: typically ugriz

e Infrared: JHK

e imaging and spectroscopy

WHAT CAN WE DO: (OVERRIDE PRIVILEGES)



LBT

CHARACTERISTICS

e 84 m

e fOV: 23X25 / 2x2 arcmin
e optical: UBVgrizY

e infrared : zJHK

e imaging and spectroscopy

WHAT CAN WE DO:.: —> LBC (OPTICAL IMAGING);
MODS (OPTICAL IMAGING + SPECTROSCOPY); LUCIFER
(INFRARED IMAGING + SPECTROSCOPY)




NO PROPOSAL
NEEDED

CAMPO IMPERATORE

SCHMIDT (0.61-0.91 m) / AZT-24 (1.1 m)
f.ov: 70X70 / 4X4 arcmin
optical (ugriz) and infrared (JHK)

imaging

PARCO ASTRONOMICO LILIO
o 0.5 m
e f.0.v:21.1x21.1 arcmin
e optical (ugri)

o iIimaging



NOT

CHARACTERISTICS

e 25 M

e f.O.V: 6.4X6.4 arcmin
e optical: UBVRI

e infrared: JHK

e imaging and spectroscopy

WHAT CAN WE DO: -~




NTT (EPESSTO+)

CHARACTERISTICS

e 3.6M
e f.OV: 4.1X4.1 arcmin
optical : UBVRgriz

Imaging and spectroscopy

WHAT CAN WE DO: COORDINATION WITH
EPESSTO+ COLLABORATION




VLT (ENGRAVE)

+ HST + JWST
CHARACTERISTICS
e 82 mM
e f.Ov: 6.8x6.8 arcmin
e optical : ubvgRIz
e imaging and spectroscopy
WHAT CAN WE DO: IN COORDINATION WITH

ENGRAVE COLLABORATION




STRATEGY

) e
v
©
EM NO
e Observing visibility e rank based on probability e characterization of possible
e available telescope time e host brightness candidates
e best multi-band coverage e source distance e coordination with others

coordination with others e observing visibility

e available telescope time



e Our work will take place from “"day 2" onwards

e Subgroups for imaging and spectroscopy reduction

e For each observation:

(depending on members expertise)

DATA
REDUCTION

& transient
classification

e Transients classification based on light curve and
spectroscopic templates (KNe, GRB afterglows, SNe,

hovae, etc..)

 Interesting/peculiar sources can be followed for

longer (byproduct science)




DATA REDUCTION TUTORIALS

r NS MERGER WORKSHOP BERTINORO 2018 LESSONS et al.:) ~

3 members - Add members - Files owned by inaf.it

Quick Access

T / & m . . T
1 OY T g - s Vi 7O
NS Merger Training Workshop
i C
Electromagnetic countegparts of gravitational wave sources data training
- E INSTRUCTIONS 1 El REPOSITORY LINK to GW... B Intructions and presentat... Wi X_SHOOTER_3.mp4 E5 IACT_ Bertinoro_Lecture-..

Edited this week by Silvia Pirano... Edited this week by Silvia Pirano... Created this week by Silvia Piran... You uploaded this week You uploaded this week

Name ‘P Last modified File size

BB ALMA-SCHULZE Jan 3, 2019 Silvia Piranomonte
CTA and very high energy gamma-ray data reduction - B. Patricelli, A. Stamerra Jan 3, 2019 Silvia Piranomonte
Fermi-LAT data reduction - F. Longo Jan 3, 2019 Silvia Piranomonte
GW SKY - G. GRECO Jan 3, 2019 Silvia Piranomonte
INTERPRETATION - A. Perego, O. Salafia Jan7,2019 me

Kilonovae and GRBs photometry - D. Malesani Jan 3, 2019 Silvia Piranomonte

Centro Residenziale Universicario di BEIEINOTQ, 12-16 November 2018 e ST 251 S N T B

MUSE Spectroscopy data reduction - L. 1zzo Jan 3, 2019 Silvia Piranomonte

https://drive.google.com/drive/folders/OAKB_He3INncoXUk9PVA




THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 https: / /doi.org,/10.3847 /2041-8213 /aa91c9

