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TRANSIENTS AND MULTI-MESSENGER

where is the neutron star (or the BH) ?

SN 1987A IN LMC

Detection of two dozen 
neutrinos

Progenitor direct 
identification 

1-2 dozen progenitor detections

still unique

Schmitz & Gaskell 1988:  ….. very common SN type …..  
Pastorello et al 2012:   ……    1-3% of all core-collapse

1985    Super-Kamiokande upgraded  
1987     Nearest optical SN in ~400yr  
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PROMPT 40 CM

VLT 8.2MINSTRUMENTS 
FOR 

TRANSIENTS 
10 cm  …. 10 m



SEARCH

IDENTIFY

FOLLOW-UP

FOCUSING ON 
OPTICAL COUNTERPARTS OF  GWS

• wide field 
• galaxy targeted 

• light curve & colors 
• low resolution spectroscopy

• multi-band light curve 
• high S/N optical/infrared spectroscopy 
• integral field spectroscopy 
• polarimetry 
• high resolution imaging



SSS17A = DLT17CK = AT2017GFO

GW detection      12:41    0.00 

optical discovery  23:33  10.87 

discovery GCN     01:05  12.40

REM

12.40h

DISCOVERY OF THE KILONOVA 

Sunset in Chile  22:27    9.77 

Twilight              23:40  10.98
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VST 2.6m  
1 sq.deg    

0.21 arcsec/pix

STRENGTHS 
LOCATION 

DEPTH 
RESOLUTION 

OPERATION MODE

Also: DECam at the 4m Blanco 
Telescope Cerro Tololo (3 sq.deg)



             Asiago 1.8m + AFOSC

The bottle neck is transient classification 
ESO NTT 3.5m + EFOSC2 + SOFI 

•   90n per year : 10n/month  
•   public survey 2012-2017 - extended 2018-2020

ESO VLT 
X-SHOOTER 

FORS2

BRIGHT

MEDIUM

FAINT
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LIGHT CURVE MODELLING
Villar et al. 2018 Lamb et al. 2019

   Rossi et al. 2018

Lamb et al. 2019 LBT 160D

HST



X-SHOOTER FOR THE KILONOVA

300-560 NM

560-1020 NM

1020-2480 NM



Shappee et al. 2017

CC SN ?

Pian et al. 2017

KN !

DISCOVERY OF A KILONOVA
model by Kasen et al. 2013



Kilonova models predict 
nucleosynthesis of  r-process elements.  
Lanthanides dominate radiation 
transport because of high opacity
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Kilonova models predict 
nucleosynthesis of  r-process elements.  
Lanthanides dominate radiation 
transport because of high opacity

Shappee et al. 2017

CC SN ?

Pian et al. 2017

KN !

DISCOVERY OF A KILONOVA
model by Kasen et al. 2013
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ENVIRONMENT: MUSE@VLT

• Panoramic integral 
field spectrograph  

• 24 IFU modules 
• range 0.46-0.93 nm 
• field of view 1arcmin 
• spatial res. 0.3-0.4”  
• spectral res. 2-4000

“monocromatic” imaging in 2Å bin along the spectral 

spectrum for each position of the F0V in 0.3 arcsec bin



ENVIRONMENT: MUSE@VLT
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Nearby kilonovae are rare 

GW170817
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FUTURE OF GW FOLLOW-UP

Nearby kilonovae are rare 

GW170817

  40 Mpc 
mmax = 17 

search 

identification  

follow-up  

0.1 - 1 m  

2 - 4 m 

8- 10 m 

Mmax = -16
100-400 Mpc 
mmax = 19-22

NEXT

0.5 - 4 m  

8 m 

40 m 
3d V+2mag, K+0mag

15d V+6mag, K+2mag

0-3d
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DEPTH

RESOLUTION 
SPATIAL/SPECTRAL

RANGE 
FIELD OF VIEW/

SPECTRAL RANGE

FLEXIBILITY / REACTION TIME

DATA REDUCTION/ MINING

LARGER 
TELESCOPES

SPECIALISED 
INSTRUMENTS

ADAPTIVE 
OPTICS



BLACK GEM

3 telescopes of 0.65m   (15 telescopes in phase 2) 
FoV 2.7 sq deg     (3x  8.1 sq.deg    15x 40 sq.deg) 
0.56 arcsec/pix    
installed at ESO La Silla (Chile) 
22 mag limit in 5 min 



