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The Very High Energy sky 
•  gamma ray astronomy: a mature field  

•  1989 : first detection of ~ TeV gamma rays 

•  revealed sites of hadron acceleration 

•  neutrino counterpart expected 

Weekes et al. [Whipple Observatory]  ApJ 342, 1989, 379-395 
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at conferences. MACRO has been detecting muon neutrinos since 1989 while it was still under

construction. We present here the results of the search for astrophysical neutrino sources with

MACRO during the period March 1989 - September 1999.

2. Neutrino astronomy

Astrophysical neutrinos can be produced in the interactions of protons accelerated by compact

sources with a target around the source (gas of matter or photons). This is the most plausible model

for a neutrino source, the so called “beam dump model” (28; 29). The acceleration process requires

the presence of a strong magnetic field with sufficient local gas to act as a beam dump. The column

density of the gas in the source is assumed to be larger than the nuclear depth (xN ∼ 70 g/cm2),

but smaller than the neutrino absorption depth due mainly to νN interactions (xν ∼ 3 · 1012 · 100
GeV/Eν g/cm2 and xν̄ ∼ 6 · 1012 · 100 GeV/Eν̄ g/cm2 (28)). The chain of reactions is:

p + N(γ) → π0 + π± + ...

↘ γ + γ ↘ µ± + νµ(ν̄µ)

↘ e+ + νe + ν̄µ (e− + ν̄e + νµ) .

(1)

Neutral pions produce the observed photons; from the same chain it is expected the production

of charged pions and kaons which can decay producing neutrinos and muons. Moreover, muons

decay too. The result are neutrinos and antineutrinos of electron and muon flavors. Neglecting

the photon absorption effect, which is subject to very large uncertainties, the neutrino flux have

at least the same spectral shape and intensity with respect to the gamma ray flux; hence very

low neutrino event rates are expected due to the small neutrino cross section. The presence of

! 100 TeV gamma ray sources should guarantee the existence of neutrino sources, but no reliable

information could be drawn on neutrino fluxes from gamma ray ones because they are subject to

non negligible absorption.

Cosmic accelerators produce a power law spectrum:

dφ

dE
∝ E−(γ+1) (2)

where γ ∼ 1 + ε, with ε a small number. The first order Fermi acceleration mechanism in strong

shock waves has the attractive feature of resulting in this kind of power spectrum (30) and it

predicts a spectral index γ ∼ 1. The primary cosmic ray spectrum is thought to be steeper than

the one resulting from a cosmic accelerator because of the energy dependence of the cosmic ray

diffusion out of the Galaxy, as explained in (29).

Primary cosmic rays interact with the nuclei in the atmosphere and produce cascades from

which atmospheric neutrinos of muon and electron flavor originate from the decays of pions, kaons

and muons. Up to now, only atmospheric neutrinos with energies above 100 MeV have been

detected by underground detectors. If all the parent mesons of atmospheric neutrinos decay the

Berezinsky & Zatsepin, PLB28 (1969) 423-424 



•  neutrino astronomy: an infant field 
•  2013 : first detection of  PeV astrophysical neutrinos 

•  looking for single source for multi-messenger study 
•  case-study to develop in detail 
•  close, bright candidates: Galactic Center, Fermi Bubbles 
 

Aartsen et al. [IceCube coll.], PRL 111 (2013) 021103, 
Science 342 (2013) 1242856, PRL113 (2014) 101101 
 



Fermi Bubbles: a new galactic structure 

•  Fermi-LAT discovery 
•  spheroids, D≈8 kpc 
•  0.5 – 500 GeV γ rays 

•  possible origins 
•  exotic 
•  leptonic 
•  hadronic à neutrino 

counterpart! 

Su, Slatyer & Finkbeiner, ApJ. 724, 
1044 (2010) 

Artist’s concept, NASA/GSFC 



uniform projected 
intensity: puzzling!  

parent proton spectrum: 
power-law with cutoff 

M. Ackermann et al. 2014 ApJ 793 64  

Su, Slatyer & Finkbeiner, ApJ. 724, 1044 (2010) 

Hadronic model  



Neutrinos from (hadronic) Fermi Bubbles 
• New signal for Km3 detectors 
•  detectable for multi-PeV proton cutoff 
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FIG. 2: (a): The expected ⌫µ + ⌫̄µ flux (solid lines) from the
FB (before oscillations), normalized to the gamma-ray flux, as
a function of the energy, for di↵erent proton spectral indices,
k, and di↵erent cuto↵s of the primary proton spectrum, E0.
Solid, red: k = 2.1; dotted, black: k = 2.3. For each we show,
from thin to thick: E0 = 1, 3, 10, 30 PeV. For comparison,
we also show: (i) the atmospheric neutrino flux [35] averaged
over 25�-95� zenith angle, (ii) the ANTARES upper limit [32]
and (iii) the di↵use flux that best fits the IceCube data [2].
The other two panels show the distribution (normalized to 1)
of the flux in sin ✓ (with ✓ the declination angle) (b), and in
the right ascension, �, (c), for each bubble (solid) and the
total for both (dotted).

above an energy threshold Eth, as a function of Eth. We
observe that, for E0 >⇠ 10 PeV, the signal rises above
the background, by up to ⇠2 orders of magnitude for the
most optimistic flux model. Specifically, for E0 = 30 PeV
and Eth = 104.6 GeV, we find 23 signal and 2 back-
ground events, amounting to a ⇠ 4.4 � excess due to
the FB. For the same parameters, a significance of 3�

4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0
0.001

0.01

0.1

1

10

Log[Eth/(GeV)]!

Ev
en

ts
 /1

0 
ye

ar
!

10-3!

10-2!

10-1!

1!

10!

4.6! 4.8! 5.0! 5.2! 5.4! 5.6! 5.8! 6.0!4.4!

 IceCube best fit!
Cascades + tracks !
Tracks!

(a)!

4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0
0.001

0.01

0.1

1

10

Log[Eth/(GeV)]!

Ev
en

ts
 /1

0 
ye

ar
!

10-3!

10-2!

10-1!

1!

10!

4.6! 4.8! 5.0! 5.2! 5.4! 5.6! 5.8! 6.0!4.4!

(b)!

FIG. 3: Events expected at IceCube per decade, as a function
of the neutrino energy threshold Eth, for the primary proton
spectrum index k = 2.1 (upper panel) and k = 2.3 (lower
panel). Solid: FB signal, for the total of shower- and track-
like events (thick) and for track-like events only (thin). The
arrows indicate the e↵ect of varying the primary spectrum
cuto↵ in the interval E0 = 1 � 30 PeV. Dashed: the same
but from atmospheric fluxes. Dot-dot-dashed: showers- and
track-like events from the IceCube best-fit flux in Fig. 2(a).

would be obtained with about 7 years of running time.
The time needed for discovery might be shorter with the
use of detailed statistical analyses of the spatial corre-
lation with the bubbles, and/or if a compatible excess
is observed in track events at a detector in the Northern
hemisphere [31, 33]. For the most conservative spectrum,
E0 = 1 PeV, the background is comparable to the sig-
nal for all thresholds, therefore, detections prospects are
poor. For the steeper spectrum, k = 2.3 (fig. 3(b)),
conclusions are similar, overall. However, even for the
most optimistic spectrum, the signal/background ratio is
modest, and becomes significant only above ⇠ 105 GeV,
where the event rate is small.

Fig. 4 gives the distribution of signal and background
events per decade in bins of neutrino energy [? ]. The
width of the bins are chosen such that in each bin the
highest energy is 4 times the lowest energy, which is
roughly the maximum uncertainty in reconstructing the
neutrino energy from the deposited energy in case of neu-

Crocker and Aharonian, PRL 106, 2011 

C.L. and S. Razzaque, PRL 108, 221102 (2012) 
Adrian-Martinez et al. [ANTARES coll.] EPJ. C74 (2014) 
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C.L., Razzaque, Theodoseau and Yang,  
PRD90, 023016 (2014). 



