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ELECTROMAGNETIC SPECTRUM
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VISIBLE SKY .



GHMMA-RAY SKY

Active Galactic Nucleus powered
by a supermassive black hole
8.2 billion light years away

Fermi-LAT telescope



MULTIWRVELENGTH VS MULTIMESSENGER
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MULTIMESSENGER ASTROPRYSICS STUDIES

PHASE 1- MM PREDICTIONS - NULL RESULTS

PHASE 2 - FIRST EVIDENCE FOR SOURCE(S]

PHASE 3 - HRST STRONG DETECTION OF A MM SOURCE

PHASE 4 - MULTIPLE MM SOURCES DETECTED AT RIGH
S|GNIFICANCE, CATALOGS, SYSTEMATIC STUDIES

We will concentrate on the multimessenger interfaces



MOST PRESSING QUESTIONS FOR OBSERVATIONAL MMH

 Counterpart identification.

e Challenge: Non-photon observations tend to sutrer from poor angular localizations.
* Follow-up observation and study

e [imescale of the emission is not always known.
 Finding commonalities among the counterparts identified

e Physical interpretation, predictions tor next observations.



HADRONIC SIGNATURES

p+p/y— X+ =7y
X+ = pu" +
,u_l_ — €—|_ —+- (oscillates to ~1:1:1)

Cosmic-ray
accelerator

e Low-energy signatures (radio to X-rays) that indicate particle acceleration and interaction.

o Forother messengers (GW) we'll look Tor evidence for HE particle acceleration in hadronic channels.
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ORIVING FACTORS IN MULTIMESSENGER DETECTIONS

o Anqularresolution
o Background rejection (astrophysical probability)
e Response time, broadcast delays

o Sensitivity of Tollow-ups. Time and enerqy coverage.



MULNIMESSENGER INSTRUMENTATION
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stellar core collapse
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Murase & Bartos (https://arxiv.org/abs/1907.12506) ‘ -
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https://arxiv.org/abs/1907.12506
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»

» First (and only so far) multimessenger detection with GWs.

 VHE emission from GW sources?
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GAMMA-RAY BURSTS RS VRE EMITTERS

Fermi GBM GRBs in first ten years of operation
+90

Prompt emission Afterglow

Synchrotron

P W
- I N

| ‘ —
Prompt-emission Electron SSC Synchrotron

2356 GBM GRBs photon photon photon

+ 1958 Long
¥ 395 Short
3 No measured duration

onacture

https://arxiv.org/abs/2002.11460

o Brightest gamma-ray transients.
o Cosmological distances, besides GRB/jet physics they can provide EBL constraints.

e [sotropic distribution and short duration requires a wide network of VHE observatories to follow-up these events.
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RECENT VRE DETECTIONS OF GRBS
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TRANSIENT SENSITIVITY FOR IRCTS

Sensitivity vs Time (Southern full array, z=20 deq.)
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FOLLOW-UP OF GW EVENTS WITH IRCTS

https://www.ligo.org/scientists/GWEMalerts.php

Updated wm O1 02 wm O3 mm O4 05
16 March 2022
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G2002127-v11

e (iven the horizon for GW BNS detections, extragalactic background light absorption not a major issue,

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
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TIMESCALES FOR GW EVENT ALERTS o

Time since gravitational-wave signal https://arxiv.org/abs/1304.0670

Original Detection

Set Preferred Event I
Automated Vetting |
Classification |

Rapid Sky Localization [}

Preliminary
Alert Sent

Parameter Estimation

Initial Alert or
Retraction Sent

Human Vetting

Classification |

Parameter Estimation _ Update

CIassificationl Alert Sent

>

10 second 1 minute 1 hour 1 day 1 week

e (Critical Tor VHE Tollow-ups to reduce any latency.

o As GW detectors improve it will be possible to even get early warnings
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EHRLY EFFORTS AND CURRENT STRTUS EFFORTS

