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Joint IACT observations of neutrinos detected by IceCube Fabian Schiissler

The sources of the astrophysical flux of high-energy neutrinos detected by IceCube are still largely
unknown, but searches for temporal and spatial correlation between neutrinos and electromagnetic
radiation are a promising approach in this endeavor. All major imaging atmospheric Cherenkov
telescopes (IACTs) - FACT, H.E.S.S., MAGIC, and VERITAS - operate an active follow-up pro-
gram of target-of-opportunity observations of neutrino alerts issued by IceCube. These programs
use several complementary neutrino alert streams. A publicly distributed alert stream is formed
by individual high-energy neutrino candidate events of potentially astrophysical origin, such as
IceCube-170922A (which could be linked to the flaring blazar TXS 0506+056). A privately
distributed alert stream is formed by clusters of neutrino events in time and space around either
pre-selected gamma-ray sources or anywhere in the sky. Here, we present joint searches for
multi-wavelength emission associated with a set of IceCube alerts, both private and public, re-
ceived through mid-January 2021. We will give an overview of the programs of the participating
IACTs. We will showcase the various follow-up and data analysis strategies employed in response
to the different alert types and various possible counterpart scenarios. Finally, we will present
results from a combined analysis of the VHE gamma-ray observations obtained across all involved
instruments, as well as relevant multi-wavelength data.
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1. Introduction

All currently operating imaging atmospheric Cherenkov telescopes (IACTs): FACT [1],
H.E.S.S. [2], MAGIC [3] and VERITAS [4] operate observational programs in cooperation with
IceCube. These target-of-opportunity (ToO) follow-up observations aim at identifying potential
gamma-ray emission associated to the detected neutrino events. The programs can be broadly
divided into two categories, depending on the type of IceCube neutrino alert that triggered the ToO
observations. The first involves following up on individual high-energy (>60 TeV) neutrino events
that are likely of astrophysical origin, referred to as "singlets." These singlets are openly broad-
casted by IceCube through AMON [5] via the NASA’s General Coordinates Network (GCN)! on
two streams, “GOLD” and “BRONZE”, with an average astrophysical probability per event of 50%
and 30%, respectively. IceCube has recently released a catalog of singlets of likely astrophysical
origin up to December 2020 [6]. The second type involves conducting follow-up observations of
known gamma-ray sources for which IceCube has detected a cluster of candidate neutrino events,
typically with energies around ~ 1 TeV, over a specific time period, known as "multiplets."” These
alerts are privately distributed by IceCube to individual IACTs under mutual agreements in the
framework of the Gamma-ray Follow-Up (GFU) program [7].

Single-event alerts have a typical localization uncertainty of approximately 1°. This aligns
well with the standard field of view (FOV) of imaging atmospheric Cherenkov telescopes (IACTs),
which ranges from 3.5 to 5°. Often, potential neutrino source candidates can be found within the
region of interest (ROI) defined by the uncertainty of the neutrino localization. These candidates
may include previously identified objects such as active galactic nuclei (AGN) like TXS 0506+056
from the Fermi-LAT and IACT catalogs, or transient sources detected by other electromagnetic
(EM) observatories. In such cases, observations are typically focused on these objects. However,
in the absence of pre-identified promising candidates, the searches generally aim to cover the entire
ROI indicated by the neutrino localization uncertainty.

On the other hand, the primary objective of the GFU multiplet alerts is to notify the IACTs of
neutrino flares from the direction of known gamma-ray emitters. The duration of these flares is not
predetermined and can span from seconds to 180 days. Since the associated source of the alert is
already known and identified as a GeV and/or TeV emitter, the IACT observations aim to determine
possible changes to the state of the source (e.g., quiescence vs. flaring or spectral changes). In
its current configuration, a GFU multiplet alert is sent to the participating IACT if the statistical
significance of the identified neutrino excess is greater than a predefined threshold, typically 30
before accounting for statistical trials.

The directions of the alerts sent by IceCube as neutrino event “singlets” and GFU neutrino
flares between October 2017 and January 2021 are illustrated on a skymap in Figure 1. In the
covered time period, the IACTs observed 11 of the 62 single-event alerts sent by IceCube. In
the framework of the GFU program, IceCube sent 27 neutrino flare alerts from 17 sources, of
which seven, including one “all-sky alert", were observed. Here, we do not attempt to report a
comprehensive summary of these alerts and follow-up observations, but rather will present a few
examples and highlights to illustrate the various programs.

lhttps://gcn.nasa.gov/
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Figure 1: Sky map in equatorial coordinates showing IceCube alert positions observed by IACTs between
October 2017 and January 2021 (in color, according to the alert type), and those not followed-up during the
same period shown in gray. Letters indicate which IACTs participated in the observations (F - FACT, H -
H.E.S.S.,M - MAGIC, V - VERITAS). Light cyan and magenta bands indicate regions of the sky potentially
observable at a zenith distance below 45° from the Northern (FACT, MAGIC, VERITAS) and Southern
(H.E.S.S.) IACTs, respectively. The visibility windows for instruments in both hemispheres overlap around
the celestial equator, where the IceCube sensitivity to neutrinos in the ~ 100 TeV-energy-range is maximal.

