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SNEWS 2.0: A Next-Generation SuperNova Early
Warning System for Multi-messenger Astrononty
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Abstract: The next core-collapse supernova in the Milky Way or its satellites will represent a once-in-a-
generation opportunity to obtain detailed information about the explosion of a star. A core-collapse super-
nova provides an opportunity for significant scientific insight in a variety of fields because of the extreme
conditions in the explosion. Supernovae in our galaxy are not only rare on human timescales but also happen
at unscheduled times, so it is crucial that we be alerted early and be ready to use all available instruments to
capture the maximum information from the event in all possible channels. The first indication that a star is
exploding will be the arrival at Earth of a bright burst of neutrinos. Its observation by multiple neutrino de-
tectors worldwide can provide an unambiguous early warning for the subsequent electromagnetic fireworks,
and a trigger to other detectors with significant backgrounds that they should store their recent data. The
Supernova Early Warning System (SNEWS) has been operating in automated mode since 2005 as a simple
coincidence between neutrino experiments. In the current era of multi-messenger astronomy there are new
opportunities for SNEWS to optimize sensitivity to science from the next Galactic supernova beyond such
a simple early alert. SNEWS 2.0 will be an upgraded SNEWS with enhanced capabilities exploiting the
unique advantages of prompt neutrino detection to maximize the science gained from such a valuable event.



The explosion of a star within the Milky Way Galaxy will provide us with a front row seat of physics under
conditions that could never be produced in a terrestrial experiment. While the remnants of the explosion
will be observable for many thousands of years, the information about what occurred in the core of the star
to cause the explosion will be most easily found in the first minutes and hours. It is imperative that we be
able to detect the supernova as soon as it begins.

Expected features in the neutrino signal will permit us to probe key aspects of the supernova explosion
mechanism such as the nuclear equation of state, the stellar radius and interior structure, explosive nucle-
osynthesis, the nature of the remnant core (neutron star vs. black hole), as well as answer questions about
the fundamental properties of neutrinos, and even test Beyond-Standard-Model physics. The emission of
gravitational waves is strongly dependent on the asymmetry of the collapsing core and the nuclear equation
of state. Key aspects of the collapse, from the spin of the collapsed core to the supernova explosion mecha-
nism and black hole formation, can also be probed. The EM radiation from the star begins to change when
the supernova shock breaks out of the progenitor surface suddenly releasing a flash of UV and X-rays. The
shock breakout can tell us about the radius, mass, and structure of the progenitor star, and the kinematic
energy associated with the rapidly expanding ejecta. While each cosmic messenger is valuable by itself,
when analyzed together, they provide a comprehensive understanding that is impossible to achieve from any
single one of them alone.

Neutrinos escape a supernova explosion well before the EM emission changes and currently have a
larger detection range than gravitational waves. Thus they provide the earliest opportunity to anticipate the
imminent appearance of a Galactic supernova in time to alert observatories and indicate to gravitational
wave detectors to store their recent data. The current Supernova Early Warning System (SNEWS) is an
open, public alert system that provides an early warning by combining the detection capabilities of a variety
of neutrino detectors worldwide'. If several detectors report a neutrino burst within a small time window,
SNEWS will issue an alert to its subscribers which include astronomical observatories, neutrino detectors,
as well as amateur astronomers and citizen scientists. SNEWS (https://snews.bnl.gov) currently
involves an international collaboration of neutrino detectors: Super-Kamiokande, LVD, IceCube, Borexino,
KamLLAND, HALO, and Daya Bay (the NOvA, KM3NeT, and Baksan are testing their connections and will
join soon). SNEWS has been operational since 1998 and funded by NSF since 2003. It has been running
in a fully-automated mode since 2005 with near-100% up-time. This automated mode allows alarms from
individual detectors to go out promptly without needing a human check. The original SNEWS system was
designed to give a supernova neutrino alert that was

e Prompt, providing an alert within minutes and follow-up within hours;
o Positive, with less than one false alarm per century; and

e Pointing, providing a sky location by passing along experiments’ estimates.