BLACK GEM

3 telescopes of 0.65m   (15 telescopes in phase 2) 
FoV 2.7 sq deg     (3x  8.1 sq.deg    15x 40 sq.deg) 
0.56 arcsec/pix    
installed at ESO La Silla (Chile) 
22 mag limit in 5 min 

•

• Southern All Sky Survey (BG-SASS) 
• Fast Synoptic Survey (BG-FSS) 
• Q-band Survey (BG-QS) 
• Twilight Survey (BG-Twilight) 
• BlackGEM Trigger Mode

Science cases



LSST: LARGE SYNOPTIC SURVEY TELESCOPE

Cerro Pachon (Chile) 
8.4m mirror 
9.6 sq. deg  

0.2 arcsec/pixel 
3.2 Gpix camera 

start 2024



5-sigma point source depth 
single visit 2 x 15 sec 

 g-band 25.0 mag × visit 
                        27.0 mag on stacked

10.000 deg2  per night 
all (southern) sky every 3/4 
nights

real time alert latency 60 sec

10 yr survey

LSST: LARGE SYNOPTIC SURVEY TELESCOPE



Current transient alert rate  ~40 x night 

5-sigma point source depth 
single visit 2 x 15 sec 

 g-band 25.0 mag × visit 
                        27.0 mag on stacked

10.000 deg2  per night 
all (southern) sky every 3/4 
nights

real time alert latency 60 sec

10 yr survey

LSST alerts  10.000.000 x night

LSST: LARGE SYNOPTIC SURVEY TELESCOPE



TRANSIENT BROKERS

LASAIR (UK)

ALERCE (UK)

ANTARES (USA)



SEARCH FOR FAILED SUPERNOVAE

Gerke et al. 2015 MNRAS 450, 3289

Not yet confirmed

2012
A best candidate for direct 
collapse to black hole of a 

25 M⨀  RSG star

HST
LBT

Adams et al. 2017



SOXS

06/2014 ESO call for new instruments at NTT  
05/2015 Selected by ESO out of 19 proposed 
01/2022 in operation at La Silla 

Consortium of 6 countries  
Italy (INAF) 50%

• Broad Band Spectrograph 350-20000 nm 
• R~4500 
• Two arms: UV-VIS (350-950 nm) +NIR 

(800-2000nm) 
• “Photometric” acquisition camera 3.5 

arcsin 0.3 arcsec/pix 
• S/N ~ 10 in 1h exposure for RAB =20.5

Son of X-Shooter



SOXS UV-VIS arm
Mirror*	 CaF2	corrector*	

Field	flattener*	

*Aspheric	



SOXS UV-VIS arm
Mirror*	 CaF2	corrector*	

Field	flattener*	

*Aspheric	

infrared



SOXS for GW sources
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3. Science cases 
The construction and operations of SOXS are already fully secured. Here I propose to build and lead a dedi-
cated science team at the Brera Observatory on three main science topics, which are of the utmost importance 
nowadays and to which I contributed significantly along the past years. Without this grant, data will be taken 
anyway. What we will deeply miss is a dedicated task force to coordinate, model, interpret, simulate, and pre-
dict new spectral features based on 
the acquired data. The team I pro-
pose to build will be in the unique po-
sition to take full advantage of these 
data and, under my scientific guid-
ance, to produce breakthrough ad-
vances in time-domain astronomy.  
A. Gravitational-waves and 
electromagnetic counterparts  
    With the breakthrough discovery 
of the gravitational wave (GW) signal 
from two coalescing black holes in 
2015, the GW era started. Two years 
later, the LIGO and Virgo interfer-
ometers jointly detected two merging 
neutron stars. An electromagnetic 
signal was associated with this event. 
First, !-rays from the associated 
short-duration GRB170817 were de-
tected by Fermi and INTEGRAL satel-
lites. After a frantic hunt, a new opti-
cal source in the NGC4993 (at 41 
Mpc) elliptical galaxy was discov-
ered, AT2017gfo (Coulter et al. 
2017). This emission turned out to be 
powered by the radioactive decay of 
heavy r-process nuclei, synthesised in 
the ejecta of the merger. A series of 
optical and spectroscopic observa-
tions were collected to follow its evolution. The most impressive dataset is the almost daily collection of broad-
band spectra taken with the X-shooter instrument at the VLT (see Fig. B1-2, Pian et al. 2017; Smartt et al. 
2017). These data show that the spectrum has a very fast evolution from a blue (T~10,000 K) to a red (T~2,000 
K) emission, with broad lines superimposed, which were not yet definitely identified, but was never observed 
in other sources and are probably related to heavy elements. 
What can SOXS do? We are now (August 2019) in the middle of the third observing run (O3) of the GW experi-
ments, ending in Spring 2020, with the addition of a further interferometer (KAGRA) at the end of the period. 
During O3, three likely binary neutron star mergers and one black hole-neutron star event were discovered 
(with no counterparts, yet). This testifies, however, that the rate of events involving at least one neutron star is 
relatively high. O4, at an improved sensitivity and better localisation, will start at the end of 2021, with perfect 
timing with SOXS. SOXS will follow any GW counterpart candidate visible from Chile to first assess its nature 
and then will follow it up for the next few days. The improved sensitivity of SOXS over its father, X-shooter, 
will allow us to monitor events similar in flux to AT2017gfo, with multiple observations on a single night, if 
needed, to catch the initial fast evolution, up to ~6 d (Fig. B1-1, based on the SOXS ETC). Spectroscopy, 
optical and nIR simultaneously, is the main and indispensable route to understand nuclear physics in such an 
extreme ambient and provide answers to the heavy metals’ enrichment in the Universe.  
B. Gamma-ray bursts 
    GRBs come in two flavours: short and long duration (Kouveliotou et al. 1993). This dichotomy, which could 
have been just incidental, turned out to have a tight relationship into the nature of these events. Long-duration 
GRBs are associated with the death of massive stars and, if close enough, a supernova is virtually always ob-
served in concomitance. Short-duration GRBs are instead associated with binary neutron star mergers, as 
brilliantly confirmed by GW170817. The science of GRBs has grown enormously in the last 15 years, thanks 
to the Neil Gehrels Swift (Swift) and Fermi observatories, and the related follow-up from optical/nIR telescopes. 

