
Next-generation of optical 
facilities in the multi-
messenger era: the SOXS case

Sergio Campana
INAF - Osservatorio 
astronomico di Brera

 Enrico Cappellaro on behalf of



FELT/FBOT
AT2019cow

adapted from Kulkarni 2012

KSN2015K

LRN

Transients < 2000 



COSMIC EXPLOSIONS (OPTICAL TRANSIENTS) 5

transients this would require spectroscopy. At the final level is a clear pigeon holing of
the transient (classification). The importance of this point was re-iterated, even more
forcefully, in the concluding talk (Bloom 2011). It is frustrating to hear some astronomers,
especially at august meeting such as this, to claim a discovery merely on the basis that
they had observed the transient earlier than others.

Recognizing the above issue we adopted a “No Transient Left Behind” strategy. Three-
color photometry on P60 allows for crude classification. Follow up up with low resolution
spectroscopy on a bevy of larger telescopes (Palomar 200-inch, KPNO 4-m, WHT 4.2-m
and the Lick 3-m)9. As a result we have amassed a set of nearly 1500 spectroscopically

classified supernovae of which a good fraction were detected prior to maximum.

100 101 102

�24

�22

�20

�18

�16

�14

�12

�10

�8

�6

Characteristic Timescale [day]

P
ea

k 
Lu

m
in

os
ity

 [M
V
]

V838 Mon
M85 OT

M31 RV

SCP06F6

SN2006gy
SN2005ap SN2008es

SN2007bi

SN2008S

NGC300OT

SN2008ha

SN2005E

SN2002bj

PTF10iuv
PTF09dav

PTF11bij
PTF10bhp

PTF10fqs

PTF10acbp

PTF09atu

PTF09cnd

PTF09cwlPTF10cwr

 Thermonuclear
 Supernovae

 Classical Novae

 Luminous
 Red

 Novae

 Core�Collapse
 Supernovae

 Luminous Supernovae

 .Ia Explosions

 Ca�rich
 Transients

P60�M81OT�071213

P60�M82OT�081119

10
38

10
39

10
40

10
41

10
42

10
43

10
44

10
45

P
ea

k 
Lu

m
in

os
ity

 [e
rg

 s
�1

]

Figure 3. An update of Figure 1 and 2 with new classes and sub-classes of non-
relativistic transients. Notice the emerging class of Calcium-rich halo transients,
.Ia supernovae and two types of Luminous Red Novae (events in the bulges of M85
and V838 Mon; the others are in spiral arms). The color of the symbol is that
at maximum light. Apparently the new data show that novae do not obey the
classical “Maximum Magnitude Rate of Decay” relation (see Kasliwal 2011).

Given that follow-up is at premium having a small sample of transients with desired or
well-understood selection criteria is more valuable than a large sample of transients with
a potpourri of properties. Thus choice of pointings and cadence control are critical. We
have scoured around the sky to select PTF pointings with large local (d . 200Mpc) over

to have the first level of sub-typing (eg. flare star/DN/CV; Ia/Ibc/II SN). This knowledge is essential
given the very large fog of foreground (M dwarf flares, dwarf noave) and background transients (routine
supernovae at a late phase, burps from an AGN).

9Even so, as in real life, two thirds of the transients are unclassified and left behind.

Transients > 2000 



Current transients’ view
Long GRB afterglows

Kilonovae

Short GRB
afterglows



THE problem
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The current answer

90 nights/year at the ESO/NTT in La 
Silla

~30% of ePESSTO+ observing time in 
classification activities 

3

searches in optical wavelengths.

2. INSTRUMENT OVERVIEW

The SEDM is, by default, the sole instrument for
robotic Palomar 60-inch telescope (P60). The telescope
optics are Ritchey-Chrétien, so that both primary and
secondary mirrors have hyperbolic reflecting surfaces.
This allows for a wider field of view within a compact
design: the tube of the telescope measures 150 inches
(3.8m) long. An 18-inch (45.7 cm) central hole in the
primary mirror allows starlight to reach the Cassegrain
focus (f/8.75) with a 525-inch (13.3m) focal length. The
telescope was roboticized in 2004 and single purposed
to for imaging photometry, in particular following GRB
afterglows (Cenko et al. 2006). In August 2016, the
GRB imaging photometer was removed and the SEDM
installed at the Cassegrain focus of P60.
The SEDM instrument is composed of two main chan-