Already detected? 
•  5 IceCube data strongly correlated 

•  central value within the FB solid angle 
•  consistent with Fermi-LAT data with hadronic model, multi-PeV 

cutoff 

Neutrino Events at Icecube and the Fermi Bubbles

Cecilia Lunardini,1, ⇤ Soebur Razzaque,2, † Kristopher T. Theodoseau,1, ‡ and Lili Yang1, §

1Department of Physics, Arizona State University, Tempe, AZ 85287-1504
2Department of Physics, University of Johannesburg,
PO Box 524, Auckland Park 2006, South Africa

We discuss the possibility that the IceCube neutrino telescope might be observing the Fermi
Bubbles. If the bubbles discovered in gamma rays originate from accelerated protons, they should
be strong emitters of high energy (>⇠ GeV) neutrinos. These neutrinos are detectable as shower-
or track-like events at a Km3 neutrino observatory. For a primary cosmic ray flux with spectrum
/ E�2.1 and cuto↵ energy at or above 10 PeV, the Fermi Bubble flux substantially exceeds the
atmospheric background, and could account for up to ⇠ 4� 5 of the 28 events detected above ⇠30
TeV at IceCube. Running the detector for ⇠ 5� 7 more years should be su�cient to discover this
flux at high significance. For a primary cosmic ray flux with steeper spectrum, and/or lower cuto↵
energy, longer running times will be required to overcome the background.

Very recently, the study of the sky at high energy has
received a new impulse by the IceCube observation of
an excess of neutrino flux, relative to the atmospheric
neutrino background, above ⇠ 30 TeV [1, 2]. Of a total of
28 events, 21 are showers (or “cascades”), mostly caused
by electron and tau neutrinos. For the remaining 7 events
a muon track has been identified, thus indicating a muon
neutrino scattering. Two of the shower events exceed 1
PeV of deposited energy [1], while the other 26 events are
below ⇠ 250 TeV. The 28 events observed at IceCube are
a milestone in the field of neutrino astronomy, and have
triggered a feverish activity to understand their meaning
and their physics potential.

When comparing the data to theoretical models of high
energy neutrino fluxes, it is natural to expect that multi-
ple sources might contribute to the observed signal. Al-
though prompt atmospheric neutrinos could fit some of
the data [3], distant astrophysical sources are the most
natural explanation. Cosmological emitters would likely
produce a uniform, di↵use flux, and the spatial distri-
bution of the events is compatible with this hypothesis.
Recent literature discusses the cases of gamma ray bursts
[4] and their lower-powered counterparts [5, 6], starburst
galaxies[7–9], cores of active galactic nuclei [10, 11] and
active galaxies [12], as well as intergalactic shocks [13].

In addition to a di↵use extragalactic component,
Galactic sources would appear as anisotropies, spatially
correlated with the Galactic disk and bulge. Recent anal-
yses suggested spatial correlation of the IceCube data
with unidentified TeV Galactic sources [14], with the
Galactic Center [15] and the Fermi Bubbles [15, 16].
Origination from known Galactic TeV sources [17], and
from the galactic plane in general [18, 19] has also been
studied. Beyond the standard model, ideas include the
decay of heavy relics (Galactic and extragalactic) [20, 21]
and new physics contributions to the neutrino cross sec-
tions [22].

The focus of this paper is to explore the detectability of
the Fermi Bubbles (FB) at IceCube. Discovered in 2009
by Fermi-LAT [23], the bubbles are extended gamma-
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FIG. 1: (a): The IceCube events in equatorial coordinates,
with their median angular errors, from [2]. The contours of
the Fermi Bubbles are shown as well. (b): The time and
(deposited) energy distribution of the events that are spatially
correlated with the bubbles.

ray sources of globular shape, protruding symmetrically
out of the Galactic Center (GC) up to a distance of ⇠
9 kpc. Their origin, and the production mechanism of
gamma rays, are yet unknown. Leaving aside possible
new physics [24–28], concentrated high rate of supernova
activity near the GC [29, 30] or accretion of gas by the
GC black hole at a high rate in recent past [23] are the

C.L., Razzaque, Theodoseau and Yang, PRD90, 023016 (2014). 

S. Razzaque, PRD 88, 081302 (2013) 
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The first neutrino-gamma connection? 
•  the Fermi Bubbles could be the first individual source 

seen in both VHE neutrinos and gamma rays 

•  energy gap: connection is indirect 

•  new data at 0.1- 100 TeV highly desirable 
•  bridge gap, study γ and ν spectrum in same energy window  

5/8/15 10:54 AMA History of Gamma-Ray Astronomy Including Related Discoveries

Page 13 of 13http://heasarc.gsfc.nasa.gov/docs/history/
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– Weidenspointner et al. announce the discovery, based on INTEGRAL SPI observations, that the 511-keV annihilation-line radiation from the Galactic
Center is lopsided. The distribution of 511-keV intensity correlates with the locations of LMXBs. The LMXBs are suggested to be the likely source of
at least some of these gamma rays.

– The apparently brightest GRB ever is detected on March 19 via the Swift satellite and several ground-based instruments. The optical emission was
bright enough to have been briefly visible to the naked eye, in spite of the large distance (redshift = 0.937).

– VERITAS is used to detect TeV photons from the intermediate BL Lac object W Comae.

– MAGIC-I is used to detect the Crab Pulsar. This is the first detection of a pulsar by a ground-based gamma-ray telescope.

– The Fermi Gamma-ray Space Telescope (formerly known as GLAST, the Gamma-ray Large Area Space Telescope) is launched on June 11. It carries
an instrument that is exceptionally sensitive to high-energy gamma rays, as well as a GRB monitor.

– A young, radio-quiet pulsar is discovered in SNR "CTA 1" via Fermi/GLAST observations. Several of the unidentified EGRET sources in star-
forming regions and near SNRs turn out to be such pulsars.

– The most energetic GRB ever detected is observed on September 16 via the Swift and Fermi satellites. It is the first GRB detected by the Fermi LAT
(Large Area Telescope). The burst is twice as energetic as GRB990123, the previous record holder.

– The most distant GRB ever observed is detected on April 23 via the Swift satellite. Follow-up ground-based observations measure the redshift to be
8.2, which translates into a distance of more than 13 billion light years. This GRB is also the most distant object ever detected by humankind, except
for the CMB.

– The Fermi LAT detects GeV gamma rays from a short GRB on May 10.

Page author: Dr. Peter J.T. Leonard 
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The near future: HAWC and IceCube 
 



High Altitude Water Cherenkov (HAWC) 
(HAWC) Observatory 

•  air shower array 
•  Mexico, 4100 m altitude, 300 water tanks, 22000 m2 

•  completed and running since March 2015.  

•  photon-induced airshowers 
•  0.1 – 100 TeV window 
•  0.1° resolution for E>5 TeV 
•  effective area ~ 105 m2 for E>3 TeV 

•  large field of view 
•  2 π sr ,~60° zenith aperture 

The HAWC experiment and its sensitivity to gamma-ray bursts
Dmitry Zaborov1 for the HAWC collaboration
1Pennsylvania State University, University Park, PA, USA

Gamma-Ray ObservatoryGamma-Ray Observatory

VAMOS
(test array)

HAWC
(under construction)

Recent observations by Fermi LAT [1,2] suggest that the 
high-energy emission of some GRBs extend at least to 
30 GeV (90 GeV when corrected for redshift). However 
at energies above 10 GeV, the data are very sparse due 
to limited effective area of Fermi LAT (0.8 m2) and the 
decrease of the gamma-ray flux with energy.  The 
extension of these observations to higher energies 
requires a detector with much larger effective area.

