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NEUTRINO SOURCES
About 10 gold alters per year from ICEcube. 
Several different class of sources are potentially neutrino emitters
Only one (possible) association in all these years 
ICEcube-170922A = TXS0506+058 (blazar)
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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Another possible association with a TDE



Figure 3: Time-dependent multi-wavelength observations of TXS 0506+056 before and after IceCube-170922A. Sig-
nificant variability of the electromagnetic emission can be observed in all displayed energy bands, with the source being in
a high emission state around the time of the neutrino alert. From top to bottom: (A) VHE �-ray observations by MAGIC,
H.E.S.S. and VERITAS; (B) high-energy �-ray observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and Kanata/HONIR; and (F) radio observations by OVRO
and VLA. The red dashed line marks the detection time of the neutrino IceCube-170922A. The left set of panels shows mea-
surements between MJD 54700 (22 August, 2008) and MJD 58002 (6 September, 2017). The set of panels on the right shows
an expanded scale for time range MJD 58002 � MJD 58050 (24 October, 2017). The Fermi-LAT light curve is binned in
28 day bins on the left panel, while finer 7 day bins are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September, 2017) of 2.1 ⇥ 10

�10 cm�2 s�1 is off the scale of the plot and not shown.
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Figure S5: Subaru/FOCAS spectra of TXS 0506+056. Normalized spectra taken with FO-
CAS on the 8.2-m Subaru telescope on 30 September 2017 (blue) and 1 October 2017 (red), in
two different settings of the grism and order-sort filters. Note that some atmospheric absorption
effects remain. The [NII] line detected by Paiano et al. (28) is marginally detected as shown in
the inset figure.

Swift and NuSTAR Swift carried out rapid-response follow-up observations of IceCube-170922A
as a mosaic of 19 pointings beginning 3.25 hours after the neutrino detection, lasting 22.5 hours,
and accumulating approximately 800 s exposure per pointing. The tiled Swift XRT observa-
tions together cover a roughly circular region centered on RA, Dec (J2000) = (77.2866 deg,
+5.7537 deg), with radius of approximately 0.8 deg and sky area 2.1 deg2. XRT data was ana-
lyzed automatically as data was received at the University of Leicester, via the reduction rou-
tines described in (112, 113). Nine sources were detected in the covered region down to a
typical achieved depth of 3.8 ⇥ 10

�13 erg cm�2 s�1 (0.3 keV – 10.0 keV). All of the detected
sources were identified as counterparts to known and cataloged stars, X-ray sources, or radio
sources (114). Source 2 from these observations, located 0.077 deg from the center of the neu-
trino localization, was identified as the likely X-ray counterpart to TXS 0506+056.

Following the Fermi-LAT report that TXS 0506+056 was in an enhanced GeV-flaring state,
a Swift monitoring campaign was initiated (55) and a single NuSTAR observation (56) was
requested. Swift monitoring observations began on 27 September 2017 with 12 epochs (and
24.7 ks total exposure time) completed by 23 October 2017 (Table S10). NuSTAR observa-
tions over 02:23 to 17:48 UTC on 29 September 2017 yielded 23.9 ks (24.5 ks) exposure
in the A (B) units, respectively, after processing with NuSTAR standard software tools (115)
(SAAMODE=strict). With count rates of 21.3 ct ks�1 (20.8 ct ks�1) in the A (B) units, TXS 0506+056
is well detected in these data.

For joint analysis purposes, the Swift XRT data from the 27 September 2017 and 30 Septem-
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MULTI-WAVELENGTH MONITORING

TXS0506+058



WHAT SHOULD WE DO?

Follow up spectroscopically, neutrino-emitting counterparts. 

Very rare events. The only one discovered so far did not show any 
spectral variation. 

5hr per semester should be far more than enough. 

At the same time, if we discover a good counterpart showing 
spectral variations in response to a high emitting state, we should 
follow it up extensively, with a valuable pay-off.



NS-NS mergers do exist! 
Observational features 
- short GRBs 
- kilonovae 
- early blue emission 

GW170817



Can trigger at any time (unless bad weather) 
Can trigger in (near) real time 
Can devote to observations as much time as it is needed 

SOXS will have override procedures and, at the 
moment, GW will have priority over any other program  

SOXS UNIQUE CHARACTERISTICS



SOXS will not 
actively search 
photometric 
candidates  

SOXS will point at 
any meaningful 
candidate to help 
identify the true 
GW counterpart 

CANDIDATE SEARCH



Pian, D’Avanzo 
et al. 2017

Once the counterpart is 
identified, SOXS will follow it 
up intensively as much as it can

COUNTERPART  
FOLLOW UP



Figure 4: | Spectroscopic data and model fits a: Spectroscopic data from +1.4 to +4.4 days after

discovery, showing the fast evolution of the SED. The points are coeval UgrizJHK photometry. b: Com-

parison of the +1.4 day spectrum with a TARDIS spectral model that includes Cs I and Te I [see text].

