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Introduction



A tribute to the data: The multi-GeV gamma-ray sky

Barolo workshop

• Diffuse Galactic emission:  

Fermi-LAT 
collaboration

• Extra-Galactic 
emission:  

Markus Ackermann  | Page  

Production mechanisms for gamma rays
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Fig. 9.— Comparison of the measured IGRB and total EGB intensities (foreground model A) to the

first measurement of the IGRB in Abdo et al. (2010b) based on 10 months of LAT data. The error

bars on the LAT measurements include the statistical uncertainty and systematic uncertainties

from the e↵ective area parametrization, as well as the CR background subtraction. Statistical and

systematic uncertainties have been added in quadrature. The shaded bands indicate the systematic

uncertainty arising from uncertainties in the Galactic foreground. The total EGB intensity is the

sum of the IGRB and the intensity of the resolved LAT sources at high Galactic latitudes, |b| > 20�.

Fermi-LAT collab., arXiv:1410.3696



Barolo workshop

A tribute to the data: The multi-TeV gamma-ray sky
• Many ongoing and planned experiments. Magic, H.E.S.S., Veritas, CTA, 

HAWC…HAWC 3 YEAR GALACTIC MAPS C. Riviere, APS 2018 HAWC 3 YEAR GALACTIC MAPS
& FINAL HESS MAPS Covering central 160o of Milky Way @ 1-2% Crab

78 Sources, A&A special issue 612 (2018)

C. Riviere, APS 2018 

HAWC collaboration

H.E.S.S. collaboration

from TeVPa 2018



GeV-TeV Gamma-ray point sources

Barolo workshop

THE GAMMA RAY SKY: GEV DOMAIN

1FLE
0.03 – 0.1 GeV
198 sources
arXiv:1806.10865

3FGL
0.1 – 300 GeV
3033 sources
arXiv:1501.02003

3FHL
1556 sources
10 GeV – 2000 GeV
arXiv:1702.00664

Color: 1FLE; 3FLG sources in grey

courtesy of W. Hoffmann, TeVPa 2018
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.
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Fig. 3.— Sky map, in Galactic coordinates and Hammer-Aitoff projection, showing the objects in the 3FHL
catalog classified by their most likely source classes.
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Arrival Directions of Cosmic Neutrinos
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A tribute to the data: Neutrinos

Barolo workshop

• New window on the high-energy Universe opened in 2013 [IceCube collab., 
Science 342 (2013)] 

• Two classes of events: 
HESE: High-energy starting events [6 years]  [IceCube collab., Science 342 
(2013); ICRC 2017]
Up-going muon tracks [8 years] [IceCube collab, ApJ 833 (2016); ICRC 2017]

Unsocial neutrino unites UHE sky

4

Simple hadronic “creation”
• Ingredients

– pp or pg interaction 
– cosmic-ray and target spectra in source

• Directly accompanying partners 
– gamma-ray from neutral pions (p0)
– parent cosmic-rays (p, nuclei)

• Indirectly accompanying partners
– radiations, radio, optical, x-ray...
– Gravitational waves
Multi-messenger !

𝑬𝝂 ≈
𝟏
𝟐𝟎
𝑬𝑷 ≈

𝟏
𝟐
𝑬𝜸



A tribute to the data: Neutrinos

Barolo workshop

• HESE: interaction inside the detector
• Through-going muons: interaction outside 

the detector

   Marek Kowalski                                             IceCube, Neutrinos & Dark Matter                                                   Launch09  

Detection principle 

•  Neutrinos interact in or near  

the detector 

–  O(km) muon tracks from νµ CC 

–  O(10 m) cascades from νe CC,  

low energy ντ CC, and νx NC 

–  Cherenkov radiation detected by 

3D array of optical sensors (OMs) 

ν"
, ν"

hadronic


shower


W, Z 

ν 

µ 



A tribute to the data: Neutrinos

Barolo workshop

• HESE: interaction inside the detector
• Through-going muons: interaction outside 

the detector

Methods of Neutrino Detection I

cosmic
neutrino

atmospheric
neutrino

atmospheric
muon

cosmic
ray

cosmic
ray

Atmosphere

down-going

up-going

~1
2,

70
0 

kmπ-θ

Cherenkov light detection
in optical modules

IceCube

muon

‹ Selecting up-going muon tracks reduces atmospheric muon background:

10, 000, 000, 000| {z }
atmospheric muons (from above)

: 100, 000| {z }
atmospheric neutrinos

: 10|{z}
cosmic neutrinos

Appendix
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Unsocial neutrino unites UHE sky
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Simple hadronic “creation”
• Ingredients

– pp or pg interaction 
– cosmic-ray and target spectra in source

• Directly accompanying partners 
– gamma-ray from neutral pions (p0)
– parent cosmic-rays (p, nuclei)
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• Consistent with isotropy —> Most likely extra-Galactic origin. 