New observations at the 
highest energies will shed 
new light on the physics 
mechanisms responsible for 
GRBs and properties of the 
extragalactic background 
light (EBL).

e+

e-

~eV γ

~TeV γ

EBL
absorption

The High Altitude Water Cherenkov Observatory 
(HAWC) is an air shower array currently under 
construction in Mexico at an altitude of 4100 m. 
HAWC will consist of 300 large water tanks covering 
an area of about 22000 square meters and 
instrumented with 4 photomultipliers each. 

Introduction

The HAWC observatory

Saddle point between Pico de Orizaba and Sierra 
Negra with a simulated view of HAWC. 

97.3°W, 19.0°N, 240 km 
East of México City.

Water tanks are 7.3 m 
in diameter and 4.5 m 
tall. Each tank will 
contain 200,000 liters of 
water and 4 upward 
looking PMTs (three 8” 
and one 10” tube)

The experiment is built by a collaboration of ~100 
scientists and engineers from US & Mexico.  The 
VAMOS engineering array, consisting of 6 water tanks 
with 31 PMTs, is operational since summer 2011. 

The detector layout. Each circle represents one water 
tank. Tanks cover >60% of the detector area.

High-energy shower particles 
(e.g. electrons) hit a water 
tank, producing Cherenkov 
light which is then detected 
by PMTs. Hit arrival times are 
used to reconstruct the 
incident direction of the 
shower. 

The detector is sensitive to photon-induced air 
showers in the TeV and sub-TeV range. Effective area 
approaches ≈105 m2 at high energy (E > 3 TeV). The 
energy threshold in triggered mode is about 30 GeV. 
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First science with VAMOS
The VAMOS test array collected ≈3 months of raw 
data (live time) starting October 2011. The data can be 
used to search for high energy emission from GRBs, 
although with a ≈20-fold reduced sensitivity compared 
to the full HAWC array. Such an analysis has been 
exercised for a long-duration, intense GRB 111016B, 
detected by the IPN network, including Konus-Wind.

HAWC is a new generation wide field of view gamma-
ray telescope currently under construction in Mexico. 
The high altitude, high duty cycle and large field of 
view make HAWC a suitable detector of gamma-ray 
bursts. HAWC will provide a realistic opportunity to 
observe the high-energy power law components of 
GRBs that extend at least up to 30 GeV. HAWC 
measurements will provide valuable information on the 
high-energy cutoff in the intrinsic GRB spectra and/or 
EBL absorption cutoff.  While the main detector 

Summary
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Detector performance

Brightest GRBs detected by Fermi should be observable 
with HAWC if the cutoff is above ~100 GeV. 

Above: Upper limit on high energy emission from GRB 
111016B imposed by VAMOS main DAQ data. The limit 
is given at 90% confidence level for two energy bands 
(31.6 to 100 GeV and 100 to 316 GeV).  The spectral fit 
reported by Konus-Wind (GCN circular 7482) is 
shown for comparison. The scalers analysis provides 
further improvement upon the limits presented here.

array is being 
constructed, 
first science 
results already 
start coming, 
one of them 
being the study 
of 111016B 
with VAMOS 
presented 
above.

Above: Sensitivity of HAWC using the main DAQ and 
scalers as a function of burst duration. The source 
zenith angle is set to 20º. EBL absorption is modeled 
according to [3]. The Fermi LAT curve corresponds to 
1 photon above 10 GeV. Scalers complement the main 
DAQ, covering short GRBs with soft spectra and cutoffs 
<100 GeV. For a detailed report on HAWC sensitivity 
to GRBs see [4].

Angular resolution of 0.1º can be achieved at E > 5 TeV.  
Rejection of hadronic showers relies on the shower 
lateral size and high amplitude pulses produced by 
muons. Scalers, the second HAWC DAQ, will measure 
PMT counting rates. A sudden increase in counting 
rates may reveal a GRB. This method provides an 
energy threshold of a few GeV. 

Above:  The sensitivity (flux level detectable at 5σ 
significance with 50% probability) using the main DAQ 
as a function of spectral index for various values of a 
sharp high-energy spectral cutoff. The duration of the 
burst is fixed to 1 s and the zenith angle is 20º. 

Gamma-induced atmospheric showers can be directly 
detected at HAWC altitude. 
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from https://hawc.wipac.wisc.edu/ 



Observing the N bubble for ~2-3 hrs/day 
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Fluxes and event rates at HAWC and 
IceCube 
 



Flux calculation: ingredients 
• Parent proton spectrum:  

•  For Supernova Remnants (SNR) : k~ 2.1- 2.3,  E0 ~ 1-30 PeV 
•  Remains hard due to saturation (tacc < tloss<tesc) 

 
• Avg. gas density: 

•  favored by ROSAT data 

• Numerical calculation needed above 10 GeV 
•  Parameterization of SYBILL code was used  

Crocker and Aharonian, PRL 106, 2011 

M. Su, T. R. Slatyer and D. P. Finkbeiner, ApJ 724, 1044 (2010) 

Kelner, Aharonian and Bugayov, PRD 74, 034018 (2006) 
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FIG. 1: Map of the Fermi Bubbles in equatorial coordinates
(red solid contours). The blue dots show the IceCube events
that are spatially strongly correlated with the FB with their
sequence numbers [4] and their positional errors (blue ellipses,
see text). Also shown are the contours of the HAWC’s field
of view (0.6  cos ✓  1), for which the e↵ective area is
published [17], at several times of the day (magenta dashed
contours). The shaded curves represent the inner Galaxy re-
gion (corresponding to Galactic coordinates �80�  l  80�,
�8�  b  8�) and the low intermediate latitude region
(0�  l  360�, 10�  |b|  20�), where Fermi-LAT has
measured di↵use Galactic gamma-ray emission [18].

Observing the FB with HAWC and IceCube. — The FB
are extended sources in the sky subtending a total solid
angle ⌦FB ' 0.808 sr [5]. Depending on its field of view,
location and time of the day, a detector on Earth will be
able to observe only a fraction, f⌦, of this solid angle.
Due to its privileged location near the South Pole, Ice-
Cube has f⌦ ' 1 [12], meaning that it is equally sensitive
to the FB at all times of the day.

Instead, for HAWC f⌦ is time-dependent. HAWC is
located in the Northern hemisphere, at longitude 97.3�
W and latitude 19.0� N. Its field of view has a half-
opening angle � ' 60�, meaning that it will be able to
observe objects at angular distance ✓ < � from its zenith
(cos ✓ > cos � = 0.6). Fig. 1 shows the FB in equato-
rial coordinates in comparison with the time-dependent
region observed by HAWC. We see that the north bub-
ble is observable entirely at least for 2-3 hours in a day,
while instead only a small portion of the south bubble is
accessible to HAWC.

For the purpose of obtaining event rates at HAWC,
we have calculated the daily-averaged fraction of the
solid angle [20], hf⌦(✓1, ✓2)i, that is subtended by the
FB and falls in angular bins defined by the values
cos ✓ = 0.6, 0.7, 0.8, 0.9, 1. These bins correspond to the
intervals for which the HAWC e↵ective are is reported
[17]. For each bin, in order of increasing cos ✓, we find
hf⌦(✓1, ✓2)i = 4.5⇥ 10�2

, 3.5⇥ 10�2
, 4.1⇥ 10�2

, 1.0⇥
10�2. On average, only a few percent of ⌦FB falls within
a certain zenith bin. This plays the role of an e�ciency
factor in the calculation of the event rates.

