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WG12

• Most subscribed WG (28) testifying for the strong 
interest 

• Not too much discussion, since the science case is 
clear and what we have to do either
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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.

5

Tentative association

THE FIRST MESSENGER: 
NEUTRINOS



MULTI-WAVELENGTH MONITORING

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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ETC SIMULATION 1200 s  



NEUTRINO EVENTS
In 2019, the IceCube collaboration is introducing a new set of neutrino 
candidate selections that expand the alert program. 
- A "Gold" channel will issue alerts for neutrino candidates at least 50% 

likely to be of astrophysical origin and is expected to deliver ∼10 alerts per 
year. 

- A more frequent "Bronze" channel will provide ∼20 alerts per year for 
neutrino candidates that are between 30% and 50% likely to be of 
astrophysical origin. 

Follow up GOLD events: 
- 5 observable from the Southern hemisphere /yr 
- 3 targets on average 
- 20 min each 
- Follow-up the right ones 1obs every 15d for 3 months

TOTAL OBSERVING TIME 10 hr/yr 



THE SECOND MESSENGER: GW

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



CANDIDATE SEARCH

SOXS will not 
actively search 
photometric 
candidates  

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



COUNTERPART  
FOLLOW UP

Pian et al. 2017

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



Smartt et al. 2017
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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tic Chemical Evolution and Solar s-process Abundances: Dependence
on the 13C-pocket Structure. Astrophys. J. 787, 10 (2014).

20. Honda, S., Aoki, W., Ishimaru, Y. & Wanajo, S. Neutron-Capture El-
ements in the Very Metal-poor Star HD 88609: Another Star with Ex-
cesses of Light Neutron-Capture Elements. Astrophys. J. 666, 1189–
1197 (2007).

21. Sneden, C. et al. Evidence of Multiple R-Process Sites in the Early
Galaxy: New Observations of CS 22892-052. Astrophys. J. Lett. 533,
L139–L142 (2000).

22. Kasen, D., Badnell, N. R. & Barnes, J. Opacities and spectra of the r-
process ejecta from neutron star mergers. Astrophys. J. 774, 25 (2013).

23. Jeffery, D. J. & Branch, D. Analysis of Supernova Spectra. In Wheeler,
J. C., Piran, T. & Weinberg, S. (eds.) Supernovae, Jerusalem Winter
School for Theoretical Physics, 149 (1990).

24. Kurucz, R. L. Including all the lines: data releases for spectra and opaci-
ties. Canadian Journal of Physics 95, 825–827 (2017).

25. Wanajo, S. et al. Production of All the r-process Nuclides in the Dynami-
cal Ejecta of Neutron Star Mergers. Astrophys. J. Lett. 789, L39 (2014).

26. Just, O., Bauswein, A., Pulpillo, R. A., Goriely, S. & Janka, H.-T. Compre-
hensive nucleosynthesis analysis for ejecta of compact binary mergers.
Mon. Not. R. Astron. Soc. 448, 541–567 (2015).

27. Drout, M. R. et al. Light curves of the neutron star merger
GW170817/SSS17a: Implications for r-process nucleosynthesis. Sci-
ence 358, 1570–1574 (2017).

3

Watson et al. 2019

X-shooter spectra



FATHER AND SON

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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TIMELINE
SOXS will be ready in 2022, and eventually during 
commissioning and Science Verification we will be able to 
search for GW counterparts. 
Ready to catch “O4” run (not earlier than June 2022) and then 
LVK at design sensitivity. 

SOXS

Moved



TIME ESTIMATE FOR SOXS
Based on the latest O3a observation the NS-NS predicted rate 
is 320+490-240 Gpc-3 yr-1.  

Scaling in distance GW170817 we can reach a peak 
magnitude of r~20 at ~150 Mpc. 

With this rate, we would expect 0.9 NS-NS merger per year, 
2.9 in the best case and 0.4 in the worst. 

In case, we want to confirm/exclude target we can probably go 
out to ~200 Mpc, with 1.8 NS-NS/yr, with a range of 0.7-5.8. 

BH-NS should be rarer and more distant and will fall within this 
(rough estimate) 

or incomincian le dolenti note (Dante)



TIME ESTIMATE: THE RIGHT ONE

We might expect ~0-3 NS-NS event/yr within 150 Mpc 
per year. 

For this exercise we can consider one event per year 
visible from La Silla, keeping in mind that GWs are the 
utmost topic in SOXS and, independently on this 
estimate, we will invest all the time that we will need. 

For the single event we will dedicate all the time 
needed, something like 15 hr/yr. 



TIME ESTIMATE: ANCILLARY 
OBSERVATIONS

For the search of candidates, we might expect 1-6 NS-
NS events/yr within 200 Mpc. 
Going for three events visible from La Silla and 
observing 5 candidates per event, 1hr each, we end 
up with 15 hr/yr. 



PROSPECTS

LVK will not operate continuously in the 2022-2027 time 
frame. 
There will be 1.5 year leap. 

So (15+15) hr/yr*3.5 (LVK on) / 5 yr (SOXS GTO) = 21 hr/yr 
on average 

Based on O3 results, we might expect to have really just one 
NS-NS event within 100 Mpc during the entire SOXS GTO.



CONCLUSIONS

High rewarding observations! 

Need for observations to start as soon as possible, 
especially for GWs. 
Need for a very quick write up of the paper(s), similar to 
ENGRAVE. 

Not need for a large amount of time: 
- 10 hr/yr neutrino science  
- 21 hr/yr GW   