• What about a possible Galactic component? How can these data, together 
with gamma-ray data, constrain CR propagation models [first part]

• Which class of sources contribute the most? How can we identify them 
using multi-messenger data? [second part]

The key questions



What	can	we	learn	from	
IC170922A?

TeVPA	2018S.	Buson 13

Talks	by	F.	Tavecchio,	S.	Gao,	R.	Liu,	
M.	Kreter,	K.	Murase

A spectacular complementarity between γ-rays and neutrinos

Barolo workshop

• First identification of a point source: TXS 0506+056
• 22/09/2017: Icecube detects a ~290 TeV muon neutrino, dubbed IceCube-170922A, 

selected by the Extremely High Energy (EHE) online event filter, and reported as a 
public alert (EHE alerts are based on well-reconstructed, HE muon-track events)

• Most likely source: TXS 0506+056, a distant (~1.7 Gpc) blazar with high intrinsic γ-ray 
luminosity

• This source was found to be in a flaring state by the Fermi-LAT experiment

• Further observed in many wavelength including radio, infrared, optical, X-rays and 
gamma-rays: Spectacular multi-messanger and multi-wavelength spectrum!



Barolo workshop

• Further evidence for an earlier flare of lower-energy neutrinos in 2014-2015 
(identified in the complete, unprocessed sample of events detected by IceCube), 
which supports the identification of that blazar as the source of IceCube-170922A

• However, no gamma rays from the earlier flare

A spectacular complementarity between γ-rays and neutrinos

2

 VHE gamma rays  TXS 0506+056 – an ordinary blazar? 

Archival data from ASDC

TXS 0506+056

DESY / Science Communication Lab 

gamma-ray	LC

Neutrino	excesses



Lessons learned

• The AGN TXS0506+056 can be the source of the HE neutrino detected in 
2017

• The HE event in 2017 and the excess in 2014/2015 are signatures of 
different states: 
The 2014/15 flare seems to be characterized by low flux/ hard spectrum.
The 2017 flare was characterized by large flux/ soft spectrum.

Barolo workshop

A spectacular complementarity between γ-rays and neutrinos

Page 7

TXS 0506+056

| Gamma-ray neutrino counterparts | Simone Garrappa, TeVPA 27-31 August 2018

PRELIMINARY

Spectral change 
significance ≤ 2!

Garrappa+ (in preparation)

See also 
Padovani et al. 

2018
----------

T. Glauch talk on 
Monday

courtesy of S. 
Garrappa, TevPa 
2018



Model building is complicated!

• One zone lepto-hadronic models [e.g. Murase+ 2018 1807.04537]

A leptonic scenario with a radiatively-subdominant hadronic component 
provides a physically-consistent single-zone picture
The SED exhibits its greatest sensitivity to hadronic processes across its 0.1–100 keV 
“dip”: Flux variations over this energy range are likely to reflect the source’s high-
energy neutrino emissions: Regular X-ray monitoring will provide a critical test

• Two-zone models [e.g. Gao+ 2018]

Observer at earth

10 pc 1.35 Gpc

~ 0.05 pc

Two-zone model

Compact core, ignited during flare state

Large blob, persistent emission, quiet state

!11

Two-zone model

• Proton power = 5 L_Edd (flare),  0.5 L_Edd (quiet) 
• 0.27 neutrinos / yr (flare), 0 (quiet) 
• Optical ~ Soft X ~ GeV-γ : leptonic 
• Hard X ~ TeV-γ ~ Neutrino: hadronic

!12

Barolo workshop

A spectacular complementarity between γ-rays and neutrinos



Barolo workshop

Point sources: Other associations?