We model the expected neutrino and gamma-ray fluxes

in a simple hadronic model, with primary proton spec-
trum of the form dNp/dE / E

�k exp(�E/E0) and pp

interactions with dilute gas in the FB, as described in
details in ref. [12]. We focus on relatively hard spectra,
with k ' 2.2 � 2.3 and E0 ⇠ 3 � 30 PeV, that are re-
quired by the interpretation of the five neutrino data in
fig. 1 as due to the FB [14]. In Fig. 2, the gamma ray
and neutrino fluxes are shown for k = 2.25, E0 = 30
PeV. Using a �

2 test, we checked that these spectra are
a good fit of the Fermi -LAT observation of both bubbles.
In particular, �

2
/dof ⇡ 13/40, even after penalizing the

�

2 when the fit violates the upper limits (last four en-
ergy bins of the Fermi -LAT data), which are treated as
half-Gaussian. Of course, the Fermi -LAT data alone are
also compatible with a lower-energy cuto↵ in the proton
spectrum, and slightly favor E0 ⇠ O(10) TeV [6]. These
values would require a di↵erent explanation, other than
the FB, for the neutrino data.
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FIG. 2: The spectrum of the gamma-ray flux from the FB
(crosses), as measured by Fermi-LAT [6]. The shaded areas
indicate the systematic errors. The solid curve is the corre-
sponding prediction of a hadronic model (parameters in the
inset). The counterpart neutrino flux is shown too (dashed),
and compared with the flux required by the IceCube data (the
three dots at high energies, with error bars), in the assump-
tion that FB are the sources of the five neutrino events that
are strongly correlated with them spatially [14]. The neu-
trino errors assume Poisson statistics, following Pearson’s �2

intervals approach [21, 22]. The atmospheric neutrino back-
ground [23], averaged over 25� � 95� zenith angle, is shown
for comparison (steep solid line).

Results: VHE gamma-ray and neutrino event rates. —
As is typical of high energy cosmic-ray detectors, the
response of HAWC and IceCube to a given flux � (of
gamma rays and neutrinos, respectively) can be param-
eterized by an e↵ective area, A(E, ✓), which depends on
the particle arrival direction and energy. In the assump-
tion that the FB are uniformly bright in gamma rays
(and hence in neutrinos in hadronic models) [5, 6, 12],
� is zenith-independent. The number of events with pri-
mary particles in a certain zenith bin, [✓1, ✓2], and for an
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•  Fit to Fermi-LAT data:  χ2/dof = 13/40 after penalizing for violation of upper limits 
 
•  IceCube errors: Poisson statistics (C.L. > 55%)   
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exposure time T , is given by [12]

N =

Z T

0
dt

Z

�(t)
�1⇥�⇥�2

d⇤

Z ⇤

Eth

dE⇥(E)A(E, �)

⌅ T ⇧f⇥(�1, �2)⌃⇤FB

Z ⇤

Eth

dE⇥(E)⇧A(E)⌃� , (1)

where the zenith-averaged e⌅ective area (for each bin) is
used as an approximation. Here �(t) indicates that the
integral in the solid angle is done over the region of the
bubbles for which the condition on the zenith angle is sat-
isfied. An expression similar to eq. (1) also applies to the
calculation of background rates in the two experiments,
which is required to evaluate statistical significance of a
signal from the FB.

For neutrino event rate calculation in IceCube, we
adopt the same method as in [14], using the averaged
e⌅ective area as in ref. [3] for each neutrino flavor. The
main background here is due to the flux of atmospheric
neutrinos [23], shown in Fig. 2. The FB and atmospheric
neutrino flux models well-reproduce the 5 cascade events
that are strongly-correlated with the FB spatially, over a
1000 day IceCube live time (see Fig. 3).

FIG. 3: Solid histogram - number of gamma ray events (in log-
arithmic scale) from the FB at HAWC, in bins of the gamma
ray energy, for 1 day exposure (left vertical axis). The corre-
sponding cosmic ray background is also shown. Dashed his-
togram - number of neutrino events (in linear scale) at Ice-
Cube, in bins of neutrino energy. Here the exposure is 103

days (right vertical axis), and the background is due to atmo-
spheric neutrinos. The primary flux parameters are the same
as in Fig. 2.

For the VHE gamma-ray event rate at HAWC, both
for signal and background, we use the e⌅ective area in
ref. [17]. The absorption of gamma rays due to electron-
positron pair production with photons from starlight or
cosmic microwave background is negligible in the HAWC
energy range. The dominant background in HAWC is due
to cosmic rays, mostly protons and helium nuclei, whose
fluxes are ⇤ 4 � 5 orders of magnitude larger than the
flux of the FB gamma rays. We use the hadron rejection
e⌥ciency for HAWC, which is 5⇥10�3 at energies above
10 TeV, from ref. [24]. Another background is di⌅use
gamma-ray emissions, which have been well measured

by Fermi -LAT [18]. To estimate the gamma-ray back-
ground in di⌅erent sky regions, we adopt the spectra for
the SSZ4R20T 150C5 model (extrapolated to the energies
of interest here) in ref. [18] for the inner Galaxy region,
high and low intermediate latitude region as shown in
Fig. 1. The cosmic electron background is negligible.
Figure 3 shows the signal and background daily event

rates in HAWC from the FB region. With several sig-
nal events per day, HAWC will rapidly accumulate a
high statistics data sample. Although the signal from
the FB is ⇤ 2 � 3 orders of magnitude smaller than
the background, the high statistics will allow to estab-
lish a high significance, given by the number of Gaus-
sian standard deviations with respect to background as
⇥ =

⌥
T
P

i wiSi/
pP

i w
2
i (Bi + Si). Here Si and Bi are

FB signal and background (total of cosmic-ray and dif-
fuse gamma-ray fluxes) event rates, respectively, in each
energy bin i, and wi = Si/Bi. We find that, for the to-
tal of all energy and zenith bins, ⇥ > 3 (⇥ > 5) already
after 10 days (35 days) of running time. After a year of
operation, a significance of at least 5⇥ will be reached in
each zenith bin separately.
Discussion: HAWC-IceCube complementarity. — We

have found that HAWC has an excellent potential to ob-
serve the FB with high significance within a relatively
short time scale. Depending on the parameters, this sig-
nal could be consistent with the hypothesis that the bub-
bles might be the (hadronic) source of the IceCube neu-
trino events that spatially correlate with them. Let us
outline below what can be learned from HAWC and Ice-
Cube, in combination and individually, on the FB.
Figure 4 elaborates on the multi-messenger connec-

tion between the IceCube and HAWC, showing the re-
gions of the parameter space (k = 2.15 � 2.30 and
E0 = 104.5 � 107.5 GeV) that correspond to a given sig-
nal at the two detectors (significance for the HAWC and
number of events for IceCube). It can be seen that, while
HAWC can probe the entire space with high statistical
significance within a year or so of operation, IceCube is
insensitive to a neutrino flux with a spectral cuto⌅ in the
primary proton energy E0

<⇤ 1 PeV, as expected, con-
sidering the higher threshold of IceCube. Therefore, the
di⌅erent combinations of possible outcomes (detection or
exclusion) at the two observatories will be informative of
the spectral parameters.
IceCube has already observed 5 neutrino events that

are correlated in position with the FB (see Fig. 1). With
a few more years of operation, this hint could become a
statistically significant observation of the FB. This ob-
servation would confirm the hadronic hypothesis for the
bubbles, and indicate a primary proton population with
a relatively hard spectrum, k ⌅ 2.15 � 2.25, and high
energy cuto⌅, E0 ⌅ 3 � 30 PeV. It may provide the
best information on the highest energy tail of the FB
spectrum, E >⇤ 0.1 PeV, which is beyond the sensitiv-
ity of Fermi -LAT and HAWC. Furthermore, IceCube
will observe both bubbles, therefore testing the degree
of symmetry between them, in a way that complements
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FIG. 1: Map of the Fermi Bubbles in equatorial coordinates
(red solid contours). The blue dots show the IceCube events
that are spatially strongly correlated with the FB with their
sequence numbers [4] and their positional errors (blue ellipses,
see text). Also shown are the contours of the HAWC’s field
of view (0.6 ⇥ cos � ⇥ 1), for which the e�ective area is
published [17], at several times of the day (magenta dashed
contours). The shaded curves represent the inner Galaxy re-
gion (corresponding to Galactic coordinates �80� ⇥ l ⇥ 80�,
�8� ⇥ b ⇥ 8�) and the low intermediate latitude region
(0� ⇥ l ⇥ 360�, 10� ⇥ |b| ⇥ 20�), where Fermi-LAT has
measured di�use Galactic gamma-ray emission [18].