nels: the Rainbow Camera (RC) and the Integral-Field
Unit (IFU), mounted in a T-shaped layout (see Figure
2). The optics and cameras are protected by an external
cover, designed as a sealed container to minimize dust
contamination. Overall, the instrument is of a compact
size, of 1.0⇥0.6m. The total weight, including electron-
ics, is of ⇠140 kg.
The optical path of the instrument is designed so

that most of the light from the Cassegrain focus is di-
rected towards the photometric instrument, the RC. The
light for the IFU is captured by a picko↵ prism that is
mounted above the center of the four filter holders for
the RC, close to the telescope focal plane. The mir-
ror directs the light through an expander lens to obtain
an appropriate scale for the lenslet array (LA). Then,
the light path is folded by a flat mirror, and directed
through a field-flattening lens onto the lenslet array. The
LA breaks up the field into an array of 2340 hexagonal
pupil images that are then sent through a six-element
collimator onto the dispersing triple prism. The triple
prism design ensures that the spectroscopic resolution,
defined as R = ��/�, is at a constant value of R ⇡ 100.
The dispersed pupil images are then focused by a five-
element camera through a CCD window that is multi-
coated for high transmission. Both the IFU and the RC
have relay optics that allow the images to come to focus
at their respective CCD detectors, as well as an addi-
tional focus mechanism to ensure that the RC and the
IFU channels are parfocal. The RC and the IFU are
focused by adjusting the position of the movable sec-
ondary mirror. The spectrograph is focused using the
movable camera optics.
The SEDM uses two identical Princeton Instruments

Pixis 2048B eXelon model 2048⇥2048 and 13.5µm pix-
els CCDs. For each, the CCD window is anti-reflection
coated to improve overall detector response. Thermo-

electric coolers keep the detectors at a temperature of
�55� C. The excess heat is removed via a glycol cooling
system attached to a chiller. A summary of the specifi-
cations for the detectors is shown in Table 1.

Table 1. Specifications for the SEDM de-
tectors.

Detector feature Description

Detector size 2048⇥2048 pixels

Read noise (slow) 5 e�/pix

Read noise (fast) 22 e�/pix

Read time (fast) 5 s

Read time (slow) 40 s

Gain 1.8 e�/ADU

Pixel size 13.5 µm

Saturation 55000 ADU

Non-linearity 45000 ADU

Figure 2. Overview of SEDM instrument layout. The light
path from the Cassegrain focus is shown with a red arrow.
The light for the photometric instrument is collected by the
RC, located in the centre. The light for the IFU is initially
redirected towards the mirror shown in the left side of the
picture and reflected into the lenslet barrel. The light from
each lenslet is then dispersed by the triple prism system,
placed in the centre. In a final step, the IFU barrel aligns
the individual spectra on the detector.

2.1. Rainbow Camera

The RC is used for guiding, calibration, target acqui-
sition and science imaging. The 13⇥13 arcmin FOV is
split into four quadrants, one for each filter: u

0, g0, r0

and i
0. Because part of the field is obscured by the filter

ZTF/SEDM

46% of overall classifications

17% of overall classifications

resolution ~100

resolution ~500



SOXS
ESO call for new instruments at NTT (06/2014) 

Proposal submission (02/2015) 

SOXS selected by ESO (05/2015) out of  19 

RAB~20.5



Institutes	from	6	Countries		

	

q  Common	Path,	NIR	Spectrograph,	

Control	Software	&	Electronics,	

Vacuum	and	Cryogenics,	Detectors	

control	(INAF)	

q  UV/VIS	Spectrograph	(Weizmann)	

q  Acquisition	Camera	(Millennium	

Institute	of	Astrophysics	-	MAS)	

q  Calibration	Unit	(Turku	University)	
q  Data	Reduction	(Queen’s	Un.	Belfast)	
q  Tel	Aviv	University	
q  Dark	Cosmology	Center	

SoXS Consortium

Neils Bohr Institute & Aarhus Univ.