Page 11

GB6 J1040+0617

| Gamma-ray neutrino counterparts | Simone Garrappa, TeVPA 27-31 August 2018

Counterpart for HESE 63

• MJD 57000.14
• (Ra , Dec) = (160.0°, 6.5°)
• Ang. Err. (90%) : 1.2°

IC-141209A

• BL Lac, LSP
• 3FGL J1040.4+0615
• z = 0.7351± 0.0045 *
• Dist. from IC-141209A: 0.27°

GB6 J1040+0617

• 4C+06.41 (QSO)
• Two additional sources (PS1 and 

PS2) found using 9.6 years of data
• PS2 also included in FL8Y as  

FL8Y J1043.3+0651
• Very dim, can be excluded as 

possible counterparts.

ROI

Garrappa+ (in preparation)

PRELIMINARY

Preview from TeVPa 2018



Part 1: Gamma-Neutrino connections in 
our Galaxy
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The CR-gamma-neutrino connection

Barolo workshop



• Which fraction of the neutrinos detected by IceCube is Galactic?

• What can gamma-ray and neutrino data teach us about the 
physics of CR transport and the mechanisms of CR confinement?

Two key questions

Barolo workshop
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Fig. 7.— (a)-(j): Spectral energy distributions of the �-ray emissivity per H atom in the H i

and H2 phases for the CMZ and the nine Galactocentric annuli. The solid curve shows the best

fit obtained with a combination of pion emission from CR nuclei and bremsstrahlung radiation

from CR electrons. The dashed curve shows the best fit for the local annulus. To display the

gas SED in the DNM (k) and that associated with the NH i correction map (l), we have used

a gas-to-dust reddening ratio of 3.5⇥1021 cm�2 mag�1. We did not display emissivities below

10�25 MeV2 s�1 sr�1 MeV�1 or the values for the lowest energy bin for the inner Galaxy annuli.

Those points were not used in the analysis.

– 47 –

0 5 10 15 20 25 30

)
-1

 M
eV

-1
 s

r
-1

 s
2

(M
eV

 E
m

is
si

vi
ty

 a
t 

2
 G

eV
× 

2
E

0

1

2

3

4

5

6

-24
10×

(a)

0 5 10 15 20 25 30

)
-3

(c
m

p
ro

to
n

 d
en

si
ty

 a
b

o
ve

 1
0

 G
V

0

5

10

15

20

25

-12
10×

(b)

0 5 10 15 20 25 30

p
ro

to
n

 s
p

ec
tr

a
l 

in
d

ex

-3.1

-3

-2.9

-2.8

-2.7

-2.6

-2.5

-2.4

-2.3

(c)

Galactocentric radius (kpc)
0 5 10 15 20 25 30

p
er

 u
n
it

 a
re

a

N
o
rm

a
li

ze
d
 s

ta
r 

fo
rm

a
ti

o
n
 r

a
te

0

1

2

3

4

5 supernova remnants

HII regions

pulsars

normalized proton density

(d)

Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).



The “orthodoxy” of CR physics

TeVPa 09/08/2017

• The bulk of the CR energy is released by SN explosions in the 
Galactic disk

• CRs are accelerated via diffusive shock acceleration at work at SNR 
shocks

• CRs diffuse within an extended, turbulent and magnetized halo in a 
isotropic and homogeneous way 
—> A diffuse, homogeneous CR sea is present through the Galaxy

TeVPa 06/08/2017Princeton 02/29/2017Princeton 03/02/2018MIAPP 16/03/2018Berlin 31/08/2018

The three pillars



The numerical approach to model the problem

Padova 22/06/2017 

and variable time step). The main new features for galactic propagation are demonstrated
in Section 5 in a few example applications.

The first large project of this kind, GALPROP2, is a widely used code in the commu-
nity [33–35]. GALPROP is designed to make predictions of direct CR measurements
as well as gamma rays and synchrotron radiation self-consistently. It includes
realistic models for nuclear spallation processes [36–40] and energy losses, but
basic assumptions for the CR transport3. Semi-analytical solutions of the prop-
agation equation are implemented in the USINE code developed since 2010 [41].
Taking advantage of much faster computation methods than numerical models,
the semianalytical approach allowed for a faster scan of the transport parameter
space by using statistical tools [42–44].