GW151226 (MAG'C)  MAGIC performed its first tollow-up (manual tiling)
MAGIC Reference durmg 07,
o VERITAS performed its first automatic tiling of the
uncertainty region in 02 (GW170104)
" e Observational capabilities validated using known
sources.
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https://www.cambridge.org/core/journals/proceedings-of-the-international-astronomical-union/article/magic-electromagnetic-followup-of-gravitational-wave-alerts/F84A97773BE81B36071D59D258887F26
https://arxiv.org/abs/1909.05228

H.E.5.5. FOLLOW-UP OF GW1/081/

(H.E.S.S.) https://arxiv.org/abs/1710.05862 First follow-up before SSS17a discovery
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GW EVENT LOCALIZATIONS

VERITAS follow-up
https://arxiv.org/abs/1909.05228

60°

GW190425 - Second BNS merger detection
https://arxiv.org/pdf/2001.01761.pdf

-30°

o Thefield of view of IACTs is currently in the 3°-5° diameter (~10 deg?)

Cumulative fraction of events

LIGO, Virgo, KAGRA

https://arxiv.org/abs/1304.0670
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o Searching for VHE emission requires tiling a large area very quickly. Trade-offs between exposure and coverage.

* Localizations of counterparts will remain challenging for upcoming runs! Start of O4 set for the end of this year.
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SERENDIPITOUS SEARCHES INVOLVING GW EVENTS

» Serendipitous search for VHE emission coincident with
sub-threshold GW events with VERITAS.

» Pathfinder study for CTA and future GW detectors.

* No VHE detection. ULs compared to GRB emission model.

..........................................................................................................

» Accepted for publication in ApJ (2021)
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https://arxiv.org/abs/2106.01386

FUTURE GW RLERTS

MIWGFCICGDB Public Alerts Latest Search Documentation Login

Please log in to view full database contents.

Latest as of 7 April 2022 10:11:13 UTC

Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those categories.

Query:

Search for: Superevent v

Tap on entry for detailed information

Labels FAR (Hz) Created ¥
S200316bj DQOK ADVOK EM_READY EM_Selected EMBRIGHT_READY PASTRO_READY SKYMAP_READY GCN_PRELIM_SENT PE_READY 7.098e-11 2020-03-16 21:58:12 UTC
S200311bg DQOK EM_READY ADVOK EM_Selected EMBRIGHT_READY PASTRO_READY SKYMAP_READY GCN_PRELIM_SENT PE_READY 8.939%e-26 2020-03-11 11:59:09 UTC
S200308e DQOK ADVNO EM_READY EM_Selected PASTRO_READY EMBRIGHT_READY SKYMAP_READY GCN_PRELIM_SENT 3.619e-09 2020-03-08 01:20:11 UTC
S200303ba DQOK ADVNO EM_READY EM_Selected EMBRIGHT_READY PASTRO_READY SKYMAP_READY PE_READY 1.316e-08 2020-03-03 12:16:14 UTC
S200302c DQOK ADVOK EM_READY EM_Selected PASTRO_READY EMBRIGHT_READY SKYMAP_READY GCN_PRELIM_SENT PE_READY 9.349e-09 2020-03-02 01:58:34 UTC
S200225q DQOK EM_READY ADVOK EM_Selected PASTRO_READY EMBRIGHT_READY SKYMAP_READY GCN_PRELIM_SENT PE_READY 9.186e-09 2020-02-25 06:04:44 UTC
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https://gracedb.ligo.org/latest/

HSTROPHYSICAL NEUTRINOS

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))
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 Consistent with isotropic distribution, favors extragalactic origin.

» No apparent correlation with Galactic plane. » HE event rate is low. ~O(10) events / year.
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THE NEUTRINO LOG

blazar fl Vo idal disrupti
azar flare tidal disruption event

e Non-thermal emission can be
observed across the EM spectrum
for most of these sources.

‘*’ Ao o Wide variety of timescales and EM

long gamma-ray burst iy engine-driven circumstellarmaterialsx‘\A supernova Sp@d ra ‘ WLGaTU rGS WLOT th @S@ SO U TC@S |

supernova

Te, v " Broadcast neutrinos of
™~ potential astrophysical
origin.

short gamma-ray burst
neutron star merger

Murase & Bartos (https://arxiv.org/abs/1907.12506)
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REALTIME ALERTS cecube Mmoo BN GON

AMON

Median alert latency: 33 seconds

https://gcn.gsfc.nasa.gov/amon.html

—— -

 Original alert streams (2016-2019)

» HESE: HE starting muon events. Median ang. resolut
~1.5% 3-4 [ year. ~25% astrophysical fraction.

