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1) Motivation

2) Multi-messenger astronomy

! What are the sources of high energy cosmic rays?

Gamma-ray Burst (GRB): timescale 10-100 s

Active Galactic Nuclei (AGN): timescale days/weeks

! Simultaneous neutrino/TeV-photon data, “multi-messenger” approach will greatly help
to understand discover astrophysical neutrinos and sources
! Cherenkov Telescopes: small Field of View (FoV), small duty cycle
Neutrino detector at South Pole:
IceCube [4]
(86 strings,~5200 photo-multiplier
tubes instrumented in 1 km3 of ice)

neutrinos from GRB [2]]

neutrinos from AGNs [1]
AGN

Supernovae (SN):
- timescale 10 -100 days
- neutrinos from
Type IIn SN [3]

Hadronic model:

Latency time: a few minutes
SWIFT: X-ray telescope, FoV 0.4°, 7 alerts/year
PTF: Optical tescope in Palomar, California, FoV 3.5°× 2.3°, 10 alerts/year
MAGIC/VERITAS: Cherenkov telescopes (La Palma/Arizona), FoV 3.5°, 1-2 alerts/year

! Photon-data collected by Cherenkov telescopes not enough
to proof and understand hadronic acceleration models

4) XFU/GFU results

3) Follow-up programs in IceCube

! The total number of observed doublet alerts is 258, since inauguration of the program in December 2008
until May 2014. This stands against a background expectation of 236.7± 15.4 doublets. No triplets have been
observed, while the background expectation is 0.09 ± 0.3 triplets.

! Optical (OFU) and X-ray (XFU) real-time follow-up programs
In order to suppress background from atmospheric neutrinos,
a multiplet of at least two neutrinos within 100 seconds
and angular separation of 3.5° or less is required to trigger
an alert see [5] for more technical details.
the number of signal events

d

number of data segments

! Real time event selection at South Pole
- Fast event reconstruction and filtering
- Pick well-reconstructed track events (med. ang. res. ~0.6° at 100 TeV)

flare duration

! Gamma-ray follow-up program (GFU)
The timescale of a neutrino flare is not fixed a-priori, and
the time-clustering approach that was developed for an unbiased
neutrino flare search [6] looks for any time frame with
a significant deviation of the number of detected neutrinos
from the expected background within 21 days.
The simplest implementation uses a binned approach where
neutrino candidates within a fixed radius around a source are regarded
as possible signal event. If the significance for an evaluated event
cluster exceeds a certain threshold, an alert is generated and the sent
to partner experiments MAGIC/VERITAS, see also [5] for more technical
description of GFU.

! In March 2012, the most significant
neutrino alert during the first three
years of operation was issued by
IceCube. In the follow-up
observations performed by the PTF,
a Type IIn supernova (SN) PTF12csy
was found 0.2° away from the
neutrino alert direction, with an error
radius of 0.54°
New image, reference image and post-subtraction image of the PTF discovery of PTF12csy
from 2012 April 09, with the location of PTF12csy in the center. The image from the Sloan
Digital Sky Survey (SDSS-III)is shown for reference, showing a faint host galaxy
to the south of the SN.

! It has a redshift of z = 0.0684, corresponding to a luminosity distance
of about 300 Mpc and the Pan-STARRS1 survey shows that its explosion time was at least 158 days (in host galaxy
frest rame) before the neutrino alert, so that a causal connection is unlikely. The a posteriori significance of the chance
detection of both the neutrinos and the SN at any epoch is 2.2σ within IceCube's 2011/12 data acquisition season,
see [7] for more details.

5) GFU results

6) Recent Improvements

! Since the inauguration of the GFU program in 2012, 13 physics alerts have been sent so far
(4 in 2012, 2 in 2013, 6 in 2014, 2 in 2015 ).

! Implementation of a maximum-likelihood method in GFU online flare search taking into account an event-by-event angular
reconstruction uncertainty estimation and an energy estimation of event
! A new event selection based on common Boosted Decision Tree which cover entire sky for all online analysis (GFU/XFU/OFU)

Alert: November, 9th 2012

Northern hemisphere: BDT cut value > 0.11

Southern hemisphere: BDT cut as a function of cosine of zenith angle

Binned method:
Cluster multiplicity = 6
Flare duration = 4.169 days
Log10(p-value) = -4.64
(not trial corrected)
Size of circles = Resolution estimates,
not used in GFU up to now

! The binned method does not use energy or resolution information, and taking into account
this information by using the unbinned maximum-likelihood method the p-value of the event
clusterdrops by a factor 100.
! The alert was forwarded to the VERITAS telescope and resulted in a follow-up observation.
No statistically significant evidence for gamma-ray emission was seen from the position
of source, thus the integral upper flux limit was calculated by VERITAS.

! The upgrade towards the BDT-based event selection and a subsequent likelihood analysis, in case of GFU increase the
sensitivity in the Northern hemisphere of about 30-40% to a level comparable to the sensitivity obtained for the standard
offline IceCube point-source analysis. It also opens the possibility to observe flares on the Southern hemisphere and forward
alerts to the H.E.S.S. telescope with which an MoU has been established.

7) Summary
IceCube NToO programs (OFU/XFU and GFU) have been running stably since a few years and are taking high-quality data from both IceCube and the follow-up instruments. As an example, the highest significance alert from the
OFU program led to a coincidental discovery of a Type IIn SN, demonstrating the capability of the follow-up system to reveal transient high energy neutrino sources. Several enhancements of NToO programs have recently been
implemented (i.e. BDT selections and a maximum-likelihood based significance calculation) or are planned for the near future (i.e. the extension to the Southern hemisphere). The current online alert systems are limited to the
Northern hemisphere due to the enormous atmospheric muon background. Finally, changes to the online follow-up framework, i.e. the stream of single high energy events, are under way. Hopefully, these improvements to NToO
programs will help to identify sources of ultra-high energy neutrinos and in consequence the high energy astronomical phenomena which emit cosmic rays for a short (~100 s) or long (~weeks) period of time.
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