Figure B1-2: Left: X-shooter set of 
broad-band spectra on AT2017gfo over 
11 d (adapted from Pian et al 2017 and 
Smartt et al. 2017). Right: Simulation of 
the Signal-to-Noise ratio reachable with 
SOXS with 1 hr (0.5 d-3.5 d) or 2 hr 
(4.5 d-6.5 d) observations (airmass 1.5, 
3d from new Moon, R~1,000, based on 
the X-shooter spectra and blackbody ex-
trapolation with the SOXS ETC v05). 
Spectra are not corrected for telluric lines. 
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VLT->EELT  factor ~ 5
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VLT->EELT  factor ~ 5
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NEED TO GAIN A FACTOR 10

• Gain instrument efficiency
not much room to improve detection efficiency  …    ? 20-30% ?
use more of the  collected photons (eg. SOXS) ….  factor 2-3

Night Sky  Brightness 
V = 21.6 mag/arcsec2 

K = 15.0 mag/arcsec2 

•  Decrease the background (critical in infrared)

VLT->EELT  factor ~ 5



Mirror 6.5m  
range 0.6 - 30 nm  
L2 orbit 
launch 2021  
mission duration 10yr 

JWST - JAMES WEBB SPACE TELESCOPE
zodiacal light K~21 

mag/arcsec2
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GET A GOOD SEEING DECREASE THE 
BACKGROUND

Resolution = 1.22 λ / diameter
1m telescope R~ 0.1 arcsec
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ADAPTIVE OPTICS
Diameter 911 mm 
# of actuators 672 

setting time <1.5 ms 

2”

HST 8m+AO 30m+AO

30m+AOJWST8m



E-ELT 39M TELESCOPE
798 segmenti da 1.4m 

extreme adaptive optics



MAORY & MICADO @E-ELT

MAORY: Multi-conjugate Adaptive 
Optics RelaY for the ELT

two deformable mirrors piloted 
from 6 laser guide stars

MICADO: Multi-AO Imaging CamerA 
for Deep Observations 
0.8-2.4 nm  
resolution 6-12x10-3 arcsec 
spectroscopy R~8000   

18.5 Ml€ contract of INAF with ESO



2”

spectral resolution 5000 
magnitude for limit S/N=5   

exposure time 3600 sec

400 Mpc

100 Mpc

E-ELT 39M TELESCOPE
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SEARCH

FOLLOW-UP

IDENTIFY

CURRENT NEXT

•  poor Southern 
coverage 

•  21 mag lim

•Black GEM  La Silla 
• LSST   25 mag lim

• opt/ir 20 mag 3h 
• no Northern            

X-Shooter equivalent

• SOXS opt/ir 
20 mag 1h 

• ?

• VLT X-Shoother 
K=19 mag limit

• ESO E-ELT NIR 
K=23 mag lim 

• JWST MIR