» EHE: HE through-going muons. Median angular
L resolution < 0.5% 4-6 /year. ~50% astrophysica
- -60° fraction
Down-going Equ. coordinates
@ Extremely-high energy (EHE) Bronze ok Neutrino + EM o Firstalerton April 2016,

x High-energy starting event (HESE) Gold * Cascades

o Alertsissued via GCN: 18 HESE, 9 EHE.
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implemented in 2016
a few minutes after detection at the South Pole.

IC170922A°

/290 TeV neutrino energy (> 183 TeV, 90% CL)
» Automatically circulated to the astronomical community

o Alert system
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SPECTRAL ENERGY DISTRIBUTIONS OF BLAZARS

3cm 0.3um 400keV 40GeV * Broadband SED characterized by two broad emission "bumps”

cm/mm MIR-NIR X-ray Gamma

Sub- R Opticat Y E * Low energies (radio to X-ray): typically described by synchrotron

/-\ emission from relativistic e-/e* in the jet.
-

* High energies (X-ray to gammas): less understood. Two main
models:

~~
o
>
:
O
o
v—2
Y
L
=
O
o

o [eptonic: inverse Compton scattering of lower energy photons from
High energies s .
Low energies eletin the J@f

Accretion disc
== Non-jetted AGN Hot corona

==t (5P Reflection * Hadronic: Decay of neutral pions from interactions of high-energy
Dusty torus . : . . . .
hadrons (i.e. cosmic rays) accelerated in the jet. Cosmic rays interact

10 15 oay (H2) 20 with low energy photons in the jet (p-y) or with gas/dust (p-p)

Adapted from Padovani et al. A&AR (2017)

* The identification of hadronic signatures would reveal AGN as cosmic ray accelerators, solving a
long-standing question of UHECR origin.

* It would also provide insights into the particle acceleration in extreme EM and gravitational environments.
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Follow-up Observations of IceCube Alert 1IC170922

INTEGRAL 4 MAXI 4
S e NuSTAR 4\

| Swift
- WITC

ASAS-SN %

Subaru

Observatories

() Earth Observatory -

~ lceCube Neutrino Observatory

‘ Space Observatory

Detections

ooooooooooooooooooooooooooooooooooooooo

‘ Q Observations with detection

L Observations without detection
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2000

Energy [eV]

o 1XS0506+056: Fermi blazar at z=0.34. Broad multi-wavelength follow-up campaign, led to the detection of the source >100 GeV by
ground-based gamma-ray instruments.

e 30 chance coincidence correlation. Evidence for a connection between TXS 0506+056 and IC170922A.
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* Strong constraints on hadronic emission from X-ray observations
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Keivani et al. (arXiv/1807.04537) among many others

o ~1% probability that the neutrino is associated with the source based on SED modeling.
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HRCHIVAL NEUTRINO EVENTS FROM ICECUBE

IceCube (Science 2018)

2012.5 2013.0 2013.5 2014.0 2014.5 2015.0 g 6.0
p 20 5
Y Best Fit: Box 10 = i 5 i
S - - B Fit: G ' ? 451 | e S 6.69°
B est bF1t: Gaussian 5 A 5 | 5
—
= 3 3 . | 5
> 1 &G B — s69c B
2 0.5 € - 0
-
= e a
o0 ! : !
O - D .. o
56200 56400 56600 56800 57000 E
MJD

78.36° 77.36° 76.36°

Right Ascension

o Archival analysis revealed a 13£5 neutrino excess (3.5¢) in 2014-2015 over 110 days.

e No follow-up campaign. What's happening on the EM side?
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EM EMISSII]N FROM TXS USUB+USB AROUND THE FLARE

Flux [mJy]
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 Noevidence for EM flaring activity from the source in 2014-2015.

 Most models over-predict the X-ray to gamma tluxes.

 Multi-messenger follow ups with be crucial in the coming decade.

