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Physical Motivations robert.morgan@wisc.edu

lceCube discovers TeV-Pev neutrinos Bt 0

o e ety
Article: The IceCube Collaboration 2013 ] SClence |

Nearly isotropic neutrino flux |
Not produced in the atmosphere ‘

Motivated the search for EM counterparts

= At present, only one out of O(50) high energy
neutrinos has convincing evidence for association

with an EM counterpart (The IceCube Collaboration
et al. 2018)
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http://science.sciencemag.org/content/342/6161/1242856.full
https://science.sciencemag.org/content/361/6398/eaat1378

Physical Motivations robert.morgan@wisc.edu

lceCube discovers TeV-Pev neutrinos

Current constraints leave a large fraction of the TeV-PeV flux unexplained

Gamma Ray Bursts 1% Aartsen et al. 2015
Gamma Ray Blazars 19 % -27 % Aartsen et al. 2017
Star Forming Galaxies ~30 % Bechtol et al. 2017
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https://iopscience.iop.org/article/10.1088/2041-8205/805/1/L5/meta
https://iopscience.iop.org/article/10.3847/1538-4357/835/2/151/meta
https://iopscience.iop.org/article/10.3847/1538-4357/836/1/47/meta

Physical Motivations robert.morgan@wisc.edu

lceCube discovers TeV-Pev neutrinos

Current constraints leave a large fraction of the TeV-PeV flux unexplained

Several analyses suggest core-collapse supernovae (CC SNe)
« Physical mechanism: A choked relativistic jet during the collapse

« Hadrons accelerated by the jet could produce prompt TeV-PeV neutrino
emission
« Associated gamma signal is expected to be blocked by the stellar material

= Razzaque et al. 2004, Ando & Beacom 2005, Woosley & Janka 2006, Murase & loka 2013,
among many others
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.181101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.95.061103
https://www.nature.com/articles/nphys172
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.121102
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lceCube discovers TeV-Pev neutrinos

Current constraints leave a large fraction of the TeV-PeV flux unexplained

Several analyses suggest core-collapse supernovae (CC SNe)

This situation has motivated several optical follow-ups

« Some recent papers from the most active collaborations
« Pan-STARRS1: Kankare et al. 2019
« MASTER: Aartsen et al. 2017
» ROTSE and PTF: Aartsen et al. 2015
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https://arxiv.org/abs/1901.11080v1
https://www.aanda.org/articles/aa/abs/2017/11/aa30620-17/aa30620-17.html
https://iopscience.iop.org/article/10.1088/0004-637X/811/1/52/meta

Blanco Telescope / DECam robert.morgan@wisc.edu

DECam and lceCube:
The best match for optical southern hemisphere neutrino multimessenger studies
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Field of view size and imaging depth make
DECam the ideal instrument for optical
lceCube follow-up in the southern hemisphere
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Observations robert.morgan@wisc.edu

DECam Cadence
Candidate Selection
DECam Follow-Ups
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DECam Cadence

« Triggered observations for ~6 epochs spread over 2-3 weeks after an alert
« 2 X 150 second exposures in gri

= Half-chip dither to fill in CCD gaps

« 50 limiting magnitude g,r,/ = 23.6, 23.7, 23.3 mag

» Process images with DES Difference Imaging Pipeline
= Reference: Kessler et al. 2015

4 arXiv: 1907.07193


https://iopscience.iop.org/article/10.1088/0004-6256/150/6/172/meta
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DECam Cadence
Candidate Selection

» Largest expected contaminants:
= Noise, AGN / QSO, Asteroids, Type la SNe, Unassociated CC SNe

» Cuts on data
« Optical quality and detectability
= Increasing brightness
= Light curve fitting for the date of peak brightness
« Random forest classification for CC versus la
» Catalog lookup to exclude AGN / QSO
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Observations robert.morgan@wisc.edu

DECam Cadence
Candidate Selection
DECam Follow-Ups

= Two alerts with completed analysis
- IC170922A (GCN) and IC171106A (GCN)

« 1 candidate passed selection for each follow-up

4 arXiv: 1907.07193


https://gcn.gsfc.nasa.gov/gcn/gcn3/21916.gcn3
https://gcn.gsfc.nasa.gov/gcn3/22105.gcn3