@ 2017. The American Astronomical Society. All rights reserved.
[ CrossMark
Multi-messenger Observations of a Binary Neutron Star Merger”

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc

Telluride Imager Team, IPN Collaboration, The Insight-HXMT Ci:}llal:u:)r'm'-**5';-m ANTARER Callaharatinn Tha Quiift Callaharation
AGILE Team, The IM2H Team, The Dark Energy Camera GW-EM Collab _ 400 EICERRTIEE - eson
GRAWITA: GRAvitational Wave Inaf TeAm, The Fermi Large Area Tel 3 . MW ; N\‘

Array, ASKAP: Australian SKA Pathfinder, Las Cumbres Observatory Gr F/ﬁ“\\*&
and CAASTRO Collaborations, The VINROUGE Collaboration, MAST]

NRAO, TTU-NRAO, and NuSTAR Collaborations, Pan-STARRS, The ] 5o/ ey 1| | VINCITNE ool o
1 y 2 3 Optical Telescope, ePESSTO, GROND, Texas Tech University, SALT C e wavelength (nm)

Collaboration, The BOOTES Collaboration, MWA: Murchison Widefie

Collaboration, H.E.S.S. Collaboration, LOFAR Collaboration, LWA: Long

Collaboration, ALMA Collaboration, Euro VLBI Team, Pi of the Sky Co

- o S jerse Surve

Spectroscopic identification of r-process nucleosynthe- (o the ful < oo o

sis in a double neutron star merger oV,

normalized F,

counts/s (arb. scale)

@

Faorml INTEGIAL, Aatrosst, I, Irmghl-HOOT, Swifl AGLE, CALET, 0

Optical g PP —
s ' HET, L T STARRST,

. DS L L ¢, WIS i, L, "
= E AE o HET, TZAL, L 17, Souts, MTT, ALT. R Thist ESDVET, VAT SALT. Cofl . TOROS,
E. Pian!, P. D’ Avanzo?, S. Benetti®, M. Branchesi’®, E. Brocato®, S. Campana?, E. Cappellaro®, KEPHOt T et e e b TS Bl B
p p : . -

S. Covino?, V. D’Elia®7, J. P. U. Fynbo®, F. Getman, G. Ghirlanda?, G. GhiselliniZ, A. Grado?, G. — LWL LT

ATCA, VLA, ASXAP, VLEA GMAT, WA, LOFAR, L«}\_ALG;-.O\‘HD. EVN, a-MEALIN, MaerkAT, Parkes, SRT, Efalsbarn -|
. 5 3 ; : : : : Ty Y | A iy
10,11 8 12 13 L] 8 14,15 - -
G C N S Greco , J. Hjorth®, C. Kouveliotou'“, A. Levan'’, L. Limatola®, D. Malesani®, P. A. Mazzali ; 500 50 550 T0° o To°

10
’_/,.t-!: (s) It (days)

-2 16 - 1 -1 . 6 -1 17,2 S : :
A. Melandri“, P. Mgller'®, L. Nicastro-, E. Palazzi", S. Piranomonte®, A. Rossi-, O. S. Salafia™ '+, IM2H Swope BLTa0 VISTA T

° ] | R E A C I I O N n I O J. Selsing®, G. Stratta'®!!, M. Tanaka'®, N. R. Tanvir'?, L. Tomasella®, D. Watson®, S. Yang?*:2!, _b e *

L. Amati’, L. A. Antonelli®, S. Ascenzi®’

nGL 4

: g \ 10.86h A/ 11.24h
A. Bulgarelli!, M. Capaccioli®*", P. G. Ca . '

- p - MASTER - Las Cumbres
1 1 G W I R I G G E R S R. Ciolfi**, C. M. Copperwheat'!, M. Da : ' ‘ ‘ fb
--.JE' _. — I. . ) S ._.r\ ‘ .

Gendre®?, G. Giuffrida®, A. Giunta®, L. K. H .