The design was primarily driven by the Positive requirement. Only extremely high quality coincidences
could automatically trigger an alert. All other coincidences would require human intervention before an
alert could be triggered. While adequate at the time, this requirement no longer needs to dictate the scientific
reach of the network.

Since the SNEWS network was first established, the particle astrophysics landscape has evolved consid-
erably. The detection of gravitational waves by LIGO/VIRGO along with electromagnetic observations of a
neutron star merger~, and the subsequent observation of neutrinos from a blazar by IceCube *, have ushered
in a new era of multi-messenger astrophysics. At the same time, neutrino detector technologies and data
analysis techniques have progressed in recent years such that the ability of detectors to detect and analyze
neutrinos from Galactic supernovae in real time has improved substantially.


https://snews.bnl.gov

SNEWS 2.0 will be an upgrade of the SNEWS system for the age of multi-messenger astronomy. In
this environment, false alarms are acceptable, and low probability events should be reported, as SNEWS
will be one of many multi-messenger alert systems. Nevertheless, SNEWS remains unique as it is the only
alert system which combines data from different neutrino observatories. The functionality of the SNEWS
network can be extended in a number of ways with the overarching aim to enhance the overall science
obtained from the next galactic core-collapse supernova. Specifically, the goals of SNEWS 2.0 are to:

reduce the threshold for generating alerts and thus increase the reach in distance and flux sensitivity;
e reduce alert latency;

e enhance the pointing ability by combining information from individual experiments with triangulation
via timing differences between detectors;

e implement a pre-supernova alert based on the rising neutrino flux which precedes core-collapse;
e develop a follow-up observing strategy to prepare the astronomical community; and

e engage amateur astronomer and citizen science communities through alert dissemination and out-
reach.

The general benefit of combining detectors’ data real-time would be the lowering of the effective thresh-
old for observing a signal. An astrophysical neutrino signal would be observable in many detectors at once,
but might be not strong enough to be significant in any one alone. Since most detectors are already large
enough to be sensitive to a core-collapse supernova somewhere in our galaxy, the benefit of lowered thresh-
olds is an enhanced ability to detect supernovae in the Magellanic clouds where the distance is substantial
and the flux is borderline for most detectors, and the ability to detect Type la and pair-instability supernovae
which have smaller and less energetic neutrino fluxes. Combining detector data would also allow better
pointing to the source of the neutrinos, either from anisotropy of the interactions in experiments (primarily
neutrino-electron scattering)*> or by timing “triangulation” between different experiments®’: the angular
resolutions obtained by these methods are sufficient for current EM followups.

SNEWS 2.0 also intends to develop and provide a pre-supernova alert based on the predicted uptick
in neutrino production that accompanies the final burning stages of a doomed star®'%. This alert has been
implemented in KamLAND'!, and provides a 3 o detection 48 hours prior to the explosion of a 25 Mg,
star at 690 pc. Extending this capability to the entire SNEWS network should expand the sensitivity to a
larger fraction of the galaxy. Finally, alerts under SNEWS 2.0 will be accompanied by suggestions for op-
timized observing strategies and alerts to suitable facilities. Pre-planned strategies for coordinated response
of facilities are necessary and detection, location, and information regarding explosion type (e.g., formation
of neutron star vs. black hole) will inform the strategies to maximize scientific return. Having observing
strategies that leverage an observing alliance of professional and amateur observers that join the SNEWS
2.0 response network will maximize use of available technological resources while reducing redundancy
and missed observing opportunities.

The SuperNova Early Warning System is one of the oldest multi-messenger astronomy networks, set up
to provide advance warning of the next galactic core collapse supernova by looking for coincident bursts in
multiple neutrino detectors around the world. Since its construction, the ability of astronomers to follow-up
astrophysical transients has changed dramatically and modern multi-messenger astronomy is a burgeon-
ing field across many messengers. The experience gained from successes in simultaneous detection of
gamma ray bursts %, gravitational waves ', and ultra-high energy neutrinos '* can be applied to creating a
new “SNEWS 2.0” network capable of delivering more and better neutrino-based information reliably and
promptly thus enabling the extraction of the best science possible from the next nearby supernova.
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