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Why EM follow-up are interesting?

U Precise (arcsec) sky localization — e.g. link to EM event
U Energetics — e.g. EM emission (beamed and isotropic)

O Host galaxy — e.g. Redshift, Environment (stellar populations,
dynamics..) where the EM counterparts are generated and evolve

L Nucleosynthesis of elements
O Cosmology

O Fundamental physics — e.g. speed of photons and gravitational
waves (GW)

[ Constraint models of GW+EM emitters



ASTROPHYSICAL SOURCES emitting transient GW
signals detectable by LIGO and Virgo (10-1000 Hz)

Coalescence of binary system of
neutron stars (NS) and/or stellar-
mass black-hole (BH) 10-?Mgc?

For CC SN: uncertain GW waveforms

197 Mpc for BNS

410 Mpc for NS-BH

968 Mpc for BBH
SOURCE Nlow Nre Nhigh Nma:c
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300

BH-BH 0.4 20 1000

Core-collapse
supernova
108~10"° My c?

__107°~10° Mgc?

Abadie et al. 2010

Isolated NSs
instabilties

GW: Milky Way Ott et al.2012
Optimistic models: few Mpc Fryer&New 2011

~2 per century in Milky way Li 2011
Cappellaro 1999
2 per year within 20 Mpc  Li 2011




EM emission
BNS/NS-BH CC SN
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Expected optical light curves from BNS

Expected light curves (source distance 410 Mpc)
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Fast transient:
Challenge for follow-up and identification
time domain astronomy
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Courtesy of G. Stratta



EM follow-up: ‘Seek needle in a haystack’

GW170104
LVT151012

GW151226

\

GW170817

- GW150914

GW1708 1;\ : e } : LIGO/Virgo/NASA/Leo Singer

el (Milky Way image: Axel Mellinger)

Optical GW follow-up: fast, wide, deep.

1. ‘blind search strategy’: wide-field tilling
search on high probability GW region

e.g.

2. ‘targeting search strategy’: pointed search of
selected galaxies in high probability GW
region

e.g.

~100-1000 square degrees(H+L)

~10 square degrees(H+L+V)

Future? LIGO-India, KAGRA. ..

triangle localization

) 24h
20h

EM follow-up for GW15
Abbott B.P., et al. 2016

GwWw 3
radio

optical/IR



GW@WDﬁA EXAMPLE OF GRAWITA RESPONSE

ﬂ ' 2. Observations

J 1. Tllmg ﬂ

GW150914
VST field P50 epoch 1

+ Number of images: 2 200 images

(~18000%18000 px to map 1 deg?)

* Image size: ~ 1.3 GB / image

« Calibration time: ~ 6.5 hrs for a set
of ~ 200 images (Grado & WG2:
VST center)

See Grado talk for more details

Characterization

Telescopes: LBT / NTT/ TNG / NOT / Asiago
Collaborations: IPTF and PanSTARSS/PESSTO
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istance LLess Than 40 Mpc = SN search

‘DLT40 normal run’:
- Prompt 5(search) + LCOGT/FLOYDS:--(spectroscopy)

Aim: Search for SNe in nearby galaxies with 1 day cadence, which is the time

when we can learn the most on the physics of the explosion
2. Fast, well designed for GW, GRB, neutrino--- follow-up. Follow LIGO trigger from

O2 period
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Lag between oservation and detections available [minutes]

| _ . Automatically pipeline
1. 0.4m telescope with 10710 Decrease Delay time between explosion and data

arcmin FoV in Chile collected
2. 0.4m in Australia



istance Less Than

‘DLT40 normal run’:
- Prompt 5(search) + LCO/FLOYDS:-

Mpc =

‘(spectroscopy)

SN search

- 400-600 galaxy every night, ~2000 in total (sub-catalogue from GWGC)

e DLT40 galaxies /MW”— |

% SN detected
DLT17ck

Galaxy samples construction:

1. rec. velocity < 3000 km/s
2. MB <-18 mag
3. E_MW(B-V) < 0.5 mag
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istance Less Than 40 Mpc = SN search

‘DLT40 normal run’:
- Prompt 5(search) + LCO/FLOYDS:---(spectroscopy)
- 400-600 galaxy every night, ~2000 in total (sub-catalogue from GWGC)
- Reach to r=19 mag on average

Target . ~[Target + artif. stars DE=Netect/ Ninject

Artificial star
experiment

Detection Efficiency %

16.5 17.0 175 18.0 185 19.0 195 20.0
Apparent magnitude (r)



istance Less Than 40 Mpc =

‘DLT40 normal run’:
- Prompt 5(search) + LCO/FLOYDS:*(spectroscopy)

SN search

- 400-600 galaxy every night, ~2000 in total (sub-catalogue from GWGC)

- Reach to r=19 mag on average
- ~30 nearby SN in the last 2 years
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istance Less Than Mpc = GW follow-up

‘DLT40 GW run’:
- Prompt 5(search) + LCO/FLOYDS:---(spectroscopy)
- 400-600 galaxy every night, ~2000 in total (sub-catalogue from GWGC)
- Reach to r=19 mag on average
- ~30 nearby SN in the last 2 years

- high priority would be given to LIGO galaxies if any
1.Galaxy selection for GW151226
2. Spatial and luminosity cut would

— 99% LIGO region
68% LIGO region
+ DLT galaxies in 68% LHV region




False-alarm rate < 1 per ~8 X 10%years

BNS at 40 Mpc !!