Many modeling efforts for 2014-15/17:
Reimer+ 2019, Cerruti+ 2018, Zhang+
2018, Keivani 2018+, Petropoulou+ 2019



REH |_TI M E HLERTS o Initial GCN Notice followed by GCN circular with refined position and error estimates (within couple of hours)

Run: 132508 Event 42419327: Type: HESE MJD: 58606.7244066

>ep 25, 2017
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» Typically followed up by multiple multimessenger/

multiwavelength facilities.

e ~145TeVE

* Follows up
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HE event

oy ZTF, ASAS-SN, Kanata, INTEGRAL,

ceCube, Fermi-GBM, ANTARES, Fermi-LAT, Lick/
KAIT, Swift-XRT, Insight-HXMT (9 GCNs, 3 ATels)

33



REALTIME ALERTS

Unified track alert streams

Upgoing * Sigﬂam@SS — Nsignal signal T Nbackground

-

-
’

e Improved selection based on signalness
combines through-going and starting tracks.

e Doubled effective area at 0.1 -1 PeV

o Gold stream: ~50% signalness (16 issuec

— s .

e Bronze stream: ~30% signalness (26

Down-going Equ. coordinates ISSY @d
@ Extremely-high energy (EHE) =F Neutrino + EM
Y High-energy starting event (HESE) [l Gold * Cascades
* As of Dec 2nd, 2020: 16 gold and 26 bronze alerts issuec
[PQS—ICRC201 0-1021 ] https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze events.htm
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REALTIME ALERTS Cascade alerts

o HESE events are selected using a deep neural network
(DNN) classitier.

o 50% have an uncertainty < /°,68% is < 9°.
™ 5. * Signalness > 0.9 at energies above 100 TeV

 OnlineJuly 2020, two alerts as of Dec 2020
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o 2 0.90
- -60° '
: = () &F
Equ. coordinates 50059 i Norhh
Horizontal
.80
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—r Sienalness > 90'%
x High-energy starting event (HESE) . Gold * Cascades V.79 R

10 10” 10°
Reconstructed Deposited Energy (DNN) [G(,‘\']

https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html
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REALTIME ALERTS

Jul 03, 2020
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HEALPix FITS file
circulated for each alert.

https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html
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REALTIME ALERTS
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Neutrino-gamma coincidences

o HAWC + lceCube: HAWC daily transit hotspot correlated by AMON

with lceCube neutr

* Ranking statistic (RS) d

nos within 3.5°.

stribut

on derived from 2 years of scrambled

data. Cuts on RS defined to send 4 alerts per year to GCN.

o Started April 2020, 3 alerts sent so far
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e Search forlceCubeAR in the 10S App Store and in the Google Play Store
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CLUSTERING SEARCHES et et G010 {58407, 417 2017

observations within 14 days
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o Spatial correlations can reveal an astrophysical signal buried in the
atmospheric neutrino background.
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e Private alerts to /TF and Swift
Sources from IACTs [2016 JINST 11 P11009]

¢ Ga m ma' ray fo' IOW'U p (G FU ): VERITAS 0 H.E.S.S. Galactic Plane

o Likelihood analysis on variable time-scales correlated with known or likely VHE
gamma emitters.

e Private alerts to MAGIC, VERITAS, HES 'S,
e (Online eventselection / reconstruction

e Similar sensitivity to previous offline searches
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GAMMA-RAY FOVS ANL

Pan-STARRS

Track events
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NEUTRIND FOLLOW-UP PROGRAMS WITH IACTS

FACT, H.E.S.S,, IceCube, MAGIC, VERITAS
https://arxiv.org/abs/2109.04350

X
HM
X
¢ X M
MK X
X
. XX
X
X
X
X
¢
H
B ANTARES singlet a
X IceCube singlet . .
¢  IceCube GFU multiplet Equatorial coordinates

o AILACTS participate in neutrino follow-up programs. No VHE detections beyond TXS 0506+056.
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H SIGNAL IN RADIO?

Time [MJD—54500]

]
C Ferrqi—LAT, >1.07 GeV
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H COSMIC COLLIDER?