Thin vetical lines indicate the positions of spectral lines blueshifted by 0.2 c, corresponding to the photo-

spheric velocity of the model (the adopted black-body continuum model is also shown for reference). c: The

Xshooter spectrum at +2.4 days, also shows Cs I and Te I lines that are consistent with the broad features

observed in the optical and near infra-red (here, the lines are indicated at velocities of 0.13 c and we include

additional, longer wavelength transitions to supplement those in B.).
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Smartt et al. 2017

NTT ALREADY DID IT! 



6 VILLAR ET AL.

Figure 1. UVOIR light curves from the combined dataset (Table 3), along with the spherically symmetric three-component models with
the highest likelihood scores. Solid lines represent the realizations of highest likelihood for each filter, while shaded regions represent the 1�
uncertainty ranges. For some bands there are multiple lines that capture subtle differences between filters. Data originally presented in Andreoni
et al. 2017; Arcavi et al. 2017; Coulter et al. 2017; Cowperthwaite et al. 2017; Díaz et al. 2017; Drout et al. 2017; Evans et al. 2017; Hu et al.
2017; Kasliwal et al. 2017; Lipunov et al. 2017; Pian et al. 2017; Pozanenko et al. 2017; Shappee et al. 2017; Smartt et al. 2017; Tanvir et al.
2017; Troja et al. 2017; Utsumi et al. 2017; Valenti et al. 2017.

Fernández 2014; Metzger 2017). We implement this asym-
metric distribution by correcting the bolometric flux of each
component by a geometric factor: (1 - cos✓) for the blue
component and cos✓ for the red/purple component, where ✓
is the half opening angle of the blue component. Although
this model neglects other important contributions such as
changes in diffusion timescale, effective blackbody temper-
ature, or angle dependence, it roughly captures a first-order
correction to the assumption of spherical symmetry.

3.2. Fitting Procedure

We model the combined dataset using the light curve fit-
ting package MOSFiT (Guillochon et al. 2017a; Nicholl et al.
2017; Villar et al. 2017), which uses an ensemble-based
Markov Chain Monte Carlo method to produce posterior pre-
dictions for the model parameters. The functional form of the

log-likelihood is:

lnL = -1
2

nX

i=1


(Oi - Mi)2

�2
i +�2 - ln(2⇡�2

i )
�

- n
2

ln(2⇡�2), (6)

where Oi, Mi, and �i, are the ith of n observed magnitudes,
model magnitudes, and observed uncertainties, respectively.
The variance parameter � is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.

For each component of our model there are four free pa-
rameters: ejecta mass (Mej), ejecta velocity (vej), opacity (),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc (which is the
only parameter for which we consider several orders of mag-

FEASIBILITY



EARLY EVOLUTION

DAY1 - 30 min T=10,000K V=18 DAY1 - 60 min T=5,000K V=20

Moon=3, airmass=1.5, AB, binning 4

ETC: http://192.167.38.34/



DAY5 - 60 min T=3,000K I=19.5 DAY10 - 60 min T=1,500K I=22

Moon=3, airmass=1.5, AB, binning 4

LATE EVOLUTION



If GW170817 could be 
taken as a testbed: 

- Follow the fast evolution 
at the beginning of the 
explosion, with more than 
one spectrum per night  

- Track the entire evolution 
for the first ~10 d at a 
resolution R~1000 

TRACKING THE  
EVOLUTION

Sergio Campana Part B1 Sci   3 
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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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SOXS will be ready in late 2025 
We will talk again about GW triggers in 2027, during the O5 run and 
then three instruments at design sensitivity 

TIMELINE

SOXS

BUT  O3b has been extended and we might collect some 
data during the SOXS commissioning phase

Rubin



PREDICTIONS FOR O5

Assuming bright Kilonova models, we have a maximum horizon  
of ~300 Mpc, resulting in 2.7+7.0-2.3  events per yr.

Assuming faint Kilonova models, we have a maximum horizon  
of ~120 Mpc, resulting in 0.2+0.5-0.2  events per yr.

BH-NS mergers do exist, too. Stronger gravitational signal, so they 
can be detected further away, but will have dimmer counterparts. 

Up to now, none has been detected, despite a few events.



WHAT SHOULD WE DO?

Rubin will start operating next year and other wide-field optical 
facilities are still surveying the sky. 

There is the possibility to detect a serendipitous kilonova (kilonova 
connected to short GRBs are already covered by GRBs). 

Keep a small amount of time for these events (~5 hr). 
As for the neutrino counterparts, it is very difficult that a bright 
serendipitous kilonova (R<21) will be detected, but if this will 
happen we will observe it.



SOXS ≠ GRAWITA 
SOXS ≠ ENGRAVE  
We will observe any candidate, if within our horizon  

POLITICS

If everyone is interested in O5 we will try to observe candidates on 
rotation, starting with a number of coins proportional to the 
timeshare and using a betting strategy (likely): 
- INAF 
- Weizmann 
- INAF 
- Weizmann 
- INAF 
- QUB 
- Weizmann 
- Finland 
- Chile



SOXS will play a major role in studying GW and neutron 
counterparts, if any. 

All the needed time will allocated to study in deep detail GW 
spectra, starting from O5 (2027). 

If GW170817 can be used as a template, GW study is well 
within reach of SOXS capabilities, to cover the early, fast-
evolving blue phase, as well as the late, very red kilonova 
phase. 

CONCLUSIONS