GW170817:; 2017/08/17UT:12:41:04.445710
GRB170817a: ~2 sec later

LIGO-Virgo
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BNS at 40 Mpc !!

GW170817: 2017/08/17 UT:12:41:04.4451710
GRB170817a: ~2 sec later
2017fgo/ssslia/DLT11Ick: ~11 hours later, optical kilonova in NGC4993

REFERENCE °

TARGET

DLT17ck

On 2017 August 17 23:49:55

UT (11.08 hours after

GW170817)
RA=13:09:48.09,DEC=-23:22:
53.4.6, 5.37W, 8.60S arcsec
offset from NGC 4993

LHV Region e DLT galaxies in FERMI region
FERMI Region DLT galaxies in LHV region
* DLT17ck DLT galaxies in FERMI (triggered)

Valenti et a, 2017




Multi-messenger astronomy has truly begun !

LIGO-Virgo Spectrogram Fermi/GBM Chandra X-ray

Observatory
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LIGO, Virgo

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Korus-Wind

Gamma .

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL
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Swift, HST

uv
7, Gemini-South, NTT, GROND, SOAR, ESC-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOPE, TOROS, BOOTES-5, Zadko,

- y
Op tlcal Optical iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, TE0S, EABA

REM-A0S2, VISTA, Gemini-South, 2MASS Spitzer, NTT, GROND, SOAR, NOT, ESO-VLT, Kanata
IR E

Radio :

50 : 10 = 10!
r—1,. (s)

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA, ALMA, OVAO, EVN. e-MERLIN, MeearKAT,
Parkes, SRT, Effelsberg
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p DLT17ck Ic is comparable to the fast
DLT17ck light curve Kilonova model.

Cooling down fast.
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Kilonova identification - GRAWITA spectrum

purely thermal spectrum

2x10-18 (T=5000K). .
Initial expansion
speed of ~0.2c

—~~

e These data revealed signatures
o<t 1.5x10-16 o of the radioactive decay of

) r-process nucleosynthesis
providing the first

spectral identification of

the kilonova emission

Broad absorption lines
indicate material at high
speed (0.1-0.2c)

10000 15000 20000 25000
Wavelength (&) Pian et al, 2017

Cooling down very fast See Cappellaro talk for more details




DLT17ck is unique, first kilonova

NOVAE i
Luminous Blue Variable Super Luminous SNe
SNe la

Hydrogen rich

Stripped Envelope SNe

SN or OT ?

Super Luminous SNe

Ca-Gap Transient

low velocity SNe

Kilonova

DLT40 objects

Faint and Fast SNe
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time scale [days]

1.ldentification: cadence
daily cadence search & multi-messenger search

2.Rate: time




Rate estimation

Local Fast Transient Rate
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BNS rate

short GRB

Detecting a kilonova with a survey like DLT40 (independently on the

LIGO trigger) will take ~18.4 years!




Future — pointed search

Success of the pointed search and small telescopes, but future?

Galaxy catalogue incompleteness
GLADE: the best public galaxy catalogue
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Distance (Mpc)
Dalya+ 2016 (GLADE document)

Complete up to 73 Mpc



Future —EM in LIGO O3

- BNS? NS-BH?
- galactic SN?
- BBH?

‘pointed” Nearby bright transient
high cadence

1. Galaxy completeness
2. Distance limited

Early w==Mid

60-100 120-170
Mpc Mpc

B o

Mpc

os

25-40 40-140
Mpc

2015 2016 2017 2018 2019 2020

limit

Number of

DLT40 exptime . . Distance
magnitude galaxies
02 45s 19 400-600 70 Mpc
03 100s 19.5 230 85 Mpc

sGRBoff4
sGRBoff3
sGRBoff2
sGRBoff1l
strattad
LGRB
DLT17ck
SN1998bw
Kaw16NSBH
Kas16HMNS
Kas16BH
Barl3
Piranl3
Met10
Yam15BBH
Li98

2022

go further

80
distance

‘tiling’: distant faint transient

1.time consumed for image processing
2. real/bogus candidate classification



Future — prepare for multi-messenger era & big data
astronomy era

1. Multi-messenger search: GW, neutrino...
2. Multi-wavelength search: GRB, FRB...
3. Fast identification: machine learning - scikit-learn/tensorflow

4. Test facility:
Asiago Schmidt telescope/PROMPT/REM

~
ZTF (46 deg.2)  iPTF (7.2deg.?)







