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Prob(E,Z,A,xB,D), with  
multi-correlated parameters,  
built upon four simple observations:
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1. from GZK, higher E, <=> fewer local sources 
2. from GZK/photonuclear prod’n,  

1. higher E <=> higher A 
3. higher E <=> smaller angular bending 
4. local discreteness  must be considered 

(cosmic variance, ensemble averaging) 
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Luis’ figure says a lot:
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ie,
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predicts that:
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Starburst Galaxies:
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Starburst Postulate is Testable: 
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Earlier, prescient, influential papers:
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Loeb and Waxman (astro-ph/0601695) 
He, Kusenko, … (1411.5273) 

…, Kamionkowski, …(1512.04959) 
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eg, H.-N. He,  A. Kusenko, …
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Starburst Galaxies:
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Starburst Galaxies
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ysis also reveals how fast the gas is moving. Approaching gas
emits light shifted toward the blue end of the spectrum, and
receding gas emits light shifted toward the red end.

Until recently, astronomers unraveled gas behavior by means
of two complementary methods: emission-line imaging and
long-slit spectroscopy. The first produces images through a
filter that selects light of a particular wavelength emitted by an
element such as hydrogen. Such images often dramatically
reveal the filamentary patterns of explosions, but they cannot
tell observers anything about the speed or direction of the gases’
motions, because the filter does not discriminate finely enough
to measure redshifts or blueshifts. Long-slit spectrometers,
which disperse light into its constituent colors, provide detailed
information about gas motions but only over a tiny region.

For almost a decade, our group has used an instrument that
combines the advantages of these two methods without the
main drawbacks. The Hawaii Imaging Fabry-Perot Interfer-
ometer (HIFI) yields detailed spectral information over a
large field of view. Named after the turn-of-the-century French
inventors Charles Fabry and Alfred Perot, such interferometers
have found wide-ranging applications in astronomy. At their
heart are two glass plates that are kept perfectly parallel
while separated by less than a twentieth of a millimeter. The
inner surfaces of the plates are highly reflecting, so light pass-
ing through the plates is trapped into repeated reflections.
Light of all but a specific wavelength—determined by the pre-
cise separation—is attenuated by destructive interference as
the light waves bounce back and forth between the plates. By
adjusting the separation between the plates, we can produce a
series of images that are essentially a grid of spectra obtained
by the interferometer at every position over the field of view.

The HIFI takes its pictures atop the 4,200-meter dormant
volcano Mauna Kea, using the 2.2-meter telescope owned by
the University of Hawaii and the 3.6-meter Canada-France-
Hawaii instrument. The smooth airflow at the mountaintop
produces sharp images. Charge-coupled devices, which are very
stable and sensitive to faint light, collect the
photons. In a single night, this powerful com-
bination can generate records of up to a mil-
lion spectra across the full extent of a galaxy.

We have used the HIFI to explore NGC
1068, an active spiral galaxy 46 million light-
years away. As the nearest and brightest gal-
axy of this type visible from the Northern
Hemisphere, it has been studied extensively.
At radio wavelengths, NGC 1068 looks like
a miniature quasar: two jets extend about
900 light-years from the core, with more dif-
fuse emission from regions farther out. Most
likely, emission from gaseous plasma mov-
ing at relativistic speeds creates the radio
jets, and the “radio lobes” arise where the
plasma encounters matter from the galactic
disk. As might a supersonic aircraft, the lead-

ing edge of the northeast jet produces a V-shaped shock front.
The same regions also emit large amounts of visible and ul-

traviolet light. We have found, however, that only 10 percent of
the light comes from the nucleus. Another 5 percent comes
from galaxy-disk gas that has piled up on the expanding edge
of the northeast radio lobe. All the rest comes from two fans
of high-velocity gas moving outward from the center at speeds
of up to 1,500 kilometers per second.

The gas flows outward in two conical regions; it is probably
composed of dense filaments of matter that have been swept
up by the hot wind from the accretion disk. The axis of the
cones of outflowing wind is tilted above the plane of the galaxy
but does not point toward the poles.

The effects of the activity within the nucleus reach out sev-
eral thousand light-years, well beyond the radio lobes. The
diffuse interstellar gas exhibits unusually high temperatures
and a large fraction of the atoms have lost one or more elec-
trons and become ionized. At the same time, phenomena in
the disk appear to influence the nucleus. Infrared images reveal
an elongated bar of stars that extends more than 3,000 light-
years from the nucleus. The HIFI velocity measurements sug-
gest that the bar distorts the circular orbit of the gas in the
disk, funneling material toward the center of the galaxy. This
inflow of material may in fact fuel the black hole.