Clean I map. Array: BFHKLMNOPS
0506+056 at 15.552 GHz 2015 Sep 06

| * e Pointto unique jet kinematics of TXS
i ] ”~ N N
O\ ey 0506+056
o . ”: | ’II ~
~ core || 7 / .
€.l % X X fo ) o Atew models are discussed:
7| : e Precessing inner et
© Q "’ . . . .
| * e Collision of jetted material
o . . : . . .
1 1 1 I » Discovery of a binary AGN-jet on parsec
o B e e scales?

Map peak: 0.254 Jy/beam
Contours %: —0.5 0.5 1 2 4 8 16 32 64

Beam FWHM: 0.942 x 0.406 (mas) at —0.996° Britzen et al. (A&A 630, A1 03, 201 9)
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UTHER EXAMPLES

Kun et. al (arXiv/1607.04041)
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Neutrino emission during gamma-ray low-state?
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MOOELING OF PRS 1502+106
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Rodrigues et al. (arXiv/2009.04026)
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e Rodrigues et al. argue for neutrino emission during the quiescent state of the source.

e [epto-hadronic and proton synchrotron models describe the broadband SED of the source.

o Soft X-ray spectrum suggest a hadronic contribution.
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RADIO-SELECTED AGN
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o AGN near high-energy neutrino events seem to be louderin radio.

e Correlation signiticance estimated at 0.2%.

Plavin et al. (arXiv/2001.00930)
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VRO RASSOCIATIONS

Hovatta et al. (arXiv/2009.10523) | | | | | | | | | | | | |
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HSSUCIATION PROBABILITY A CRITICAL FACTOR

o \We don't know (yet!) what exactly we're looking for

o Sources are transient or highly variable, hampering strong predictions. An emerging pattern is necessary.

» Calculation of probabilities is a critical factor in correlation claims.

=
OI
|
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Swift follow-up of
neutrino events

Evans et al.
https://arxiv.org/abs/1501.04435
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FHST RESPONSE ANALYSIS Did IeeCube see something?

67 Fast Response Analyses as of July 10, 2019

e Fastresponse analysis following: — Continuous palue expectaion

IceCube Alerts
GRBs
Blazars

B Other

o |ceCube HE alerts (search for additional, LE nus). 102 up to Dec
7020

o HE astrophysical events with potential neutrino emission: Alels,
GCN, etc. 60 up to Dec 2020

IceCube
Preliminary

Fraction of Analyses
=
I

. ) \ )\
[ceCube e Y% SN e R x GFU Event 1 - : : ; : ; :
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Equataral 247.00° 244.00° 241.00°
right ascension
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e Twoindependent analysis of neutrino candidates within 500 s of the GW
trigger

e Unbinned maximum likelihood search: test for point source consistent with GW

ocalization —

: - Lo Lo : : : : 0.0E+00 5.0E-06 1.0E-05 1.5E-05 2.E-05 SE-05 3.0E-05
* Bayesian approach: probability of a joint GW-nu joint signal with astrophysical priors Probability per Pixel

e Results are reported in GCN circulars. 56 GW follow-ups during O3 run o1
1GONIrgo.

declination

e p-value ~ 0.07 in both analyses, triggered MWL Tollow-up

e hitps://gcn.gsic.nasa.gov/gen3/25210.gcn3

[Astrophys. J. Lett. 898 (2020) L10] Swift follow-up
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GALACTIC SUPERNOVAE

o AGalactic core-collapse supernova would be seen by IceCube as an overall increase in the DOM noise rate produced by
Cherenkov photons from 10 MeV neutrino interactions.

e SNDAQ searches for correlated noise rate increases ina 0.5 s time bin with respect to a moving average calculated over a
+5 min window. Can be triggered by SNEWS and LIGO GW alerts. SNDAQ retrieves waveforms from HitSpool butiers

e Bl

-30 0 40
Time since left edge of bin of interest (s)

[A&A 535, 2011, A109]
[PoS-ICRC2019-889]