2. Follow-up of neutrino multiplets: 1ES 1312-423

The blazar known as 1ES 1312-423, located approximately 2 degrees away from the Centau-
rus A (CenA) radio galaxy, has a redshift of z = 0.105 =+ 0.001 [8]. Between April 2004 and July
2010, it has been observed by H.E.S.S. as part of the deep observation of Cen A, collecting a total
exposure time of 150.6 h centered on CenA. This archival dataset revealed a power-law fit to the
differential energy spectrum ¢(E) = dN/dE of the VHE gamma-ray emission above 280 GeV. The
best-fitting parameters obtained were I = 2.85 + 0.47(stat) + 0.20(sys) for the spectral index and a
differential flux at 1 TeV of ¢(1 TeV) = (1.89 +0.58(stat) =0.39(sys)) x 10”3 em™2 s~ TeV~! [9].

Due to its Southern location 1ES 1312-423 is only part of the H.E.S.S. GFU program. On
March 12, 2019, IceCube reported the detection of a short neutrino flare lasting 6.24 h from this
source. H.E.S.S. conducted observations of the source for a total of 2.6 h over two nights on March
12 and 13, 2019. 1ES 1312-423 was detected above 140 GeV with a significance of 4¢0-. This is the
only detection of VHE gamma rays in any of the ToO campaigns conducted by the IACTs in the time
period covered here. Again applying a power-law fit, the best-fit parameters I' = 2.73 +0.27(stat) +
0.20(sys) for the spectral index and ¢ (1 TeV) = (5.83+3.2(stat) £0.4(sys))x 10" 2 cm =2 s~ TeV~!
for the differential flux at 1 TeV were obtained. A comparison of the spectral energy distribution
(SED) with the archival dataset is shown in Figure 2, along with the results obtained from dedicated
observations by Swift (UV + X-rays) and ATOM (optical). Although some variations are observed
in the X-ray and UV domains, no clear change in the state of 1ES 1312-423 could be identified in
this neutrino-triggered ToO.
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Figure 2: 1ES 1312-423 MWL SED showing archival data and observations obtained during the period
following the GFU neutrino alert and contemporaneous to H.E.S.S. ToO observations.

3. Follow-up of neutrino singlets: IceCube-201114A + IceCube-171106A

IceCube reported the detection of a track-like neutrino event classified as a GOLD alert on
November 14th, 2020. The event had an energy of 214 TeV and a probability to be of astrophysical
origin of 0.56. Its false alert rate was determined to be 0.92 per year. The refined direction of the
alert was determined to be RA: 105.25° (+1.28°, —1.12°, 90% PSF containment) and Dec: 6.05°
(+0.95° —-0.95°, 90% PSF containment). The position of the neutrino event is compatible with the
blazar NVSS J065844+063711, also known as the Fermi source 4FGL J0658.6+0636 (RA: 104.64°,
Dec: 6.60°). A map of the region is shown in Figure 5.

The event was observed by H.E.S.S., MAGIC, and VERITAS. H.E.S.S. collected 14.3 hours
of data during an observation campaign conducted from November 18th to November 25th, 2020,
and from December 10th, 2020, to December 11th, 2020. No significant emission was detected
in the ROI, and integral upper limits on the VHE gamma-ray flux were derived at the position of
NVSS J065844+063711 as 5.37x 10™"# cm ™ s ! above 326 GeV. The MAGIC telescopes observed
the direction of NVSS J065844+063711 on November 16th, 17th, and from November 19th to
25th, 2020. The 6h of data did not result in a detection. The integral flux upper limit was
calculated above an energy threshold of 120 GeV to be 8.39x 1071 cm=2s~!. VERITAS conducted
observations from November 15th to November 19th, 2020, collecting approximately 7 hours of
quality-selected observation data. No detection was made at the location indicated by the IceCube
neutrino event or elsewhere in the VERITAS field of view. The integral flux upper limit above an
energy threshold of 200 GeV at the position of the blazar NVSS J065844+063711 was determined
tobe 1.37x 1072 cm 2571,