Candidate for IC1708922A robert.morgan@wisc.edu
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Candidate for IC17110B6A robert.morgan@wisc.edu
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Simulation-Based Sensitivity Analysis robert. morgan@wisc.edu

Simulation Components
« SNe light curves simulated in SNANA (Kessler et al. 2009)

= Signal sample:
« CC SNe with explosion time set to date of neutrino trigger

« Background sample:
« Type la SNe and CC SNe with PeakMJD in [Trigger — 30 days, Trigger + 100
days]
= Type la rate from Dilday et al. 2008
= CC SNe rate from Bernstein et al. 2012

Procedure: Apply selection criteria to simulations and quantify the expected
numbers of signal and background events as functions of redshift
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https://iopscience.iop.org/article/10.1086/605984
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Simulation-Based Sensitivity Analysis robert.morgan@wisc.edu  (
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Simulations show a large 1.47 Total Associated (AUC = 0.551)
unremovable SNe background and ;1,1 Detected Assoctated (AUC = 0.058)

. . : Remaining Unassociated (AUC = 0.229)
comparatively low detectable signal —— CC Unassociated (AUC = 0.123)

1.0 A Ia Unassociated (AUC = 0.107)
= Very unlikely to be able to 0.8-
confidently associate a single SN o6

with a single neutrino

SNe per unit Redshift
o
i~

« With repeated observations, one
could observe a statistically
significant excess of SNe over time 0.0

0.0 0.2 0.4 016 0.8 1.0
Redshift (z)

Distributions show the expected SNe per unit
redshift within the IceCube 90% confidence
8 arkiv: 1907.07193 region for the IC170922A follow-up



Simulation-Based Sensitivity Analysis robert. morgan@wisc.edu

We perform 1000 realizations of dedicated follow-up campaigns.

Figure: TS distributions of 1000 realizations of the follow-up of 60 lceCube alerts.
The parameter A represents the true fraction of the lceCube TeV-PeV flux caused by CC SNe
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Forecasting Hypothesis Testability robert. morgan@wisc.edu

Figure: 10-6
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Performance depends on:
= Observing conditions
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S
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Application to Observations robert.morgan@wisc.edu  (
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Centered on (RA, Dec) = (77.43, 5.72)

Based on the 1000 realizations of DECam —
follow-ups, we calculate p-values for the i
association of each candidate with the S os B S L
corresponding neutrino alert s
DES-5430381 and IC170922A: p-value = 1.00 e
DES-332416 and IC171106A:  p-value = 0.03 P Varaceq
JOInt result: p_value — 009 Centered on (RA, Dec) = (340.25, 7.31)
Based on the simulations, we shouldn't £ ..
expect to be able to make a significant claim £ **
after only two follow-ups. 051
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Components of a Successful Follow-Up Campaign robert.morgan@wisc.edu

Based on our pilot observations, the necessary components of a successful
follow-up campaign are:

Triggered follow-up

Deep imaging

Redshift information

The follow-up of many alerts

b =

12 arXiv: 1907.07193



Components of a Successful Follow-Up Campaign robert.morgan@wisc.edu /
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Based on our pilot observations, the necessary components of a successful
follow-up campaign are:

12

b =

Triggered follow-up
Deep imaging
Redshift information

The follow-up of many alerts

Looking Forward:

= DECam will likely remain the best
iInstrument for this campaign
= Deep imaging
= Fild of view size
= Availability of triggered observations

= [ceCube Gen2

= |ncreased neutrino event rate
= Improved angular resolution

= LSST

= Host galaxy photo-z measurements

arXiv: 1907.07193



Take-Home Message robert.morgan@wisc.edu

CC SNe are frequent enough that we expect an unremovable
background to be present in optical follow-ups

Obtaining redshifts of candidates / host galaxies helps to reduce
backgrounds significantly

If CC SNe make up a significant fraction of the TeV-PeV neutrino flux, it
will take dedicated and methodological follow-up of several of IceCube
alerts to observe a statistically significant excess of CC SNe.