SOXS UV-VIS arm
Mirror*	 CaF2	corrector*	

Field	flattener*	

*Aspheric	



SOXS NIR arm



Acquisition Camera
Value

Field	of	View	(FOV) 3.5	arcmin	x	3.5	arcmin

Detector	wavelength	range Up	to	1.0-1.1micron,	with	QE>20%

Filters u,	g,	r,	i,	z,	y	(LSST)	and	V	(Johnson)

Image	quality Scale	<	1	arcsec/pixel

Detector	format 1k	x	1k	opTmized	for	NIR	QE

Pixel	size 13	micron

Frame	Rate High	Frame	rate	(up	to	5MHz	)

Readout	noise Low	read	out	noise	(3.0e-)

Volume 600mm	x	340mm	x	393	mm

Back	focal	plane 500mm

PosiTon Close	to	the	Nasmyth	flange/		at	least	110mm	from	the	opTcal	axis

Design Based	on	Xshooter	A&G



Acquisition Camera

VIMOS	Band	(Wav)	 1	sec	 2	sec	 3	sec	 5	sec	 10	sec	 15	sec	 20	sec	
V	(550nm)	 19.5	 20.1	 20.5	 21.0	 21.5	 21.8	 21.9	

LSST	Band	(Wav)	 1	sec	 2	sec	 3	sec	 5	sec	 10	sec	 15	sec	 20	sec	
u’	(355.7nm)	 15.9	 16.7	 17.5	 17.7	 18.4	 18.7	 19.1	
g’	(482.5nm)	 18.2	 18.9	 19.4	 19.8	 20.5	 20.8	 21.0	
r’	(626.1nm)	 18.0	 18.6	 19.0	 19.5	 20.0	 20.3	 20.4	
I’	(767.2nm)	 16.4	 17.1	 17.5	 17.9	 18.4	 18.6	 18.8	
z’	(909.7nm)	 15.3	 15.9	 16.2	 16.5	 16.9	 17.2	 17.4	

•  Andor	iKon	M-934	
•  CCD	sensor	BEX2-DD	
		(Broad	band	coverage		
			and	higher	NIR-QE)	



Calibration Unit

• QTH, penrays, each uses 1 port  
• D2 + ThAr occupy 1 port  
• —> COTS 4-port sphere (Labsphere)  
• cable feedthrough at bottom side, ventilation grills  
• cover + hinge for easy lamp access, with interlock  



SOXS pipeline 
• Pixel	detrending	–	bias,	flat,	dark,	linearity	corrections	(dark	only	for	NIR)	
• Produce	2D	distortion	corrected,	orders	merged	pre-extraction	spectrum	
for	each	arm	(rectification)		

•  X-shooter like reduction recipes 
and data products 

 
•  But faster production of 

science ready products    

Very quick. Data reduction in near-
real time. No need for a 
quicklook.

Pipeline also for the acquisition 
camera data; astrometric and 
photometric corrections with 

Pan-STARSS

SoXS pipeline will be public



SOXS timeline & operations
Project	Phase Start End Dura4on

Preliminary	Design 08/2016 07/2017 12	months
Final	Design 08/2017 10/2018 14	months
MAIT	&	PAE 11/2018 02/2021 27	months
Commissioning	&	PAC	(Chile) 03/2021 09/2021 7	months
Opera4ons 2021 2026



Building SOXS
1.  Procurement	+	SOW		
2.  Pre	sub-system	integration	=	tests	on	components	+	facilities	
3.  Sub-system	integration	and	tests	
4.  Assembly	Readiness	Review		
5.  European	System	integration	and	tests		
6.  System	integration	and	tests	@	NTT	



Cui protest?

SOXS Consortium time 180 night/yr for 5 
years at the NTT

All SOXS Consortium observing time is 
dedicated to observation of transient and 

variable sources



Consortium Structure

⩨ E. Cappellaro (INAF-OAPadova) - Italy ⩨ I. Arcavi (Tel Aviv University) – Israel 
⩨ M. Della Valle (INAF-OANapoli) - Italy  ⩨ S. Mattila (FINCA) – Finland 
⩨ A. Gal-Yam (Weizmann) – Israel              ⩨ M. Stritzinger (Aarhus U.) – Denmark 
⩨ S. Smartt (Univ. Belfast) – UK                   ⩨ S. Campana (INAF-OABrera) - Italy

ESO

PI
S.	Campana

PM
P.	Schipani

SE
R.	Claudi

Science	
Board

Co-Is

WP	
Manager	1

WP	
Manager	N

Project	Office

Engineering	&	Operations	Team

IS
P.	D’Avanzo

Science 
WG



Responsibilities
INAF           ~ 49% (CP, NIR-arm, integration, management, etc.)  