DOM bitsqfrom SN v . DOM Hits ! Milky Way(center) ’ I:;Jezd;pohl
. * ! g . 0

27 Mg
30 Mg

13 M, at 10 kpc \ Black hole

N i
LMC cMC

|
1 1
A R °
°e ¢ \ t_._x). ° S
o oW 3 L ‘,.‘ e - ° o
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o _oollNe. snet P °
8550 Op! 3
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1 ° 8I
| |
|
|
1

* - Bayesian Blocks

IlVIiIky Way(edge)

DOM Hits
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MORE NEUTRINOS WITH BETTER ANGULAR RESOLUTION

1 -2016

® -2017
® -2018
@ -2019
6 - 2020

Ostankino
Tower

Baikal-GVD » Target km3-scale detector (~4k
sensors in ARCA)
» Target km3-scale detector (104 » 0.1° angular resolution
sensors).
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Bedrock

lceCube Gen2

» 6.2-9.5 km3 volume. >5x

Improvement in sensitivity over
lceCube.

» ~0.2° angular resolution.

» Deployment to start in mid 2020s.
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H GLOBAL NEUTRINO TELESCOPE NETWORK

M. Huber

+45°

}—-—._ —— Sensitivity
- - ==+ (without surface veto)

1011 - -

- \

) N

- \ — .

- \ -

| AT NS /
10-12 3 \..' \\ C TY! censitivt Y 7

= a \ - g S

(-
-
I
e
W
]

Veto coverage

full partial Earth blocks muons

1 1

~30% sky coverage from IceCube ~-1.0 _6 5 0'0 ()I 5 1.0

» |ceCube is most sensitive near the celestial equator. Declination (sino)

e A source similar to TXS 0506+056 may be missed if elsewhere in the sky.

» A network of neutrino telescopes is desirable to cover the entire sky with similar sensitivity.
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H GLOBAL NEUTRINO TELESCOPE NETWORK

B [ceCube KM3NeT, Sicily @ Galactic center/plane
GVD, Russia B ONC, Canada ® TXS 05064056
M Hub er ® - (alactic center/plane TXS 0506+056 ©  HE IceCube events

75°
60°

Oh

“
.. “
“ .
LY “
L]
'] .
.....
lllllll

N
10
Relative improvement to IceCube

Sensitive to spectral index

* An improvement of ~25x in sensitivity could be accomplished by this network (wrt current IceCube).

* Prompt, well-reconstructed alerts from this network would enable sensitive EM follow-ups.
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PROSPECTS FOR FUTURE IRCT FOLLOW-UPS

leb

- 3.5
bs
13) Baikal-GVD
3 2 L 3.0
O v
— L2 5
KM3NeT 25 >
|_
S S
Z 2.0 ®
™ 0
s 5
X 153
A 10 £
S
L IceCube 05
XX
-C_U ‘
m

. Instantaneous effective area for a combined IceCube (current generation) + Baikal-GVD + KM3NeT using IceCube-86 2
effective areas for orientation at 100 TeV (where the astrophysical flux starts to dominate).

» Highest sensitivity for a combined global network of neutrino telescopes (e.g. PLEvM concept)
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https://pos.sissa.it/395/1185/
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X_RHY EDVE RH G E SVOM (Chin—France)

Neil Gehrels Swift Observatory

XRT sensitivity in the 0.3-10 keV
Fast response, low overhead.
~10-13 erg/cm?2/s in ~2 ks

~0.4 deg FoV

Launched in 2004.
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Late 2022 launch

Rapid follow-ups of GRBs
Launch date of Mid 2023
0.2-10 keV

“Lobster eye” optics with
1 deg FoV
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A-RAY COVERAGE

Theseus
Sun shield "'
with solar Soft X'ray Imager (SXI) 0.3-5
A keV STAR-X (NASA)

W. Zhang (NASA)

Total FoV of ~0.5 sr with a
TeRpeeees  |ocalization accuracy of <2’

Deployed  XCIS Unilts XGIS: 2 keV - 10 MeV with FoV
SRlamERY >2 sr with < 15’ GRB localization

Not selected yet

TAP (NASA) PSF 2.5" on-axis 4.5

10” 0.5° off-axis
FOV 1 deg? 1 deg?
Band width 0.5-5keV 160 — 350 Nnm

@1keV: 1,800 cm? on-axis
900 cm? 0.5° off-
axis

Instrument Properties

R R A

7 different filters:
25 - 55 cm?