Recently, the PICARD numerical code have been developed [45, 46]. PICARD is fully 3D
in concept and implements modern numerical techniques for the numerical solver, handling
high resolutions with reasonable computer resources.

DRAGON2 is part of a complete suite of numerical tools designed to cover most of the
relevant processes involving Galactic CRs and their secondary products over a very wide
energy range. With the help of these tools – in particular the HeSky4 package – it is possible
to compute spectra and sky-maps of radiation emitted by CRs interactions in a huge energy
range, from the synchrotron radio waves up to the PeV neutrinos. On the low-energy side,
the solar modulation can be treated either with auxiliary analytical routines implementing
the force-field approximation [47, 48], or with the HelioProp numerical code featuring a
detailed model of CR charge-dependent interaction with the Heliosphere, including di↵usion,
advection and energy losses due to the solar wind [49].

This paper does not contain a description of spallation processes and of o↵-diagonal
anisotropic di↵usion, which will be covered in forthcoming publications and in the evolving
DRAGON manual (see www.dragonproject.org).

2 Transport of CRs in the Galaxy

DRAGON2 features all relevant processes for CR transport from Galactic acceleration sites
to Earth: in particular, spatial and momentum di↵usion, energy losses, advection, nuclear
spallations and decays.

The combination of all these processes can be described by the following equation [50,
51]:

r · ( ~Ji � ~vwNi) +
@

@p


p2Dpp

@

@p

✓
Ni

p2

◆�
� @

@p

h
ṗNi � p

3

⇣
~r · ~vw

⌘
Ni

i
=

Q+
X

i<j

✓
c�ngas �j!i +

1

�⌧j!i

◆
Nj �

✓
c�ngas �i +

1

�⌧i

◆
Ni

(2.1)

where Ni(~r, p) is the density per total momentum p of the CR species i, Dpp(~r, p) is
the momentum di↵usion coe�cient, Q(~r, p) describes the distribution and the energy spectra
of sources, ~vw(~r) is the Galactic wind velocity responsible for CR advection, ṗ(~r, p) accounts
for the momentum losses. The timescale for radioactive decay at rest is given by

2
See http://galprop.stanford.edu and http://sourceforge.net/projects/galprop.

3
For a detailed comparison between the two codes we refer to the DRAGON2 wiki-page: XXX

4
A technical documentation will be released during 2017.
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⌧i, while �i is the spallation cross-section with the interstellar gas. In this paper
we do not consider these latter nuclear processes, and we postpone a detailed
description to a forthcoming publication. The CR macroscopic current ~J(~r, p) is de-
termined by the spatial di↵usion tensor Dij , as Ji = �DijrjN .

These quantities can be either inferred from independent observations (e.g. the gas
distribution, the magnetic field entering the loss term) or fitted to the data (e.g. the di↵usion
coe�cient, the Galactic wind velocity). For all of them, di↵erent parameterizations are
provided in literature and can be used to estimate the systematic uncertainty a↵ecting the
corresponding process. We therefore implement in DRAGON2 several options for the relevant
transport quantities, as extensively described in Appendix C; in most cases, the quantities
are position-dependent.

As discussed in the Introduction, one of the main novelty of our code with
respect to other existing codes is the possibility to implement inhomogeneous
transport5 (e.g., advection, momentum and spatial di↵usion).

In particular, assuming di↵usion as inhomogeneous and anisotropic has a very natural
motivation. In fact, the presence of a large scale Galactic magnetic field (GMF) clearly
breaks isotropy and introduces a preferred direction, so that charged-particle di↵usion should
be expressed in terms of a di↵usion tensor with components given by:

Dij =
�
Dk � D?

�
bibj +D?�ij + ✏ijk DAbk , (2.2)

where ~b is a unit vector along the mean (large scale) GMF. With this choice of versors,
Dk and D? are the components of the di↵usion tensor parallel and perpendicular to the
mean magnetic field and describe di↵usion due to small-scale turbulent fluctuations. The
coe�cient DA gauges the anti-symmetric component of the di↵usion tensor: It is usually
identified as the drift coe�cient since it describes a macroscopic drift orthogonal to both ~b
and the gradient of the CR density, ~rN [52, 53]. In this paper we always assume DA = 0
since the associated drifts are negligible up to ⇠PeV energies as shown, e.g., in [54].