The profile maximum likelihood approach described in [10] is employed to generate combined
flux upper limits across all IACTs. For this purpose, all collaborations utilized the same energy
binning, dividing the VHE range between 71 GeV and 71 TeV into four bins per decade. We used
the Rolke method [11] with a confidence level set to 95%, and including a 30% global systematic
uncertainty in the efficiency of the applied cuts. Upper limits were calculated considering an
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Figure 3: Combined differential flux upper lim- Figure 4:  Multi-wavelength spectal en-
its on the VHE gamma-ray flux (black arrows) ergy distribution for NVSSJ065844+063711
obtained from observations of IceCube-201114A (4FGL J0658.6+0636) within the localisation un-
by multiple IACTs (colored arrows). certainty of IceCube-201114A.

observed spectrum modeled by a power law dN/dE = KE~" with index I' = 2.5. The individual as
well the combined upper limits at the position of of the blazar NVSS J065844+063711 are shown
in Figure 3.

Complementing the VHE gamma-ray observations, Swift-XRT observations were triggered on
November 15th, 2020. They revealed a slight increase in the X-ray flux around the time of the
neutrino emission compared to previous observations in May 2012. The X-ray flux level remained
relatively consistent until December 11th, 2020. A full MWL SED is shown in Figure 4.

Single-event public IceCube alerts are characterized by relatively large localization errors
(~0.5 degree to a few degrees at 50% confidence level). As a consequence, the exact localization
of the neutrino origin can not be pin-pointed to any point-source with high accuracy. Therefore,
we derive sky maps containing the integral gamma-ray flux upper limits and covering the neutrino
arrival localization uncertainty. Dedicated searches for a variety of possible source candidates
in this region are thus possible. Examples for these upper limit maps are given in Figure 5 and
Figure 6. The latter has been derived above an energy threshold of 350 GeV from about 2.5 hours of
quality-selected observation data taken by VERITAS between November 13 to November 20, 2017.
This ToO, that was also followed by MAGIC and FACT, was triggered following the detection of
IceCube-171106A on November 6th, 2017, an event with an energy of 230 TeV and a signalness
indicating the probability of the event to be of astrophysical origin of 75%.

4. Conclusions

Figure 7 shows the delay and exposure of the IACT observations of single-event alerts and
GFU neutrino flares between October 2017 and January 2021. The delay is derived from the
detection time of the neutrino event (for single events) or the threshold crossing time of the flare
(for multiplets) up to the start of IACT observation.

From this overview, several general trends in the follow-up strategies can be inferred. Approx-
imately 50% of the cases achieve a reaction within one day, while observations conducted more
than one week after the trigger are rare. The total time allocated to the follow-up of public IceCube
alerts is comparable across all collaborations, amounting to approximately 20 hours for the covered
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Figure 5: Integral upper limits on the VHE
gamma-ray flux above 307 GeV derived from the Figure 6: Map of integral upper limits of the
H.E.S.S. observations of IceCube-201114A. The VHE gamma-ray flux derived from the VERI-
observations were centered around the location TAS observations of IceCube-171106A above an
of NVSS J065844+063711, indicated by the green energy threshold of 350 GeV. The dashed lines
star. The grey lines denote the 50% (90%) contours denote the 50% (90%) contours of the localiza-
of the localization of the event by IceCube. tion of the event by IceCube.

period. However, there are differences in the approaches taken. H.E.S.S., and VERITAS primarily
focus on longer exposures for a few selected alerts, whereas MAGIC conducts a larger number of
follow-ups with shorter average exposure. Similar trends are observed for GFU neutrino alerts.

The geographic distribution of the IACTs in terms of latitude has facilitated complete coverage
of the entire sky, encompassing both the Northern and Southern hemispheres. Moreover, the
observatories’ locations in longitude have expanded the field of regard of the combined network of
IACTs, thereby increasing the likelihood of promptly conducting follow-up observations. This is
particularly crucial in cases where observability from a single observatory site is restricted due to
factors such as adverse weather conditions, the presence of the sun or moon, or technical issues. This
aspect holds significant importance, as it enables the observation of VHE gamma rays associated
with rare transient neutrino candidate events. It also allows for the exploration of other time-domain
or multi-messenger triggers, as exemplified by follow-up observations of gravitational wave events
(e.g., GW170817A) or gamma-ray bursts (e.g., VHE-detected GRBs and GRB 221009A). These
examples underscore the value of conducting joint analyses, as presented here, to fully leverage the
capabilities and strengths of the collective observatory network.
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