13 arXiv: 1907.07193
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CC SNe are frequent enough that we expect an unremovable
background to be present in optical follow-ups

Obtaining redshifts of candidates / host galaxies helps to reduce
backgrounds significantly

If CC SNe make up a significant fraction of the TeV-PeV neutrino flux, it
will take dedicated and methodological follow-up of several of IceCube
alerts to observe a statistically significant excess of CC SNe.

Thank you!
Robert Morgan e University of Wisconsin-Madison e LSSTC Data Science Fellow
13 https://rmorgan0.qithub.io robert.morgan@wisc.edu
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lceCube Backgrou nd robert.morgan@wisc.edu

The IceCube Neutrino
Observatory

= Cubic km scale detector built
iInto the South Pole ice

= Over 5000 optical modules
to detect Cherenkov radiation

« Event reconstruction

= Realtime alert system

The IceCube Collaboration




Physical Motivations

e Airmass < 2

X Airmass >2/

0.0 0.5 1.0 15 9.0 9.5 3.0 3.5 4.0 45 5.0

Figure: Population of the best-localized high energy neutrino track events detected by IceCube



Importance of Deep Imaging

Peak r-Band Magnitude

Peak r-Band Magnitude
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Observational Results robert.morgan@wisc.edu

SNID 5430381 (RA, Dec) = (77.988545°, 6.747489 ")
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Observational Results Part 2 robert.morgan@wisc.edu

SNID 332416 (RA, Dec) = (340.394736°, 7.681985°)
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SNANA Simulations robert.morgan@wisc.edu

Signal Sample Signal Sample Type Distribution

CC SNe with the explosion time set to the date of
the neutrino trigger

Ibc
2%
Background Sample

Type-la and CC SNe within the range
Trigger — 30 days < PEAKMJD < Trigger + 100

Notes

= Trying to select against Type la SNe, out-of-phase
CC SNe

= Purposeful inclusion of in-phase CC SNe in
background sample 4%




Candidate Selection robert.morgan@wisc.edu

Selection Criteria Effectiveness on Signal versus Background Samples

: . Detected in two separate epochs o o
Light Curve Quality 4ot fitter 19.9 % 16.0 %

No detection on first night, or if

Increasing Flux detected, an increase in flux by at least 19.8 % 10.8 %
1 mag over the first two nights

PSNID fitting to type-Il and type-lbc

Best-Fit Peak MJD  templates has best-fit peak MJD 16 and 17.9 % 559%
6 nights after trigger, respectively

RFC trained on SNANA simulations to

Classifi select temporally-coincident and low-z 12.1 % 1.3 %
assimer CC SNe from background SNe

Random Forest

Efficiencies based on z < 0.3 simulations of IC170922A



Sensitivity Analysis robert.morgan@wisc.edu
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Simulation-Based Sensitivity Analysis robert.morgan@wisc.edu  ({
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Signal rate determination: 1.4 - —— Total Associated (AUC = 0.551)
. . . . —— Detected Associated (AUC = 0.038)
« Obtain signal efficiency as a function , 1.2- —— Romaining Unassociated (AUC = 0.229)
of redshift = —— CC Unassociated (AUC = 0.123)
. o . . ..Cé’ 1.0+ —— Ia Unassociated (AUC = 0.107)
= Fold signal efficiency with massive 2
star formation rate to obtain neutrino % %°"
intensity from CC SNe PDF >
(0]
Cumulative Luminosity Time o
intensity distance dilation %
dN,(E,)  [*> aV 1 dN,(E,(1+2)) 1 n
B, dQdtopsdA /0 dzdQ 47 D? dE, T35 Rz
Comoving Emission Star formation . - -
volume spectrum rate 0.0 0.2 0.4 0.6 0.8 1.0

. . . Redshift (z)
Background rate is obtained directly — - .
: ' istributions show the expecte e per unit
from simulations redshift within the IceCube 90% confidence
region for the IC170922A follow-up



Sensitivity Analysis Part 2 robert.morgan@wisc.edu

A Monte Carlo Approach to forecasting follow-up feasibility

Detalls:

» Parameterize the signal by the fraction of high energy neutrinos that
are produced by CC SNe (call this fraction A)