Observing the FB with HAWC and IceCube. — The FB
are extended sources in the sky subtending a total solid
angle ⇥FB ⇧ 0.808 sr [5]. Depending on its field of view,
location and time of the day, a detector on Earth will be
able to observe only a fraction, f�, of this solid angle.
Due to its privileged location near the South Pole, Ice-
Cube has f� ⇧ 1 [12], meaning that it is equally sensitive
to the FB at all times of the day.

Instead, for HAWC f� is time-dependent. HAWC is
located in the Northern hemisphere, at longitude 97.3⇥

W and latitude 19.0⇥ N. Its field of view has a half-
opening angle � ⇧ 60⇥, meaning that it will be able to
observe objects at angular distance ⇥ < � from its zenith
(cos ⇥ > cos � = 0.6). Fig. 1 shows the FB in equato-
rial coordinates in comparison with the time-dependent
region observed by HAWC. We see that the north bub-
ble is observable entirely at least for 2-3 hours in a day,
while instead only a small portion of the south bubble is
accessible to HAWC.

For the purpose of obtaining event rates at HAWC,
we have calculated the daily-averaged fraction of the
solid angle [20], �f�(⇥1, ⇥2) , that is subtended by the
FB and falls in angular bins defined by the values
cos ⇥ = 0.6, 0.7, 0.8, 0.9, 1. These bins correspond to the
intervals for which the HAWC e⇤ective are is reported
[17]. For each bin, in order of increasing cos ⇥, we find
�f�(⇥1, ⇥2) = 4.5⇥ 10�2, 3.5⇥ 10�2, 4.1⇥ 10�2, 1.0⇥
10�2. On average, only a few percent of ⇥FB falls within
a certain zenith bin. This plays the role of an e⌃ciency
factor in the calculation of the event rates.

We model the expected neutrino and gamma-ray fluxes

in a simple hadronic model, with primary proton spec-
trum of the form dNp/dE ⌃ E�k exp(�E/E0) and pp
interactions with dilute gas in the FB, as described in
details in ref. [12]. We focus on relatively hard spectra,
with k ⇧ 2.2 � 2.3 and E0 ⇤ 3 � 30 PeV, that are re-
quired by the interpretation of the five neutrino data in
fig. 1 as due to the FB [14]. In Fig. 2, the gamma ray
and neutrino fluxes are shown for k = 2.25, E0 = 30
PeV. Using a ⇤2 test, we checked that these spectra are
a good fit of the Fermi -LAT observation of both bubbles.
In particular, ⇤2/dof ⌅ 13/40, even after penalizing the
⇤2 when the fit violates the upper limits (last four en-
ergy bins of the Fermi -LAT data), which are treated as
half-Gaussian. Of course, the Fermi -LAT data alone are
also compatible with a lower-energy cuto⇤ in the proton
spectrum, and slightly favor E0 ⇤ O(10) TeV [6]. These
values would require a di⇤erent explanation, other than
the FB, for the neutrino data.

FIG. 2: The spectrum of the gamma-ray flux from the FB
(crosses), as measured by Fermi-LAT [6]. The shaded areas
indicate the systematic errors. The solid curve is the corre-
sponding prediction of a hadronic model (parameters in the
inset). The counterpart neutrino flux is shown too (dashed),
and compared with the flux required by the IceCube data (the
three dots at high energies, with error bars), in the assump-
tion that FB are the sources of the five neutrino events that
are strongly correlated with them spatially [14]. The neu-
trino errors assume Poisson statistics, following Pearson’s ⇥2

intervals approach [21, 22]. The atmospheric neutrino back-
ground [23], averaged over 25� � 95� zenith angle, is shown
for comparison (steep solid line).

Results: VHE gamma-ray and neutrino event rates. —
As is typical of high energy cosmic-ray detectors, the
response of HAWC and IceCube to a given flux � (of
gamma rays and neutrinos, respectively) can be param-
eterized by an e⇤ective area, A(E, ⇥), which depends on
the particle arrival direction and energy. In the assump-
tion that the FB are uniformly bright in gamma rays
(and hence in neutrinos in hadronic models) [5, 6, 12], �
is zenith-independent. The number of events with pri-
mary particles in a certain zenith bin, [⇥1, ⇥2], and for an

solid angle subtended by the bubbles 
(assume constant emission per solid angle) 
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D. Zaborov [HAWC Collaboration], PoS GRB 2012, 122 (2012). 
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reach the phase of high statistics data taking.
In this paper discuss the potential of HAWC to de-

tect the Fermi Bubbles, and what can be learned from
the combination of gamma ray and neutrino data. (con-
clude here) (the text of this introduction needs
to be made more concise and accurate)

FIG. 1: Map of the Fermi Bubbles in equatorial coordinates
(thick contours). The dots show the IceCube events that
strongly correlate with them, with their positional errors (el-
lipses, see text). Also shown are the contours of HAWC’s field
of view (0.6  cos ✓  1) at several times of the day (thin
contours). The shaded curves represent the inner Galaxy re-
gion (galactic coordinates �80�  l  80�, �8�  b  8�)
and the low intermediate latitude ragion (0�  l  360�,
10�  |b|  20�) where Fermi-LAT has measured di↵use
Galactic gamma-ray emission. (1. Make sure that the fig-
ure is readable in black and white. Also, I would add
the number of the icecube events. 2. for the Fermi-
LAT gamma ray regions, the one in the middle should
be truncated.... see version of this plot in galactic co-
ordinates. )

II. OBSERVING THE FERMI BUBBLES AT
HAWC AND ICECUBE

A. Field of view, exposure

The FB are extended sources in the sky subtending a
total solid angle ⌦FB ' 0.808 sr [23]. Depending on its
field of view, latitude and time of the day, a detector on
Earth will be able to observe only a fraction of this solid
angle, f⌦. Due to its privileged location near the South
Pole, IceCube is equally sensitive to the FB at all times of
the day. Moreover, it has an almost complete sky cover-
age (be more precise), so that f⌦ ' 1 (reconsider.....
) [? ].

Instead, for HAWC f⌦ is time-dependent. HAWC is
located in the Northern hemisphere, at longitude 97.3�

W and latitude ⌘ ' 19.0� N. Its field of view has a
half-opening angle � ' 53�, (is this the opening, or
half-opening? ) meaning that it will be able to ob-
serve objects at angular distance ✓ < � from its zenith

(cos ✓ > cos � = 0.6). Fig. ?? shows the FB in equatorial
coordinates, compared with the time-dependent region
observed by HAWC. We see that the north bubble is ob-
servable entirely at least for 2-3 hours of time (check),
while instead only a small portion of the south bubble is
accessible.
For the purpose of obtaining event rates at HAWC,

we have calculated the daily-averaged fraction of the
solid angle that is subtended by the FB and falls in
a certain zenith bin, within the HAWC’s field of view:
hf⌦(✓1, ✓2)i = h⌦(✓1, ✓2)it/⌦FB . The results (Table I)
indicate that, on average, only a few per cent of the total
angle ⌦FB falls within a certain zenith bin. This plays
the role of an e�ciency factor in the calculation of the
rates (sec. II C).