Although the physics behind CR di↵usion is far from being understood (see e.g. [55]
for a comprehensive review), some basic aspects may however be clarified starting from
the weak-turbulence approximation where GMF random fluctuations are treated as a small
perturbation over the regular one. Under this assumption it is possible to treat analytically
the problem of resonant CR interactions with the random-phase Alfvén wavemodes. This
framework is known as quasi-linear theory (QLT) [56, 57]. The classical result for QLT gives
that di↵usion coe�cients are described by a power-law in rigidity with di↵erent slopes for
the parallel and perpendicular components (see also [58]). Moreover, these coe�cients are
spatially inhomogeneous since they are determined by local properties of the turbulent and
regular fields. In this perspective, for the di↵usion coe�cients Dk and D? we adopt several
phenomenological parameterizations as proposed in recent works based on local fluxes and
gamma-ray data (see Appendix C.8).

DRAGON2 can work either in a (2+ 1)-dimensional (2D) or in a (3+ 1)-dimensional (3D)
configuration. In the 2D case we use cylindrical coordinates defined by the radial distance r
and the height form the Galactic disk z and we assume azimuthally symmetry. For the 3D case
we consider Cartesian coordinates x, y, z. The quantities defined as function of cylindrical
coordinates are consistently mapped in Cartesian coordinates by the relation r =

p
x2 + y2.

In the next Sections, we will specify the transport equation in these two configurations.

5
Not necessarily separable in a spatial and an energy term.
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All the physical processes that can affect CR transport in the Galaxy and 
shape the diffuse CR sea are modeled within a large diffusion box, in a
framework inspired by the “pillars” discussed before
[Morrison, Olbert, Rossi 1954; Ginzburg&Syrovatskii 1964; Berezinskii et al. 1990]

- Primary CR production
- Secondary CR production via spallation
- Rigidity-dependent diffusion. Usually parametrized in a simple way, 

guided from QLT results. Usually modeled as an isotropic and 
homogeneous rigidity-dependent coefficient (simpler than the prediction 
of the simplest theory we have) with relevant exceptions!

- Rigidity-independent advection
- Possibly, stochastic II order Fermi acceleration (reacceleration)
- Energy losses
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The power of multi-channel phenomenological analyses:
The “conventional scenarios” seem to work for many channels

Berlin 29/11/2017Princeton 29/02/2017

Bayesian analysis of cosmic-ray propagation 11

Ekin [GeV/nuc]
10-1 100 101 102 103

B
/C

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ekin [GeV/nuc]
10-1 100 101

1
0
B
e/

9
B
e

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Ekin [GeV/nuc]
10-1 100 101 102 103

7p
=p

10-6

10-5

10-4

10-3

FIG. 6.— Secondary-to-primary ratio 68% and 95% posterior bands from our light element (Be–Si) scan, shown in magenta in Fig. 3. The p̄/p ratio is shown
to indicate that using the same propagation parameters for hydrogen yields a very bad fit to the data. Data shown are HEAO (blue), CREAM (green), ACE (light
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The best fit halo size derived from the 10Be/9Be ratio is z
h

⇡
5 kpc in the case of the light elements, and z

h

⇡ 10 kpc from
p, p̄, He scan (Table 3), i.e., larger than the effective distances
given by Eqs. (15)-(16). Their posterior means are even larger,
z
h

⇡ 10.35 kpc with 1� error bars of 4.2 kpc and 4.9 kpc
correspondingly.

Our results are, therefore, the first to definitively show that
by separating the two data sets, one can fit them with two dif-
ferent reacceleration parameter sets. The significantly lower
Alfvèn speed v

Alf

/ B/
p
⇢
ISM

, 8.9 ± 1.2 km s�1 (p, p̄,
He) vs. 30.0 ± 2.5 km s�1 (Be–Si), may hint at a smaller
B/

p
⇢
ISM

, possibly owing to a denser ISM plasma as one

approaches the inner Galaxy.
Variations of the propagation parameters throughout the

Galaxy is not the only possible reason of the discussed dif-
ferences. Source (SNe) stochasticity (Strong & Moskalenko
2001) may contribute to the local fluctuations in fluxes of in-
dividual CR species. Freshly accelerated CR particles from
relatively recent SN explosions may or may not lead to the in-
creased local production of secondary species. As was already
mentioned, the presence of local sources of low-energy pri-
mary nuclei could lead to effects that mimic the propagation
parameters variations (Moskalenko et al. 2003). In particular,
the value of the effective diffusion coefficient DA

0 could be

[Johanneson+, 2016]

Princeton 02/29/2017GSSI 01/06/2018
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FIG. 7: Same as Fig. 2 but for the DRC scenario (adding two more parameters, vA and dVc/dz).

ergy (! 50 MeV/n) B/C spectrum measured by Voyager-1 is
difficult to be modelled in various models. Further tuning of
the modelling and/or better understanding about the measure-
ments may be necessary. The Voyager-1 data will be included
in future studies.