= Define a test statistic

L = Poisson (Observed | Expected Background) TS = log([:)h_;\ — log(L)|x=0

« Perform 1000 realizations of the problem with A =0
= This is our “null-hypothesis test statistic distribution”

« Perform 1000 realizations of the problem with A = 0
« This is our “signal-hypothesis test statistic distribution”



Neutrino Sources robert.morgan@wisc.edu

Identifying high-energy neutrino sources is a current focus of
multimessenger studies and a necessity for the field of neutrino astronomy

6.0 T

TXS 0506+056

Proposed Sources
Gamma Ray Blazars =)  *°
Gamma Ray Bursts

Star-forming Galaxies

Core Collapse SNe

6.69°

-log10(p)

— ___________________ 569°

Declination

44.69°

DOI: 10.1126/science.aat2890
78.36° 11.36"° 76.36°

Right Ascension



Frequently Asked Questions About TXS

IC-170922A was associated to TXS0506+056; Why didn't DECam find it?

« At the time of the alert, TXS 0506+056 was V ~ 14 mag and therefore would be
saturated in our DECam images. Our search was optimized for faint transients

= Optical imaging, spectroscopy, and polarimetry obtained from combination of ASAS-SN,
Kanata/HONIR, Kiso/KWFC, Liverpool Telescope, Subaru/FOCAS

Are continued searches for other source classes besides gamma-ray blazars in
association with lceCube neutrinos still well motivated?
« YES — gamma-ray blazars likely contribute a small fraction of the total diffuse flux

= 51 total events pass lceCube realtime alert criteria; 1 coincident gamma-ray bright blazar

— consistent with ~5% overall contribution from blazars, taking into account purity of
realtime alert stream

= Previous cross-correlation studies using a larger neutrino event sample found upper
limits on the gamma-ray blazar contribution of < 10-30% (arXiv:1611.03874)



Sensitivity Analysis robert.morgan@wisc.edu
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Number of Unassociated SNe per MJD

Sensitivity Analysis
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Random Forest Classification

. . . . F K I
Classification pipeline ;
. Use PSNID to fit light curves to
la, Ibc, and Il templates U8 e
. Principal Component Analysis g el
- 8 components = 0.6 ROC fold 1 (AUC = 0.92)
. Random Forest Classifier = ROC fold 2 (AUC = 0.89)
_ < ROC fold 3 (AUC = 0.88)
+ 1000 estimators g 044 ) ROC fold 4 (AUC = 0.88)
- No max-depth restriction = e ROC fold 5 (AUC = 0.85)
- Decisions based on entropy 0o JRe — =+ Random Guessing
. Five-fold Cross Validation A Perfect Performance
= Mean ROC (AUC = 0.89 + 0.02)
0.0 4 + 1 std. dev.
Tram'ng set 0.0 0.2 0.4 0.6 0.8 1.0

. All light curves pass the quality, rising, and phase cuts False Positive Rate
- Good: Signal sample SNe with z < 0.3
- Bad: Background sample SNe and Signal sample SNe with z > 0.3



lceCube Alert Monitoring

https:/rmorgani10.github.io el lmTels]e 8]e]2
/des-icecube/

Tracking all IceCube alerts for DES follow-up
Complete alert

observability diagnostics
within minutes

Notifies users via emaill Recent Alerts

Stable and running at

Fermilab EHE 27162025

° gcn.checker@gmail.com Alert Diagnostics (IceCube)

Signalness = 0.59

e gcn.checker@gmail.com Alert Diagnostics (DES)

Event
Event ID = 27162025



https://rmorgan10.github.io/des-icecube/

lceCube Angular Resolution robert.morgan@wisc.edu

wemm= Through-going o ~ 1ree Kinematic angle
= = Starting p

101 10° 101 102 103 104 10° 106
E, [TeV]
lceCube, arXiv:1609.04981



Cumulative Neutrino Intensity Integral robert.morgan@wisc.edu

Neutrino Intensity Redshift Integral Incorporating Star-Formation Rate

Cumulative Luminosity Time
intensity distance dilation
dN,( Fmax dN,(E,(1 1
/ ANB(+2) 1 g,
dE detobSdA dde 47rD dFE, 142
Comoving Emission Star formation

volume spectrum rate