TABLE I: The calculated daily averaged solid angle in zenith
bins. (maybe this information can be added to the fig-
ure ??, in an inset.)

interval of cos ✓ hf⌦i
[0.6, 0.7] 4.5⇥ 10�2

[0.7, 0.8] 3.5⇥ 10�2

[0.8, 0.9] 4.1⇥ 10�2

[0.9, 1.0] 1.0⇥ 10�2

B. Fluxes: neutrinos, gamma rays, and
backgrounds

We calculate the expected neutrino and gamma ray
fluxes in a simple hadronic model, with primary proton
spectrum of the form dNp/dE / E

�k
Exp[�E/E0]. (de-

scribe details of model here. Refer to our previ-
ous papers for details... Let’s not forget to men-
tion gamma ray absorption, although it might be
negligible here. )
A comparison with the Fermi-LAT and IceCube data

(fig. 2) shows the favored values of the parameters k and
E0. We see that the hypothesis that the 5 neutrino data
are due to the FB requires a relatively hard spectrum,
k ' 2.2� 2.3. (check notation.. how did we define
the parameters in our past papers?) and a cuto↵
E0 ⇠ 3�10 PeV [? ] (cite our paper). Using a �

2 test,
we checked that the hard spectrum in fig. 2 (k = 2.25) is
a good fit of the Fermi-LAT observation of both bubbles.
In particular, it is overall compatible with the upper lim-
its at the end of the Fermi-LAT spectrum. (1. be more
specific... how good? C.L.? 2. I have a doubt on
the fit: if the fit did not include the upper limits
at the end of the Fermi-LAT spectrum, we can
not really claim compatibility... ).
Of course, the Fermi-LAT data alone are also compat-

ible with – and may slightly favor [? ] – softer primary
spectra, with k ' .... and a cuto↵ as low as E0 ⇠ 100
GeV [? ]. This would require a di↵erent explanation,



background 
• Dominant : cosmic ray hadrons  

•  Signal/Background ~ 10-5 – 10-4 

•  hadron rejection efficiency : ~ 5 10-3 for E>10 TeV  

•  subdominant: diffuse gamma rays 
•  measured by Fermi-LAT for the inner Galaxy region, high and low 

intermediate latitude region  
•  SSZ4R20T150C5 model, extrapolated 
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Abeysekara et al., Astropart. Phys. 50-52, 26 (2013) [arXiv:1306.5800]  

M. Ackermann et al. [Fermi-LAT Collaboration], Astro- phys. J. 750, 3 (2012) 



IceCube: effective areas 
M. G. Aartsen et al., Science 342, 1242856 (2013).  

•  down-going neutrinos  
•  From South Pole, full view all day: fΩ≈1 

showers 
30% showers 
70% tracks 



Background 
• Atmospheric muons veto-able 
•  atmospheric neutrinos  

•  muon/electron ~ 14 , zenith-symmetric 

•  Included for FB shape + 15° around 
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FIG. 5. (Color online) Effective atmospheric neutrino flux obtained by applying the passing-rate

calculation presented here to the conventional flux calculation of Ref. [15] and the prompt flux

calculation of Ref. [16]. The dotted lines in each panel show the total neutrino flux as a function of

zenith angle for different energies, while the solid (dashed) lines show the portion of the νµ (νe) flux

that can reach IceCube with no accompanying muons above 1 TeV. Above 100 TeV the up-going

neutrino flux is suppressed by absorption in the Earth; this effect is not shown.
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exposure time T , is given by [12]

N =

Z T

0
dt

Z

⌃(t)
✓1✓✓2

d⌦

Z 1

Eth

dE�(E)A(E, ✓)

' T hf⌦(✓1, ✓2)i⌦FB

Z 1

Eth

dE�(E)hA(E)i✓ , (1)

where the zenith-averaged e↵ective area (for each bin) is
used as an approximation. Here ⌃(t) indicates that the
integral in the solid angle is done over the region of the
bubbles for which the condition on the zenith angle is sat-
isfied. An expression similar to eq. (1) also applies to the
calculation of background rates in the two experiments,
which is required to evaluate statistical significance of a
signal from the FB.

For neutrino event rate calculation in IceCube, we
adopt the same method as in [14], using the averaged
e↵ective area as in ref. [3] for each neutrino flavor. The
main background here is due to the flux of atmospheric
neutrinos [23], shown in Fig. 2. The FB and atmospheric
neutrino flux models well-reproduce the 5 cascade events
that are strongly-correlated with the FB spatially, over a
1000 day IceCube live time (see Fig. 3).

FIG. 3: Solid histogram - number of gamma ray events (in log-
arithmic scale) from the FB at HAWC, in bins of the gamma
ray energy, for 1 day exposure (left vertical axis). The corre-
sponding cosmic ray background is also shown. Dashed his-
togram - number of neutrino events (in linear scale) at Ice-
Cube, in bins of neutrino energy. Here the exposure is 103

days (right vertical axis), and the background is due to atmo-
spheric neutrinos. The primary flux parameters are the same
as in Fig. 2.

For the VHE gamma-ray event rate at HAWC, both
for signal and background, we use the e↵ective area in
ref. [17]. The absorption of gamma rays due to electron-
positron pair production with photons from starlight or
cosmic microwave background is negligible in the HAWC
energy range. The dominant background in HAWC is due
to cosmic rays, mostly protons and helium nuclei, whose
fluxes are ⇠ 4 � 5 orders of magnitude larger than the
flux of the FB gamma rays. We use the hadron rejection
e�ciency for HAWC, which is 5⇥10�3 at energies above
10 TeV, from ref. [24]. Another background is di↵use
gamma-ray emissions, which have been well measured

by Fermi -LAT [18]. To estimate the gamma-ray back-
ground in di↵erent sky regions, we adopt the spectra for
the S

S

Z4R20T 150C5 model (extrapolated to the energies
of interest here) in ref. [18] for the inner Galaxy region,
high and low intermediate latitude region as shown in
Fig. 1. The cosmic electron background is negligible.
Figure 3 shows the signal and background daily event

rates in HAWC from the FB region. With several sig-
nal events per day, HAWC will rapidly accumulate a
high statistics data sample. Although the signal from
the FB is ⇠ 2 � 3 orders of magnitude smaller than
the background, the high statistics will allow to estab-
lish a high significance, given by the number of Gaus-
sian standard deviations with respect to background as
� =
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FB signal and background (total of cosmic-ray and dif-
fuse gamma-ray fluxes) event rates, respectively, in each
energy bin i, and wi = Si/Bi. We find that, for the to-
tal of all energy and zenith bins, � > 3 (� > 5) already
after 10 days (35 days) of running time. After a year of
operation, a significance of at least 5� will be reached in
each zenith bin separately.
Discussion: HAWC-IceCube complementarity. — We

have found that HAWC has an excellent potential to ob-
serve the FB with high significance within a relatively
short time scale. Depending on the parameters, this sig-
nal could be consistent with the hypothesis that the bub-
bles might be the (hadronic) source of the IceCube neu-
trino events that spatially correlate with them. Let us
outline below what can be learned from HAWC and Ice-
Cube, in combination and individually, on the FB.
Figure 4 elaborates on the multi-messenger connec-

tion between the IceCube and HAWC, showing the re-
gions of the parameter space (k = 2.15 � 2.30 and
E0 = 104.5 � 107.5 GeV) that correspond to a given sig-
nal at the two detectors (significance for the HAWC and
number of events for IceCube). It can be seen that, while
HAWC can probe the entire space with high statistical
significance within a year or so of operation, IceCube is
insensitive to a neutrino flux with a spectral cuto↵ in the
primary proton energy E0