Wiezmann ~24% (UV-VIS arm optics and mechanics) 

QUB            ~8% (VIS-CCD, reduction pipeline) 

FINCA         ~7% (Calibration Unit)  

MAS             ~6% (Acquisition camera) 

Tel Aviv University ~4% 

DAWN & Aarhus Univ. ~2% 



SoXS peculiarities
SOXS 

SOXS peculiarities
SOXS is an instrument dedicated to the study of  
transient and variable sources. Some of  them are 
predictable (eclipses, transits, periodic variability), 
some others have long reaction times (from days to 
weeks, SN, blazar variability monitoring, binary X-ray 
transients), but other need fast reaction times, within 
one night or less.

SOXS will therefore be based on 180n/yr of  Target 
of  Opportunity (ToO) observations!




SOXS 

Integrated approach
SOXS Consortium will manage the entire schedule 
including ‘SOXS’ time and ‘ESO’ time.

Schedule day-by-day, optimising for into account the 
Moon, airmass, seeing, water vapour, sky brightness, 
wind direction constraints.

Overall balance among ESO and SOXS time in 
terms of  dark-grey-bright time, water vapour, seeing, 
etc.


Possibility to change the observing schedule on the fly. 
One SoXS scientist always on duty.



Mountain operations 
After an initial period of  training (of  people) and instrument 
(set up and debug), no SOXS scientists will be in La Silla 
(unless for limited periods). 

SOXS people  
- will prepare the night schedule in advance  
- one scientist will remain on-call for problems and for 
changing the schedule in case of  unforeseen fast-track 
events 

ESO people 
- observations are carried out by the night operator at  the 
NTT telescope



Data management
Data will be first processed on the mountain with the SOXS  
pipeline and  simultaneously transferred to the ESO archive in 
Garching (10 min). Data processing should be very quick. 
Quick look on the mountain. 

Standard 2D & 1D spectra will be available. 

SOXS people will look only at SOXS Consortium data. 

Data will be fully compliant with ESO standard. 

Data reduction pipeline will be public. 



Data policy
SOXS-GTO sources selected with clear triggering criteria, 
Criteria will be made public before the start of the operations 
(and updated every 6 months). 

Consortium GTO data will remain private for 12 months (or 
when data are published). 

SOXS will also take classification spectra of sources from optical 
surveys (up to 25% of SoXS GTO observing time). 
These data can be claimed by the SOXS Consortium within 3 
days, if they fall under a GTO proposal (and will then remain 
private for 12 months). Otherwise classification data are public.  



Why do we need SOXS
Current & new optical survey: ASAS-SN, ATLAS, DES, ZTF, LSST, … 
Space optical missions: Gaia, EUCLID, … 
Space high-energy missions: Swift, Fermi, eROSITA, SVOM, … 
Radio new facilities: MeerKAT, SKA, … 
VHE: MAGIC, HESS, CTA 
Messengers: LIGO-Virgo, KM3Net, ANTARES, …

    SOXS@NTT will have 180 n/yr  (for 5 yr) 
~3,000 - 4,000 spectra/yr



SOXS Science cases
• Classification (service)


• SN (all flavours) 

• GW & 𝝼 

• TDE & Nuclear transients 

• GRB & FRB 

• X-ray binaries & magnetars


• Novae & WDs


• Asteroids & Comets


• Young Stellar Objects & Stars


• Blazars & AGN


• Unknown

Long GRB afterglows

Kilonovae

Short GRB
afterglows

•Rapid follow-up
•Dense monitoring



SOXS for GW sources

Sergio Campana Part B1 Sci   3 
 

 3 

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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Shock break out 

GRB 060218/SN2006aj

NIR



Summary
•SoXS @ NTT from 2021 (5yr) 
•Medium resolution (~4,500) 
•Broad-band (350-2000 nm) 
•Photometry ugrizY (3.5’x3.5’) 
•180 n/yr for 5 years 
•Possibility to trigger every night 
•Fast reaction, 10min on source 
•GTO is fully dedicated to 

transient and variable sources 
(~18,000 pointed observations 
of transients) 



Thanks