N _ 11.31h, W [11.40h iz 11.57h Radio
M. Lisi®, F. Longo®, E. Maiorano!, M. Ma

Brightness

Perley'®, A. Pescalli*'2, T. Piran’, A. Po|: _©

P. Schipani®, M. Spera?, A. Stamerra®:3,

Turatto®, S. D. Vergani”?, D. Vergani'

R
ml-'-’."' L —
0.5 1 15 20 25
Wanvedength ()




F 0 L L Ow U P GRAWITA: VLT Survey Telescope observations of the gravitational wave
- sources GW150914 and GW151226
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A comparison between short GRB afterglows and kilonova AT2017gfo:

F O L L Ow - U P shedding light on kilonovae properties
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Unveiling the enigma of ATLAS17aeu™**
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Optical photometry and spectroscopy of the low-luminosity, broad-lined
Ic supernova iPTF15dld
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RUBIN-LSST

e 100000 transients/night
e Photometric accuracy = 10 mMag
e Astrometric accuracy = 50 mas

e Information within 60s (brokers)

INAF-GURU project (GRAWITA using Rubin-LSST):

1.as a discovery machine

2.as a follow-up machine



Up to 10 million alerts, 20 TB of data ... every night VERA C.RUBIN

5 o point source depth - Single exposure idealized
for stationary sources after 10 years

Ivezié et al. 2019

o Galaxies
. Stars, Milky Way & Local Volume v 6-band (0.3-1.1 micron) wide-field deep
. Solar System astronomical survey of over 20,000
Science
o Dark Energy square degrees of the southern sky.
Collaborations , , , : .
L0 Active Galactic Nuclei v Each patch of sky will be visited about
(SCs) : : : :
o Transient/Variable Stars 1000 times in ten years.
e D Strong Lensing

Informatics & Statistics



Up to 10 million alerts, 20 TB of data ... every night

VERA C.RUBIN

5 o point source depth - Single exposure idealized
for stationary sources after 10 years

Ivezié et al. 2019

. Galaxies FoV 9.6 deg”2
« Stars, Milky Way & Local Volume 0.2"/pixel pitch
: N Solar System 3.2 Gplxel camera
Science . .
. Dark Energy 8.4m primary mirror
Collaborations
- ot Active Galactic Nuclei 10 year survey of the sky
> o Transient/Variable Stars 37 billion stars and galaxies
A Strong Lensing Site EL Penon, Cerro Pachon, Chile

Informatics & Statistics Each image has size of 40 full moons
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Observatory
- Rubin Operations:
Sites & Data Flows

-
HQ Site
. Tucson, AZ
Science Operatians
Obdervatary r«.-'ln:*.'-.n;!-*..:m-n'.

Education & Public Qutreach

Base Site -
La Serena, Chile

.4Base Center -
Long-term storage (copy,1)

Data Access Center
Data Access & User Services

® Final volume of raw image data =60 PB

@® Final image collection (DR11) =0.5 Exabytes
® Final catalog size (DR11) - 15 PB

@® Final disk storage = 0.4 Exabytes

@® Peak number of nodes = 1750 nodes

. French Site
CC-IN2P3, Lyon, France

French Data.Facility
Data Release Pioduction

Rubin Observatory

Data Facility

National Center for Supercomputing

Applications (NCSA), Urbana-Champagne, IL

Processing Center
Production -

ire
g torage (copy 2)
Data Access Center
{ € < >

Ps o7
Data Access and

User Services

Summit Site
Cerro Pachén, Chile -
Teles: ope & Camera
Data .-'l.c_t:u:'_. non

@ Peak compute power in LSST data centers = about 2 TFLOPS

LSST Operations: Sites & Data FLows

VERA C.RUBIN

The total data volume after
processing will be several hundred
PB, processed using about
150 TFLOPS (trillion floating point
operations per second) of
computing power for the
first DR, increasing to 950 TFLOPS
by DR 11



HOW CAN WE WORK?

Radio X-rays
B =1 ) -
A a
A 3
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Updaied Hisio

ol Vanabiity of sournces:
SCToss the Speecinem

Our Contributions

-
-------------------------------

Broker System

.....

cadence.