<⇠ 1 PeV, as expected, con-
sidering the higher threshold of IceCube. Therefore, the
di↵erent combinations of possible outcomes (detection or
exclusion) at the two observatories will be informative of
the spectral parameters.
IceCube has already observed 5 neutrino events that

are correlated in position with the FB (see Fig. 1). With
a few more years of operation, this hint could become a
statistically significant observation of the FB. This ob-
servation would confirm the hadronic hypothesis for the
bubbles, and indicate a primary proton population with
a relatively hard spectrum, k ' 2.15 � 2.25, and high
energy cuto↵, E0 ' 3 � 30 PeV. It may provide the
best information on the highest energy tail of the FB
spectrum, E >⇠ 0.1 PeV, which is beyond the sensitiv-
ity of Fermi -LAT and HAWC. Furthermore, IceCube
will observe both bubbles, therefore testing the degree
of symmetry between them, in a way that complements
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Discussion: the Fermi Bubbles as a multi-
messenger case study 



neutrino-gamma complementarity 

IceCube 

• Both bubbles 
•  15° resolution 
•  Test symmetry 
 
 

• E ~ 0.03 – 10 PeV 
•  Beyond gamma ray 

sensitivity 

•  few yrs operation needed 

HAWC 

• North Bubble mostly 
•  0.1° resolutionà detailed map 
•  Detailed spectrum 
•  test uniform emission 
 

• E ~ 0.1 – 100 TeV  
•  Bridges Fermi-LAT and 

IceCube, with partial overlap 

•  < 1 yr operation needed 



What can be learned? 
•  The Hadronic model of the Fermi Bubbles can be 

confirmed… 
•  measure max energy of supernova remnant proton spectrum 
•  favor ~ 109 years long star formation in the Galaxy 

•  but not excluded! 
•  strong constraints on maximum acceleration energy 



Future developments 
•  gamma rays: IceTop surface detector array (@IceCube) 

•  neutrinos : Km3NeT  
•  larger effective area à significant excess in ~1 year (E0 > 100 TeV) 

 Adrian-Martinez et al. [Km3NeT], Astropart.Phys. 42 (2013) 7-14 





Backup 



• Spatially correlated 
with: 
• microwave haze 

(WMAP) 
•  Thermal X-rays (ROSAT) 

Finkbeiner, ApJ. 614, 186 (2004) 
Snowden et al., ApJ. 485, 125 (1997). 





Origin of the gamma rays in the FB? 
• Compton scattering of accelerated electrons 
• Collisions of accelerated protons  

• Stars capture on central black hole 
•  Faint millisecond pulsars 
• Dark matter annihilation 
 

Dobler, et al., ApJ. 717, 825 (2010) 
Su, Slatyer & Finkbeiner, ApJ. 724, 1044 (2010)  
Malyshev, Cholis & Gelfand, ApJ. 722, 1939 (2010) 
Crocker and F. Aharonian, PRL 106, 101102 (2011) 
P. Mertsch and S. Sarkar, PRL 107, 091101 
(2011)Guo & Mathews, arxiv:1103.0055 
Cheng et al., arXiv:1103.1002 



Electrons or protons? 
• High energy electrons 

•  From central black hole 
activity (shocks) 

•  e- + γà e- γ  
•  Requires ~ 106 years activity  

•  unnatural acceleration and 
diffusion 

•  explains WMAP haze 

• High energy protons 

•  From supernova remnants 
•  p + p àπ0 + any , π0 à γγ 
•  Requires ~ 109 – 1010 years 

activity (star formation) 

•  Large timescale, distinct from 
WMAP haze? 

•  Explains GeV bump, natural 
energetics 

Crocker and Aharonian, PRL 106, 2011 Su, Slatyer & Finkbeiner, ApJ. 724, 2010  
Mertsch & Sarkar, PRL 107, 2011 



Main numbers 
•  Total number of protons in bubbles:  ~ 1057 

•  Total energy in protons: ~ 1055 - 1056 ergs 

• Energy of gamma rays from bubbles: ~ 1054 ergs 
•  Over few 109 years lifetime 
•  Few % efficiency, typical of hadronic models 



•  3 σ significance at IceCube in ~ 7 years 
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Flavor composition 
• Before oscillations 

•  ε~ 0.57 – 0.88 for E = TeV – PeV (pion decay kinematics) 

• After oscillations : equilibration, within 30% 

2

two main scenarios for bubble formation. The observed
gamma rays are created either due to Compton scattering
by highly-relativistic electrons or due to decays of neutral
pions created by interactions of energetic baryons. In
the baryonic hypothesis, the gamma ray flux from the
bubbles should have a neutrino counterpart of similar
magnitude [29, 31], that should be detectable in muon
tracks at a Km3 detector in the northern hemisphere [31].
Dedicated experimental work on this is in progress [32,
33], and an upper limit has been placed by the Antares
collaboration (see Fig. 2) [32].

For a Southern hemisphere detector like IceCube, in-
stead, the main signature of the bubbles should be show-
ers, thanks to the reduced background and increased
shower e⇤ective area of the detector for down-going neu-
trinos compared to tracks [1, 2]. Here we present the first
quantitative study of the shower as well as down-going
track events expected from the Fermi Bubbles, both as a
possible interpretation of some of the IceCube data, and
as prediction for future searches with enhanced detector
configuration and exposure.

Seen from Earth, the Fermi Bubbles appear as ex-
tended sources in the Southern sky (Fig. 1) subtending
a total solid angle ⇥FB ⇥ 0.808 sr [23]. Interestingly,
their gamma ray emission per unit solid angle is roughly
uniform over the extent of the bubbles [23], and the same
feature is expected for the neutrino emission as well [31].

To estimate a possible correlation between the Ice-
Cube events and the FB, we compare the bubbles coordi-
nates with the reconstructed coordinates of the IceCube
events and their median angular errors [2], see Fig. 1.
It appears that Ns = 4 events (events number 2, 12,
14, 15) have their central position value inside the bub-
bles (“strongly correlated”, meaning higher likelihood of
originating from the FB), and Nw = 4 (number 17, 22,
24, 25) are compatible with the bubbles within the er-
ror (“weakly correlated”, or lower likelihood). Therefore
N = 8 is a conservative upper limit for the number of
events from the FB, to be compared with theoretical pre-
dictions. Note that one of the strongly correlated events,
event number 14, has �1 PeV of deposited energy [2].