D. Reacceleration models and antiprotons

The reacceleration models would generally under-estimate
the low energy antiproton fluxes. Several kinds of scenarios
were proposed to explain this. In Ref. [84] it was proposed
that a local and fresh source, probably associated with the Lo-
cal Bubble, might produce additional low energy primaries
and hence decrease the measured secondary-to-primary nu-
clei ratio. The annihilation of several tens of GeV dark matter
particles may also be responsible for the low energy excess of
antiprotons [85–87]. Alternatively, an empirical adjustement
of the velocity-dependence of the diffusion coefficient with a

βη term, i.e., the DR2 model in this work, was suggested to
be able to explain the B/C and antiproton data [18]. In this
treatment a larger δ value and a weaker reacceleration effect is
required, which enables more production of low energy sec-
ondary particles (both Boron and antiprotons). As shown in
Fig. 12, the DR2 model does improve the fitting. However,
the physical motivation for such a term is not well justified.
Finally, the uncertainties of the production cross section of
antiprotons make this problem still inconclusive [88–90].

VI. CONCLUSION

In this work we adopt the precise measurements of the B/C
ratio and the time-dependent proton fluxes by AMS-02 and
PAMELA to constrain the injection and propagation parame-
ters of Galactic CRs. We employ a self-consistent treatment
of the solar modulation by means of a linear correlation of the
modulation potentials with solar activities. We have carried
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The “conventional scenarios” seem to work for many channels…
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FIG. 8: 2σ bands of the B/C ratios for different PD propagation models. The observational data are from: ACE [58] and AMS-02 [50].

out a comprehensive study of a series of CR propagation mod-
els, including the PD, DR, DC, DRC, and two variants of the
DR and DC models. The predictions of secondary positrons
and antiprotons based on the fitting parameters are calculated
and compared with the data.

We summarize the comparison of various models with dif-
ferent data sets in Table III. It is shown that no model can
match all these data simultaneously, which suggests that the
actual case for the origin, propagation, and interaction of CRs
is more complicated than our current understanding. For the

[Yuan+, 2017]

Princeton 02/29/2017GSSI 01/06/2018
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TABLE II: Posterior mean and 68% credible uncertainties of the model parameters

Unit PD DC DC2 DR DR2 DRC

D0 (1028cm2s−1) 5.29 ± 0.51 4.20 ± 0.30 4.95 ± 0.35 7.24 ± 0.97 4.16 ± 0.57 6.14 ± 0.45

δ 0.471 ± 0.006 0.588 ± 0.013 0.591 ± 0.011 0.380 ± 0.007 0.500 ± 0.012 0.478 ± 0.013

zh (kpc) 6.61 ± 0.98 10.90 ± 1.60 10.80 ± 1.30 5.93 ± 1.13 5.02 ± 0.86 12.70 ± 1.40

vA (km s−1) — — — 38.5 ± 1.3 18.4 ± 2.0 43.2 ± 1.2

dVc/dz (km s−1 kpc−1) — 5.36 ± 0.64 5.02 ± 0.55 — — 11.99 ± 1.26

R0 (GV) — — 5.29 ± 0.23 — — —

η — — — — −1.28 ± 0.22 —

log(Ap)a −8.334 ± 0.003 −8.334 ± 0.003 −8.336 ± 0.003 −8.347 ± 0.002 −8.334 ± 0.002 −8.345 ± 0.002

ν1 2.44 ± 0.01 2.45 ± 0.01 2.43 ± 0.01 1.69 ± 0.02 2.04 ± 0.03 1.82 ± 0.02

ν2 2.34 ± 0.03 2.30 ± 0.01 2.30 ± 0.01 2.37 ± 0.01 2.33 ± 0.01 2.37 ± 0.01

log(Rbr)
b 5.06 ± 0.13 4.82 ± 0.05 4.78 ± 0.06 4.11 ± 0.02 4.03 ± 0.03 4.22 ± 0.03