Examples of synthetic GW170817-like kilonovae light-curves
found serendipitously in the Rubin-LSST simulated baseline

(Fig. 1 from Andreoni et al. 2021)
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CBSERVATORY

o Maximize chances of first or second night

53| counterpart candidate identification for multi-
I wavelength follow-up with other telescopes
o8& »g o Ability to distinguish the counterpart from most
§¢| © “contaminants”
»E o Kilonova parameters estimation
iI
| = =
\
H ) I

Peak magnitude (X axis) and duration (Y axis) distributions
extracted from KN light curve above the limiting magnitude
are shown.

(Fig. 6 from Ragosta et al. 2024)



HOW CAN WE WORK? —

OBSERVATORY

GW detectors find sources

o Selection of which GW triggers to follow-up (localization < 100 deg2)
o Rapid ToO observations

300Mpc 200Mpc
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vy = 0.15¢ —— Rubin (180s)

Simulated KN light curves in the six Rubin filters for different properties of the
ejecta (mass and velocity) at four representative distances (30, 100, 200, and
300 Mpc). (Fig 1. from Andreoni et al. 2022)



ET (2035)... WE NEED
MODERN APPROACHES

We need experience to create and manipulate large data
sets for the follow-up of the electromagnetic

counterparts of GW sources.

HANDS ON of TODAY

Learn how to build a light curve using Alerts stream.

Learn how classification tools work.

Fabio the floor is yours! C@



HEALPix for Galaxy ranking

e Hierarichical Equal Area Pixelization
e Encoding All Sky image in one array
so that white noise is integrated
spatially and depend only on the the
shape of tasselization
. CHOICE OF INDEX SCHEME
o Nasted: Consecutive pairs of
bits in the pixel indices encode
the address of healpix tree
o Ring: Pixel indices advande in
(RA,DEC)
o Uniq: Pixel resolution/ipix are
converted in a single integer

Prograde.
' Degrade

[10]|01,

8
'10/| 00,




HEALPix for Galaxy ranking

7

Moving clockwise from the upper left panel the grid is
hierarchically subdivided with the grid resolution
parameter equal to Nside =1, 2, 4, 8, and the total
number of pixels equal to Npix =12 x NA2 side = 12, 48,
192, 768.

All pixel centers are located on Nring =4 x Nside - 1
rings of constant latitude.
Within each panel the areas of all pixels are identical.

E conversion from/to sky coordinates

pix2ang : nside,ipix,nest=False,lonlat=False ->
theta[rad],phi[rad] (default RING)

pix2ang(nside, ipix[, nest, lonlat])

nside/npix/resolution

pix2vec : nside,ipix,nest=False -> x,y,z (default

R ; ; pix2vec(nside, ipix[, nest])
) . ) Give the number of pixels for the given £ RING)
nside2npix(nside) ) )
nside. ang2pix :
: : . ang2pix(nside, theta, phi[, nest, lonlat]) nside,theta[rad],phi[rad],nest=False,lonlat=False
; ; : Give the nside parameter for the given -> ipix (default:RING)
npix2nside(npix) berofipizels
number o : —— T
UREERER(nside, %, v, 2[, nest]) vec2pix : nside,x,y,z,nest=False -> ipix

(default:RING)



HEALPix for Galaxy ranking

HEALPix Columns

FITS Name Symbol Units Description

PROB Pi pixel ™’ Probability that the source is contained in pixel i, centered on the direction n;

DISTMU s Mpc Ansatz location parameter of conditional distance distribution in direction n;, or o© if invalid
DISTSIGMA 0; Mpc Ansatz scale parameter of conditional distance distribution in direction n;, or 1 if invalid
DISTNORM N; Mpc > Ansatz normalization coefficient, or O if invalid

Conditional distance distribution

N (n) exp[—(r — u(n))z]rz forr > 0.

p(rim) = V27 o (n) 20 (n)?

3D probability density

P(r,mn;) dr = p, \/%E‘r- exp [ (r = 11) ]r2 dr.

Probability density per unit Eucledian Volume

T, dpP

dV = r? dr AQ) = —r2 dr.

—_— = . e
Noix dv P 47 275 P

Noix N, [ (rﬁf)z]
X — .

252