To calculate the event rate in IceCube due to the FB,
we use the neutrino fluxes from Ref. [31]. These fluxes
are derived from fitting the gamma-ray data using pp in-
teractions of cosmic-ray protons in the bubbles with the
ambient gas. A proton spectrum dN/dE ⇤ E�k was
used, with a cuto⇤ energy E0, motivated by the maxi-
mum energy to which supernova remnants can acceler-
ate cosmic ray protons. Theoretical estimates of E0 vary
from 1 PeV, at the “knee” of the cosmic-ray spectrum,
to 100 PeV [34]. The hard �-ray spectrum of the FB
is best represented with k = 2.1, which is also favored
by shock-acceleration theories. This is our default flux
model unless otherwise specified. Given rather limited
range of �-ray data, a steeper k = 2.3 proton spectrum is
also compatible with observation. As shown in Fig. 2 (a),

the fluxes di⇤er significantly above � 200 GeV (above the
range of gamma-ray data) depending on E0. Fig. 2 (a)
also shows our most optimistic flux model (solid curve),
obtained with E0 = 30 PeV, and a � 20% increase of the
normalization of the whole flux, which is allowed by the
uncertainty in the gamma ray data. All results quoted for
E0 = 30 PeV will refer to this model. For comparison, in
Fig. 2 (a) we show the di⇤use flux (at the detector after
oscillation) that best fits the IceCube data [2]. Note that
this flux refers to fitting the entire data sample in the
assumption of a di⇤use, uniform flux over the whole sky.
It would be interesting to fit the data that are spatially
correlated with the FB to find the level of flux required
to reproduce them. At present, however, this can not be
done in the absence of more detailed information on the
IceCube e⇤ective area and exposure.
The initial (pre-oscillation) flavor composition of the

flux is ⌅e : ⌅µ : ⌅⇥ = ⇥ : 1 : 0, with ⇥ increasing from
⇥ ⇥ 0.57 at E = 1 TeV to ⇥ ⇥ 0.88 at E = 1 PeV.
This is explained by how energy is shared between the
products of pion decay at di⇤erent energies [36]. After
oscillations (averaged vacuum oscillations, matter e⇤ects
are negligible) the flavor ratios are close to ⌅e : ⌅µ : ⌅⇥
=1 : 1 : 1, with deviations up to � 30% at E � 1 PeV.
Because the emission is uniform over the FB surfaces,

the fraction of flux in a solid angle bin, �F/F is given
by the fraction of solid angle, �⇥/⇥FB . This is shown
in Fig. 2(b) and (c).

To establish the significance of the FB signal, one
should consider the main backgrounds, i.e., atmospheric
muons and atmospheric neutrinos. For the former, the
background level depends on the detector veto, and could
change with future technological advances. We refer to
[2] for this. Here we model the atmospheric neutrino
background using the neutrino flux prediction by Honda
et al. [35] (which is a good fit of IceCube’s atmospheric
data [37]), extrapolated at high energy, and a ⌅µ / ⌅e
ratio of about 14 [38]. We also consider the flux to be
symmetric in cos ⇤z [39]. Oscillations are negligible at the
energies and zenith angles of interest [40], therefore the
⌅⇥ atmospheric flux is neglected altogether. To account
for the error on the direction of arrival of the neutrinos,
we calculate the rate of atmospheric shower events over
a solid angle larger than ⇥FB , obtained by encasing each
bubble in a rectangle in the ⇤ and ⇧ coodinates, and then
enlarge such rectangle by ⌃ = 15⇥ (motivated by the de-
tector’s angular resolution [2]) on each side. The total
solid angle obtained in this way is ⇥bckg ⇥ 2.75 sr. For
track events, where the angular resolution is less than a
degree [2], the angle ⇥FB is used. We find that shower-
and track-like events contribute comparably to the to-
tal background rate, because the predominance of the
⌅µ species in the atmospheric flux compensates for the
smaller e⇤ective area for tracks.

Fig. 3(a) shows the expected number of signal and
background events for k = 2.1 and 10 years running time,
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bles (“strongly correlated”, meaning higher likelihood of
originating from the FB), and Nw = 4 (number 17, 22,
24, 25) are compatible with the bubbles within the er-
ror (“weakly correlated”, or lower likelihood). Therefore
N = 8 is a conservative upper limit for the number of
events from the FB, to be compared with theoretical pre-
dictions. Note that one of the strongly correlated events,
event number 14, has �1 PeV of deposited energy [2].

To calculate the event rate in IceCube due to the FB,
we use the neutrino fluxes from Ref. [31]. These fluxes
are derived from fitting the gamma-ray data using pp in-
teractions of cosmic-ray protons in the bubbles with the
ambient gas. A proton spectrum dN/dE ⇤ E�k was
used, with a cuto⇤ energy E0, motivated by the maxi-
mum energy to which supernova remnants can acceler-
ate cosmic ray protons. Theoretical estimates of E0 vary
from 1 PeV, at the “knee” of the cosmic-ray spectrum,
to 100 PeV [34]. The hard �-ray spectrum of the FB
is best represented with k = 2.1, which is also favored
by shock-acceleration theories. This is our default flux
model unless otherwise specified. Given rather limited
range of �-ray data, a steeper k = 2.3 proton spectrum is
also compatible with observation. As shown in Fig. 2 (a),

the fluxes di⇤er significantly above � 200 GeV (above the
range of gamma-ray data) depending on E0. Fig. 2 (a)
also shows our most optimistic flux model (solid curve),
obtained with E0 = 30 PeV, and a � 20% increase of the
normalization of the whole flux, which is allowed by the
uncertainty in the gamma ray data. All results quoted for
E0 = 30 PeV will refer to this model. For comparison, in
Fig. 2 (a) we show the di⇤use flux (at the detector after
oscillation) that best fits the IceCube data [2]. Note that
this flux refers to fitting the entire data sample in the
assumption of a di⇤use, uniform flux over the whole sky.
It would be interesting to fit the data that are spatially
correlated with the FB to find the level of flux required
to reproduce them. At present, however, this can not be
done in the absence of more detailed information on the
IceCube e⇤ective area and exposure.
The initial (pre-oscillation) flavor composition of the

flux is ⌅e : ⌅µ : ⌅⇥ = ⇥ : 1 : 0, with ⇥ increasing from
⇥ ⇥ 0.57 at E = 1 TeV to ⇥ ⇥ 0.88 at E = 1 PeV.
This is explained by how energy is shared between the
products of pion decay at di⇤erent energies [36]. After
oscillations (averaged vacuum oscillations, matter e⇤ects
are negligible) the flavor ratios are close to ⌅e : ⌅µ : ⌅⇥
=1 : 1 : 1, with deviations up to � 30% at E � 1 PeV.
Because the emission is uniform over the FB surfaces,

the fraction of flux in a solid angle bin, �F/F is given
by the fraction of solid angle, �⇥/⇥FB . This is shown
in Fig. 2(b) and (c).

To establish the significance of the FB signal, one
should consider the main backgrounds, i.e., atmospheric
muons and atmospheric neutrinos. For the former, the
background level depends on the detector veto, and could
change with future technological advances. We refer to
[2] for this. Here we model the atmospheric neutrino
background using the neutrino flux prediction by Honda
et al. [35] (which is a good fit of IceCube’s atmospheric
data [37]), extrapolated at high energy, and a ⌅µ / ⌅e
ratio of about 14 [38]. We also consider the flux to be
symmetric in cos ⇤z [39]. Oscillations are negligible at the
energies and zenith angles of interest [40], therefore the
⌅⇥ atmospheric flux is neglected altogether. To account
for the error on the direction of arrival of the neutrinos,
we calculate the rate of atmospheric shower events over
a solid angle larger than ⇥FB , obtained by encasing each
bubble in a rectangle in the ⇤ and ⇧ coodinates, and then
enlarge such rectangle by ⌃ = 15⇥ (motivated by the de-
tector’s angular resolution [2]) on each side. The total
solid angle obtained in this way is ⇥bckg ⇥ 2.75 sr. For
track events, where the angular resolution is less than a
degree [2], the angle ⇥FB is used. We find that shower-
and track-like events contribute comparably to the to-
tal background rate, because the predominance of the
⌅µ species in the atmospheric flux compensates for the
smaller e⇤ective area for tracks.

Fig. 3(a) shows the expected number of signal and
background events for k = 2.1 and 10 years running time,



• Delta function approximation (Eπ/Ep = Kπ, const.) 

•  Full calculation is needed above 10 GeV 
•  Parameterization of SYBILL code was used  
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