Φ0 (GV) 0.595 ± 0.005 0.537 ± 0.006 0.419 ± 0.005 0.180 ± 0.008 0.290 ± 0.014 0.220 ± 0.008

Φ1 (GV) 0.495 ± 0.011 0.485 ± 0.011 0.472 ± 0.012 0.487 ± 0.011 0.485 ± 0.011 0.482 ± 0.013

χ2/dof 748.6/463 591.0/462 494.6/461 438.8/462 341.0/461 380.5/461

aPropagated flux normalization at 100 GeV in unit of cm−2s−1sr−1MeV−1

bBreak rigidity of proton injection spectrum in unit of MV
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parameters in the PD scenario.

fitting to the B/C ratio above 65 GV gives a slope of −0.333 [50]. Our results show that in specific models the value of
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… however, there are also relevant anomalies to be explained, 
both in direct measurements and in gamma-ray data! Those 
anomalies can teach a lot about the physics of transport
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New information: The proton flux cannot be described by a single power law = CRγ  
Precision measurement of the proton flux 
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List of anomalies inferred from gamma rays
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• “GeV extended emission from the 
inner Galaxy”
millisecond pulsars? [Lee+ 2016, Bartels+ 2016] 
molecular clouds? [De Boer+ 2017]
dark matter? [Hooper&Goodenough 2011, Daylan+ 
PDU 2016, many others…]

•  Fermi Bubbles

• Spectral variations of the proton 
spectrum towards the inner Galaxy

• Gradient problem
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• “GeV extended emission from the 
inner Galaxy”
millisecond pulsars? [Lee+ 2016, Bartels+ 2016] 
molecular clouds? [De Boer+ 2017]
dark matter? [Hooper&Goodenough 2011, Daylan+ 
PDU 2016, many others…]

•  Fermi Bubbles

• Spectral variations in the proton 
spectrum towards the inner Galaxy

• Gradient problem

This anomaly is particularly interesting in the 
context of gamma-ray and neutrino 

connections!



Spectral hardening from gamma-ray data
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• A progressive CR 
hardening in the inner 
Galaxy inferred from 
gamma-ray data was first 
noticed in [Gaggero et al., 
PRD 2015, arXiv:
1411.7623]

• Confirmed by the Fermi-
LAT collaboration via a 
template-fitting 
procedure based on:

Ring decomposition for the 
gas distribution
Model for the IC emission, 
Catalogs of point and 
extended sources
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).
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ref. [1], and reproduced here using the GALPROP WebRun
[3, 4]: while the model is optimized at low energy, it gives
a poorer description of the data at high energy, a feature
that is generic for all models proposed in that analysis.

The selected angular window is interesting because the
di↵use emission from the inner Galactic plane is poten-
tially a precious source of information for CR transport
modelling. Being the region with largest gas column
densities, it is the brightest zone of the sky and, unlike
other regions where the interplay among components al-
lows more modelling freedom, its flux is predominantly
shaped by only one contribution, namely the ⇡0 decays,
especially when looking at intermediate energies. The ⇡0

emissivity spectral index is roughly equal to the incident
proton one, hence the inner Galactic plane allows an in-
direct measurement of the CR proton slope towards the
center of the Galaxy, far away from the region where di-
rect measurements are available. This aspect is seldom
emphasized, since the standard approach consists in solv-
ing the propagation equation for CR species [5] under
the assumption that di↵usive properties of CRs are the
same in the whole propagation volume. This implies re-
ducing the spatial di↵usion tensor to a single constant
di↵usion coe�cient D(⇢) = D0(⇢/⇢0)�, whose scaling �
on rigidity ⇢ and normalization D0 are constrained by
local CR data (a range between about � = 0.3 and about
� = 0.85 is allowed [6–8]). Such hypothesis freezes the
proton spectral index – and therefore the ⇡0 spectral in-
dex – to be very close to the local one everywhere in the
CR propagation region. For this reason, in fig. 1 and in
the following, the �-ray flux is multiplied by E2.8

� , since
�p = 2.820 ± 0.003 (stat) ± 0.005 (sys) is the proton in-
dex measured by the PAMELA experiment in the range
30 GV–1.2 TV [9]. The FB model gives a slightly rising
curve since it assumes �p = 2.72.