Effective
Areas

TOO
Response

Field of
Regard

~60 minutes

Energy Range 0.3-5keV 0.5-6 keV
Sensitivity 10" ergcm? s71 (2ks) 2x1071° erg cm? s71 (2ks)
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80% of the sky every 90 minutes

o ' ‘
Aperture Diameter 130 cm; fI=500 cm ‘



MEV-GEV LOVERHGE

Fermi-LAT
Tracker
Low Energy
Calorimeter
ER / High Energy
| B Calorimeter
e HVPS
Sensitivity in the 0.1-300 GeV
Large FoV (all-sky coverage in few days) ‘. Stack
Launched in 2008. Radiator Electronics

AMEGO Radiator
Pl: Julie McEnery (GSFC)

o AMEGO angularresolution: 3° (1 MeV), 10° (10 MeV)
&Amgamm o AMEGO prototype (ComPair) to be tested in 2021, balloon tlight in 2022,
AMEGO e e Explorer mission (AMEGO-X) in development for MidEx AO. 2.5 srFoV. 0.3-1 GeV

MUSTAR VmEupIampeew il  « Curopean MeV eftort concentrated on All-Sky-Astrogamm mission study.
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m— MAGIC m=  Fermi-LAT (b=30°) LHAASO
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o CIAto provide a x10 improvementin sensivity in the VHE band (>50 GeV). Prototypes telescopes ~ L ; %-—» y '» q

already detecting sources, observations to start in ~2025. SWGO in the Southern Hemisphere

o Neutrino follow-ups and strong AGN science program for CTA

o Airshower arrays (HAWC, LHAASO, proposed SWGO) provide large FoV coverage with high duty cycle
although with a higher threshold.
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COMMUNICATION INFRASTRUCTURE

e Currentinfrastructure relies largely on the NASA gamma-ray
SEARCH NASA

GODDARD GON White New » coordinates network
SPACE FLIGHT CENTER NASA Hemenane _ |

m ABOUT GCN BURST/TRANS INFORMATION SEARCH GCN FOR BURSTS

GCN: The Gamma-ray Coordinates Network (TAN: Transient Astronomy Network)

o (GCN notices and free-text circulars.

14 Feb 2022: There was trouble in printing and processing of Circular #31590.

o Challenging for high alert rates, interpretation.

27 Dec 2021: Earlier today an acciedent in processing caused some old email Notices to be resent. There were 3 intervals of old
Notices from short windows of time: Oct 23, Nov 01, and Dec 04, 2021. They were correct Notices of their time and content, but just
retransmitted (duration of ~1 hour between 06:40 to 07:40 UT today). This occurred for only those recpients that use the email method.
We apologize for the confusion that occurred.

o Othernetworks (AMON) target multimessenger triggers.

03 Nov 2021: The Time-domain Astronomy Coordination Hub (TACH) project is pleased to announce a
new community tool to access the archive of GCN Notices and Circulars. The GCN Viewer

ingests new notices and circulars in real time, and associates events detected by multiple

facilities, providing useful categorization and searchability. This first public release of the

GCN Viewer provides this functionality, and new features will be added with forthcoming releases.

The new TACH archive of the GCN Notices & Circulars is accesible through the GCN Viewer at
https://heasarc.gsfc.nasa.gov/tachgcn

TITLE: GCN CIRCULAR

NUMBER: 31839

SUBJECT: IceCube-220405A - IceCube observation of a high-energy neutrino candidate track-like event
DATE: 22/04/06 02:12:43 GMT

FROM: Erik Blaufuss at U. Maryland/IceCube <blaufuss@umd.edu>

The IceCube Collaboration (http://icecube.wisc.edu/) reports:

Posted 23 Mar 2020 (last updated 18 Oct 20):

Due to the policies and constraints during the CoronaVirus pandemic,

my response to your requests and questions may not be as fast as normal.

Example: changes to your site _configuration may take up to 7 days (instead of the usual 2-4 days).