Nearby Active Galaxies

A

nother tremendous explosion is occurring in the core of 
one of our nearest neighbor galaxies, M82, just a few 
million light-years away. In contrast to NGC 1068,

this cataclysm appears to be an archetypal starburst-driven
event. Images exposed through a filter that passes the red light
of forming hydrogen atoms reveal a web of filaments spraying
outward along the galactic poles. Our spectral grids of emission
from filaments perpendicular to the galactic disk reveal two
main masses of gas, one receding and the other approaching.

Colossal Galactic Explosions Magnificent Cosmos 77

OUTPOURING OF GAS 
rapidly becomes turbulent in this computer simu-

lation of an active starburst-driven galaxy. A tem-
perature map (left) shows how the hot gas ema-
nating from the nucleus displaces the cooler ga-
lactic gas around it. The resulting shock appears

clearly in a map of gas density (right).
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At issue, pointed out by Ahlers et al, contribution of 
Starburst Galaxies to IceCube nu flux is naively too LOW !
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But see Murase/Waxman (1607.01608) for E-2,
… K. Fang for choked sources, or postulate 
separate, designer  (DM?) source 
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⌫

Conclusions:  

“ensemble fluctuations” important, 
may well determine source(s) of UHECRs. 
We feel Starbursts are a contributor. 
(“Competition” exists: - the Blazer crowd 
   Kamionkowski et al, Tidal Disruptions (1512.04959) 

 Hooper et al - Radio Galaxies (1612.06462) 
       - etc.  

µ

A few might be correct !
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Extra Slides
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from Ahlers et al:
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Glashow’s peak:
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Emax
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Neutrino Energy Maximum: 

J.G.Learned and T.J. Weiler, arXiv:1407.0739

In what frame? 

Nature provides THE preferred frame, the Cosmic Rest Frame. 
So    
can be written as  

And                 transforms as usual four-vector.

Emax

⌫

(pmax

⌫ )�

uCRF

� (pmax

⌫ )� , where uCRF

� = (1,~0).
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Neutrino maximum energy (cont.) 
another way:
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Glashows may receive  
help from IceCube  
Gen-2:
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Glashow Resonance - Formulas:

✓
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Glashow event rates vs. continuum: 
TABLE II: Ratio of resonant event rate around the 6.3 PeV peak to non-resonant event rate above
Emin

⌫ = 1, 2, 3, 4, 5 PeV. The single power-law spectral index ↵ is taken to be 2.0 and 2.3
for the non-parenthetic and parenthetic values, respectively. As an example, the single power-law
extrapolation from the three events observed just above 1 PeV predicts a mean number of observed
resonance events around 6.3 PeV equal to the first numerical column times 3.

Emin

⌫ (PeV) 1 2 3 4 5

pp ! ⇡± pairs 0.33 (0.29) 0.50 (0.53) 0.64 (0.77) 0.76 (1.0) 0.87 (1.2)

damped µ± 0.22 (0.18) 0.33 (0.34 ) 0.42 (0.50) 0.49 (0.64) 0.56 (0.79)

p� ! ⇡+ only 0.14 (0.12) 0.22 (0.23 ) 0.28 (0.33) 0.33 (0.43) 0.38 (0.53)

damped µ+ 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

charm decay 0.37 (0.32) 0.56 (0.60) 0.72 (0.86) 0.85 (1.1) 0.98 (1.4)

neutron decay 1.1 (0.94) 1.7 (1.8) 2.1 (2.5) 2.5 (3.3) 2.9 (4.0)

⌫
1

decay on L/E scales of astrophysical interest. In the case of a normal hierarchy (with
mass ordering m⌫1 < m⌫2 < m⌫3), the ⌫

2

and ⌫
3

mass eigenstates may decay completely to
⌫
1

, whose flavor content ratios are |Ue1|2 : |Uµ1|2 : |U⌧1|2 = 4 : 1 : 1 for both ⌫ and ⌫̄. The
⌫̄e content of the neutrino flux at Earth is then 1/3 which may be an enhancement. On the
other hand, if the mass hierarchy is inverted (with m⌫3 < m⌫1 < m⌫2), then both ⌫

1

and ⌫
3

are stable and a variety of final flavor ratios are possible, depending on the intial ratios of
⌫
1

, ⌫
2

, and ⌫
3

, and the decay mode of ⌫
2

.
Another possibility for deviations from standard flavor mixes [17] arises in scenarios of

pseudo-Dirac neutrinos [18], in which each of the three neutrino mass eigenstates is a doublet
with tiny mass di↵erences less than 10�6 eV (to evade detection so far).2 The smallness of the
mass di↵erence tells us that the mixing angle between the active state with SU(2) couplings,
and the sterile state without, is necessarily maximal. For cosmically-large L/E, the flux of
each active flavor is therefore reduced by a half. Of course, if all three flavors are reduced by

2 In fact, observing an energy-dependence of flavor mixes of high energy cosmic neutrinos is the only known

way to detect mass-squared di↵erences in the range (10�18 , 10�12) eV2.
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