
Searches for point and extended 
sources of  neutrinos with 

IceCube 

Jacob Feintzeig for the IceCube Collaboration 

University of  Wisconsin, Madison 

TeVPA, August 2013, Irvine, CA 



Contents 
•  Neutrinos in the context of  multi-messenger 

astronomy 
•  Point source analysis method in IceCube 
•  Recent results 

–  All-sky scan and a priori source list search using 4 years of  
detector data 

–  Targeted searches using stacked source catalogs with 3 
years of  detector data 

–  All-sky scan using sample of  contained vertex events 

•  Future outlook 
–  Improvements in the Southern hemisphere 

Jacob Feintzeig, UW-Madison   –   TeVPA, August 2013, Irvine, CA 

2 



•  Gamma-rays:  Absorbed at highest 
energies, multiple emission mechanisms 

•  Protons: Scrambled by magnetic fields, 
only point at extremely high energies 

•  Neutrinos: Neutral charge and low cross-
section mean they point back to source 
and are not absorbed 

Neutrinos are excellent candidates for 
high-energy astronomy  
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To search for point sources, look for 
statistically significant spatial clustering 
of  events 

θ,ϕ 

•  Signal: Astrophysical neutrinos 
clustering in space 

•  Background: Isotropic atmospheric 
neutrinos 

•  Un-binned maximum likelihood 
method 

–  Spatial probability distribution function for 
signal modeled as a 2D gaussian 

–  Width from reconstruction uncertainty 
–  Energy information used to weight events 
–  Signal expected to be higher energy than 

background 

Test point source hypothesis here 

Location of  candidate neutrino 
event on the sky 
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signal modeled as a 2D gaussian 
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–  Energy information used to weight events 
–  Signal expected to be higher energy than 

background 

Test point source hypothesis here 

Location of  candidate neutrino 
event on the sky 

At each point in the sky, use 
likelihood to fit for # of signal 
events and neutrino spectral index 

Likelihood translates 
events on the sky into 
probabilities 
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Discovery potential for 4 years 
of  IceCube 

Discovery potential improves 
because of: 
o  More livetime 
o  Better angular resolution 
o  Bigger effective area 

•  detector size, event 
selection 

o  Improved understanding of  
systematics 

ICECUBE 
PRELIMINARY 

Northern Sky Southern Sky 
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3 yrs of IceCube 
4 yrs of IceCube 

5σ Discovery Potential 

90% Sensitivity 

TeV – PeV 
neutrinos 

PeV – EeV 
neutrinos 

Southern 
Sky 

Northern 
Sky 
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No evidence of  point sources was found 
in four years of  detector data 

•  Search for time-independent sources 

•  394,000 total events 
–  178k neutrino candidates in North, 216k atmospheric muons in South 

•  Livetime: 1371 days, including first year of  completed detector 

Southern 
Sky 

Northern 
Sky 
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Equatorial coordinates 

-log10(p) = 5.039 
RA: 11.45° Dec: 31.35° 
nSrcbest: 40.17 
γbest: 3.45 

-log10(p) = 5.958 
Ra: 296.95° Dec: -75.75° 
nSrcbest: 16.16 
γbest: 2.34 

Most significant spots 

Post trials p-values: 
Northern Sky: 37.6% 
Southern Sky: 9.3% 
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Search using a priori list of  sources is 
consistent with background 
•  List consists of  44 promising sources 

–  Supernova remnants, active galactic nuclei, etc. that are observed in gamma rays or 
for which models predict neutrino emission 

Most significant 
source in: 

Source ns best γ best Pre-trials 
p-value 

Post-trials p-
value 

Northern sky 3C 123.0 12.54 3.95 0.081 0.793 

Southern sky PKS 1406-076 7.50 3.95 0.12 0.466 

Trials account 
for # of sources 
on each list 
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Stacking specific source classes 
enhances discovery potential 

•  Look at known collection of  sources, 
with known extensions. 

•  Constrain specific astrophysical models. 

STACKING	


Source 1	
 Source 2	
 Source 3	


r.a.	


de
cl

in
at

io
n	


IC40	


relative 
efficiency 

theoretical 
weight 
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Results from five catalogs 
consistent with background 

• Milagro 6 was a-posteriori positive fluctuation in IC40. 

• Starburst catalog based on Becker et al.  (arXiv:0901.1775) 

• Galaxy Cluster different models depend on how the CRs are distributed.  

• Molecular Cloud catalog includes IC443 and W44: Fermi in Science 15/2/2013 

Catalog	
 Sources	
Theoretical Weighting	
 Sample	
 p-value	


6 Milagro 
SNRs	


6	
 No	
 IC79+IC59	
 20.4 %	


Starburst 
Galaxy	


127	
 Yes, FIR observation	
 IC79+IC59+IC40	
 ≥ 50 % 	


Galaxy 
Cluster	


5	
 Yes, 4 models tested	
 IC79+IC59+IC40	
 All ≥ 50 %	


Molecular 
Cloud SNR	


4	
 Yes, integrated γ-flux	
 IC79+IC59+IC40	
 ≥ 50 % 	


Black Hole	
 233	
 Yes, FIR observations	
 IC79+IC59+IC40	
 44. 31%	
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90% C.L. upper limits for 6 Milagro 
SNR associations 

MODEL	  
• F. Halzen, A. Kappes and A. O’Murchadha (Phys. 
Rev. D78:063004, 2008).	

• Based on published TeV Gamma-ray at that 
time (Ecut-off ~ 300 TeV.)	