Being at home teleworking, requires making the site _config file change a remote operation instead of the normal on-site operation.
Which is doable, but | try to keep that method to a minimum. | will wait longer to do the file change

or | will use a weekly 4-hr pass to do work on-site.

On 2022-04-05 at 22:20:03.41 UT IceCube detected a track-like event with a moderate probability of
being of astrophysical origin. The event was selected by the ICECUBE Astrotrack Bronze alert stream.
The average astrophysical neutrino purity for Bronze alerts is 30%. This alert has an estimated false
alarm rate of 2.02 events per year due to atmospheric backgrounds. The IceCube detector was in a
normal operating state at the time of detection.

After the initial automated alert (https://gcn.gsfc.nasa.gov/notices amon g b/136506 15341152.amon),
more sophisticated reconstruction algorithms have been applied offline, with the direction refined to:

Date: 2022-04-05

Time: 22:20:03.41 UT

RA: 320.62 (+1.37, -1.13 deg 90% PSF containment) J2000
Dec: 29.06 (+0.94, -0.68 deg 90% PSF containment) J2000

The GCN system distributes:

e
1. Locations of GRBs and other Transients (the Notices) detected by T
spacecraft (most in real-time while the burst is still bursting and others are
that delayed due to telemetry down-link delays).
2. Reports of follow-up observations (the Circulars) made by ground-
based and space-based optical, radio, X-ray, TeV, and other particle

observers.

We encourage follow-up by ground and space-based instruments to help identify a possible astrophysical
source for the candidate neutrino.

There are no sources in the 4FGL-DR2 Fermi-LAT catalog in the 90% uncertainty region. The nearest
source is 4FGL J2115.4+2932 (318.87 deg, 29.55 deg J2000, 1.82 deg away from the best-fit neutrino
position).

These two functions provide a one-stop shopping network for follow-up sites and
GRB and transient researchers.

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector operating at the geographic
South Pole, Antarctica. The IceCube realtime alert point of contact can be reached at
roc@icecube.wisc.edu

. . .
: : .
. 4 »
b . .
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https://gcn.gsfc.nasa.gov/
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HLERT BROKERS

e Current push largely driven by the needs of the Vera Rubin Observatory
(millions of transients per night)

Automatic Learning for the

ANTARES Rapid Classification of Events

e Some efforts are targeted specitically tor MMA alerts. Upgrades to GCN (TACH]

— Gamma-ray Coordinates Network Viewer
Time-domain Astronomy Coordination Hub (TACH)

EVENT LIST ~ (3 01/01/1997 to [%) 04/07/2022

1C220405B | GRB220405A Gamma-ray burst

Circulars: 1 .

April 05,2022 06:11UTC
GRB220405A
Circulars: 1

Trigger Time (YYYY-MM-DD HH:mm:ss):
IC220405A
2022-04-05 06:11:39UTC

Circulars: 4 )
RA/Dec (J2000):

GRB220404B | 29.38, -22.8 deg

Circulars: 1

H O pS kOtC h . 01h57m31.2s, -22d48m00.0s
GRB220404A Dacitic emr (radiiie).

https://heasarc.gsfc.nasa.gov/wsgi-scripts/tach/gcn_v2/tach.wsgi/
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HSTRU'EU |_| B RI https://astro-colibri.com/

) 6

* Associated phone app!
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SUMMHARY

e Exciting time Tor observational multimessenger astrophysics:
e First GWHEM source unambiguously identitied
e Fvidence Tor the first multimessenger sources of EM + TeV neutrinos
e Still in the early discovery phase. Main goal is identitying additional sources!
 Main requirements are improved angular resolution and sensitivities, broad EM spectral coverage.

e Improvements in communication infrastructure are a must given the large expected rate o1
multimessenger triggers.
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HANDS-ON SESSION

» We'll do three activities:
A Follow-up or a GW event with an IACT
8. Follow-up of a neutrino event with an IACT

C. Searching Tor neutrino sources in neutrino telescope data.

o Jupyter notebooks are available here: hitps://github.com/jmsantander/isapp2027

¢ G@TaCOpyigit clone https://github.com/jmsantander/isapp2022.git
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