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Outline of talk

• Plausible sources of IceCube cosmic neutrinos 

• Gamma-rays and UHECRs can provide clues  

• Galactic source - Fermi Bubbles 

• Extragalctic sources - UHECR sources? 
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IceCube Cosmic Neutrino Events (3 year)

Angular resolution!
~ 15° for cascades!
~ 1° for tracks

+ cascades!
x tracks

Hints (~8% chance) of clustering near the Galactic center

37 events, ~9-25 from atmospheric muon and neutrino background

M. G. Aartsen et al. 
[IceCube Collaboration], 
arXiv:1405.5303
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Cosmic Neutrinos and Fermi Bubbles

IceCube 3 year data (37 events)

• 5 strongly correlated cascade events (central coordinate values within FB)!
• 4 weakly correlated cascade events (error ellipses touching FB contours)

Lunardini,	
  SR	
  &	
  Yang	
  
-­‐	
  arXiv:1412.6240

Fermi 
Bubble 
contours
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Gamma Ray Fermi Bubbles
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Credit:	
  NASA	
  Goddard	
  Space	
  Flight	
  Center

Huge gamma-ray emitting globular-shaped objects

Hard spectrum, uniform projected intensity, well-defined boundary
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VHE Gamma and Neutrino Fluxes from FB

N(E) � E-2.25

E0 = 30 PeV

� - South bubble
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� - Both bubbles
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5-year Fermi-LAT data

M. Ackermann et al. [Fermi-LAT 
Collaboration], arXiv:1407.7905 

!
Require pp 
model to 
produce 5 
neutrino 
events

pp -interaction - Injected proton spectrum Best-fit model

gamma-ray data 
with upper limits

statistical + 
systematic 

errors
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VHE Gamma Rays from Fermi Bubbles

4	
  meters	
  high	
  	
  
7.3	
  meters	
  in	
  diameter

300	
  tanks	
  in	
  total,	
  
with	
  4	
  PMTs	
  per	
  tank

0.1 - 100 TeV!
2pi sr Field of View!
0.1 degree @ > 5 TeV

4100 m altitude near Sierra Negra Volcano, Puebla, Mexico
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Detecting Fermi Bubbles with HAWC
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D. Zaborov for HAWC Collaboration

• Overlap of HAWC field of view (magenta)!
• Fermi Bubble contours (red)!
• 5 IceCube events (blue)!
• Measured diffuse gamma-ray flux regions 

by Fermi-LAT (grey)

Only a fraction of FB solid angle visible to HAWC in 
any given day (2-3 hours/day for North bubble)
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VHE Gamma and Neutrino Events
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1 � event

3 � event

5 � event

8 � event

HAWC �3�

50% energy resolution for HAWC

Parameter space of injected 
proton spectral index (k) and  
cutoff energy (E_0)

HAWC can confirm or rule 
out FB as source of some 
IceCube neutrinos in ~1 yr 

HAWC - events/day!
IceCube - events/1000 days!

! !      (mostly cascades)

Best-fit case !
k = 2.25, E_0 = 30 PeV
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Galactic Sources 
Extragalactic Sources



Adopt a strategy …

Sources of ultrahigh-energy (≥ 80 EeV) cosmic rays are nearby !
 Within a ‘GZK radius’ of ~240 Mpc (z~0.06)!

UHECRs deflect by an angle of the order of 1o in the Galactic 
and intergalactic magnetic field (assuming protons)!
Can potentially point to their sources!
Much better pointing resolution than the cascade ν events (~15o)  !

Sources of UHECRs most likely accelerate particles over a 
wide energy range  (Fermi acceleration mechanism)!
 Can potentially produce < 2 PeV neutrinos  detected by IceCube
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>100 EeV Cosmic Rays and Neutrinos

33 UHECR and 35 Neutrino events

Galactic coordinates
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>80 EeV Cosmic Rays and Neutrinos

60 UHECR and 35 Neutrino events

Galactic coordinates
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Invariant Statistics
Virmani, SR, et al. 2002

Unit vectors in the sky:

Angular separation between vectors:

Statistic:

Null distribution: !!
!
• Randomly vary UHECR directions and evaluate         distribution!
• Keeping detector-specific declination-dependence!
• 100,000 randomly generated data sets

Angular error of i-th neutrino event

Good-fit (forms a basis of correlation)

p - value: ! !
!
• Number of times Nhits within                in simulated data sets/100,000
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Cross-correlation Results, >100 EeV

Small hint of correlation 
between UHECRs and 
cosmic neutrino data!
!
~90% chance probability!
!
Dominated by PAO data

• Two null distributions: 
• Semi-isotropic null (red) 
• Exposure-corrected null (green)

15



Cross-correlation Results, >80 EeV, >60 EeV

Significance (p-value) decreases with decrease of energy threshold
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Source search around UHECR directions

UHECRs	
  (>100	
  EeV)	
  must	
  be	
  
correlated	
  with	
  one	
  or	
  more	
  ν 

events	
  
!

Search	
  within	
  a	
  3o	
  error	
  circle	
  
around	
  UHECR	
  directions	
  

!
Search	
  within	
  z=0.06	
  
!
Use	
  X-­‐ray,	
  gamma-­‐ray,	
  radio	
  
source	
  catalogues	
  

• UHECRs, >100 EeV, in 
correlation with neutrinos 
point to sources in Swift 
BAT X-ray catalog!
!

• Sources are dominantly 
weak AGNs (Syfert 
galaxies)
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Summary

Huge gamma-ray Fermi bubbles at the Galactic center !

5-9 neutrino events are spatially correlated with FB!

Neutrinos follow gamma rays naturally in hadronic mechanism!

HAWC will be able to establish FB as neutrino source or constrain 

the hadronic model of gamma-ray emission!

!
Extragalactic neutrino sources!

Some hints (90% CL) of correlation with UHECRs, >100 EeV!

UHECRs in turn point to X-ray bright sources in Swift-BAT catalog!

Dominantly Seyfert galaxies (AGN) !

More data will be needed …
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FB from Galactic Center Starburst Activity

Total&energy&output&rate&(power)&from&SNe&around&the&Galactic&Center&

PSN = ESN × rateSN 

          ≈ 1051 erg × 0.04/100 yr  ≈ 1.3×1040 erg/s 

Bubble&formation&time&scale&

Tbbl > ngasVbbl/εMw ~ 3×109ε�1 yr 

Total&mass&loss&rate&in&wind:&&

From infrared 
luminosity 

Mw ~ 0.03 Msun/yr 
!&

wind&speed:&& vw ≈ (2PSN/Mw)½  ~ 1200 km/s 
!&

!&

~0.01/cc, 2 blobs of r = 3.5 kpc Su,$Slatyer$&$
Finkbeiner$2010$

Shock9accelerated&cosmic9ray&power&in&wind&

PCR ~ 0.1PSN ~ 1039 erg/s 

These&cosmic9rays&interact&with&bubble&gas&to&
produce&π0&decay&γ’s&on&a&time&scale&

tpp ≈ (ngasσppκppc)�1 ~ 5×109 yr&Hadronic model by Crocker$&$Aharonian$2011$! 27&



Results with energy rescaling, >100 EeV

Energy of TA events are rescaled down by 25%!
10 TA events ==> 4 TA events!
No significant correlation for TA or TA+PAO data

A. Aab et al. [TA and PAO 
Collaborations] 2014



X-ray, Neutrino and UHECR Luminosities