MODEL	  
• Update on the model prediction with recent 
gamma-ray observation (Ecut-off ~ 30 TeV).	

• For those sources with no measurement and 
spectral index of 2 and Ecut-off = 31 TeV	


~2	
 ~5	


ICECUBE PRELIMINARY ICECUBE PRELIMINARY 
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All searches for transient sources are 
also consistent with background 
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See 2013 ICRC, contribution #0649 

Untriggered flare search, 
79-string detector 
configuration 
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Point source search using sample of  
28 events with contained vertices 

Jacob Feintzeig, UW-Madison   –   TeVPA, August 2013, Irvine, CA 

•  2 years of  data 
–  Charge>6000 & vertex 

inside fiducial volume 

•  Compared to previous 
searches, this analysis 
has: 
–  Much lower background 

(28 total events instead of 
400k) 

–  Lower energy threshold in 
the Southern hemisphere 

–  Track (<1° pointing) and 
cascade (poor angular 
resolution) events 
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No evidence of  spatial clustering found 
in contained vertex event sample 

Jacob Feintzeig, UW-Madison   –   TeVPA, August 2013, Irvine, CA 

•  Searched for: 
–  Point source in sample of  all 28 events 
–  Point source in subsample of  21 cascade events 
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Discovery potential will improve as 
more data is added to analysis 

Analysis is not yet background dominated 
(gaussian regime), not yet in σ ~ √t regime 
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Improving the sensitivity 
in the Southern sky 

•  Method of  spatial 
clustering for contained 
vertex events 
–  Combining tracks and 

cascades 
–  Background estimation 

•  Extend contained 
vertex event selection 
to lower energies 
–  More signal, more tracks 
–  More background 
–  Combine with 4 year 

“standard analysis” for 
most statistical power 
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4-yr standard point 
source analysis 
3-yr contained vertex, 
lower energies 



Conclusion 
•  So far, no search has found significant clustering of  

neutrino events or association with sources 
–  All-sky search and a priori source list using 4 years of  

detector data 
–  Stacking analyses using 3 years of  data 

•  Milagro supernova remnants (SNRs) 
•  Starburst galaxies 
•  Galaxy clusters 
•  SNRs associated with molecular clouds 
•  Black hole candidates 

–  Spatial clustering analysis of  28 contained vertex events 

•  Discovery potential will continue to improve – stay 
tuned for more results! 
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Backup 
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IceCube uses a fully-instrumented km3 
of  ice to detect high-energy particles 
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During construction, IceCube ran in 
partial detector configurations 
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Light is detected via photomultiplier tubes, 
waveforms are digitized and read out to surface 

Digital Optical Module 
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Using geometry and timing of  detected 
photons, neutrino directions are reconstructed 
to less than 1° 

Shadow of the 
moon observed in 
cosmic rays 

ECR ~ 40 TeV 
Absolute pointing ~ 0.1° 
Angular resolution ~ 1°, 
agrees well with expectations 
from simulation 
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Likelihood method translates events on 
the sky into p-values 
Signal: Astrophysical neutrinos clustering in space 
Background: Isotropic atmospheric neutrinos 
Maximize the likelihood function: 

Braun et. al., arXiv: 0801.1604 

Test statistic: 

€ 

logλ = log L( ˆ γ , ˆ n s)
L(ns = 0)
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Obtain p-value by comparing 
test statistic for real data to 
random trials from scrambled 
data 

Fit for: 
-  ns, # of signal events 
-  γ, neutrino spectral index 
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Complete source list results – northern sky 

Upper limits in 10-12 

TeV-1cm-2s-1 

Most significant source 
in northern sky 

ICECUBE PRELIMINARY 
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Upper limits in 10-12 

TeV-1cm-2s-1 

Most significant 
source in 
southern sky 

Complete source list results – southern sky 
ICECUBE PRELIMINARY 
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Discovery Potentials for 4 Years of  
IceCube 

E-1 injection spectrum E-3 injection spectrum 
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Catalogs for stacking searches 
•  6 sources with SNR associations, reported by Milagro: 

Motivated by a posteriori study of IC40 Milagro 17 Stacking. IC 40 
hence excluded to avoid bias. Described by Halzen, Kappes and 
O’Murchada.	


•  Starburst Galaxies: Catalog of 127 sources described by Becker, 
Biermann, Dreyer, Kneiske	


•  Galaxy Clusters: Five nearby clusters with flux models varying 
according to the model of CR acceleration as described by 
Murase, Inoue, Nagataki.	


•  Molecular Cloud Associated SuperNova Remnants: 4 
Sources as per the Catalog defined by T. Montaruli, J. Becker and F 
Schuppan	


•  Black Hole Candidate Stacking: 233 Candidates within the 
GZK radius, as per catalog defined by L. Caramete and J Biermann	
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Galaxy Cluster: Upper limits 

Upper 
limits 
calculated 
for the 4 
different 
models 
based on 
the CR 
distribution 
in the 
Galaxies. 

Model A: CR uniform < Rshock	


Isobaric: ICM thermal gas	
 Central AGN	


Model B: CR uniform < Rvirial	


ICECUBE PRELIMINARY 
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Improving the analysis via better 
angular resolution 
•  New event reconstruction techniques use detailed information 

on photon propagation in the glacial ice 
•  Results in improved angular resolution at all energies 

muon 

Old Reconstruction 
New Reconstruction 
Kinematic Limit photons 

optical 
sensors 

ice 
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