The present analysis goes beyond standard approaches
by allowing for spatial gradients in di↵usion, using as a
guideline the Fermi-LAT �-ray data.

In the CR transport equation, the di↵usion term de-
scribes at macroscopic level the e↵ective interplay be-
tween CRs and the magnetohydrodynamics turbulence,
see, e.g., ref. [10]. In the framework of quasi-linear the-
ory (QLT), � is related to the turbulence spectrum (e.g.
� = 1/3 for Kolmogorov-like turbulence and � = 1/2
for Kraichnan-like one); QLT however assumes that the
turbulent component of the magnetic field is subdomi-
nant compared to the regular one, an hypothesis that
does not seem to be supported by recent models [11, 12].
Studies based on non-linear theory approaches, on the
other hand, find more involved environmental dependen-
cies, resulting in di↵erent scalings in di↵erent regions of
the Galaxy, and deviations from a single power law in
rigidity [13, 14]. An additional element to take into ac-
count is the possibility that CRs themselves generate the
turbulent spectrum responsible for their propagation [15],
introducing local self-adjustments in propagation.

Given these arguments, in the following we will con-
sider models with variable � and show how they naturally

improve the description of �-ray data.

sky window ↵ sky window ↵

(|b| < 5�) (� ⇠ E�↵
� ) (|b| < 5�) (� ⇠ E�↵

� )

0� < |l| < 10� 2.55± 0.09 40� < |l| < 50� 2.57± 0.09

10� < |l| < 20� 2.49± 0.09 50� < |l| < 60� 2.56± 0.09

20� < |l| < 30� 2.47± 0.08 60� < |l| < 70� 2.60± 0.09

30� < |l| < 40� 2.57± 0.08 70� < |l| < 80� 2.52± 0.09

TABLE I. Energy slope of Fermi-LAT �-ray data on the
Galactic disk. The power-law index has been obtained by fit-
ting the data in the energy window E� = [5 � 50] GeV. We
average in latitude over the interval |b| < 5�.

II. ANALYSIS.

We decide to follow a data-driven approach. In order to
quantify the change of the �-ray slope along the Galactic
disk and the resulting discrepancy between the FB model
and the actual data, we show in table I the power-law
index obtained by fitting the Fermi-LAT �-ray data in
the energy window E� = [5�50] GeV, and in the second
row of table II the �2 of the FB model.
The observed power-law index ranges from E�2.47

� to
E�2.60

� , thus resulting in a �-ray flux much harder than
the prediction of the FB model, especially in the central
windows. These data should be taken as a guideline, and
only show a hint of a slope change with l, instead of a
statistically robust evidence. We remark that, in the out-
ermost windows we considered, the gamma-ray emission
is not dominated by ⇡0 emission only, since the relative
contributions of point sources and Inverse Compton are
far from being negligible.
Turning our attention to the quality of the fit for

the FB model is worse in the innermost windows (e.g.
|l| < 10� and 20� < |l| < 30�, with |b| < 5�), it
slightly ameliorates going towards outer longitudinal val-
ues (50� < |l| < 60�, with |b| < 5�) but remains poor
considering in average the whole Galactic disk (|l| < 80�,
with |b| < 5�).

In order to have a deeper understanding of the dis-
crepancy, it is important to trace, for each line of sight
(l.o.s.), which portion of the Galaxy the emission comes
from. For this reason, in fig. 2 we plot the relative contri-
bution to the total ⇡0 emission for three reference l.o.s.
as a function of the Galactocentric distance, R. At large
values of the Galactic longitude l (where the FB model
gives a better fit) the emission is dominated by the local
environment; instead, the closer to the center we look,
the wider the relevant region gets, with the central rings
contributing as much as 20% for the Galactic center win-
dow (where the fit is worse and the data turn out to
be significantly harder). In the lower panel of fig. 2, we
show the power-law spectral index of the ⇡0 component
as a function of R; for the FB model, as expected, we
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• A progressive CR 
hardening in the inner 
Galaxy inferred from 
gamma-ray data was first 
noticed in [Gaggero et al., 
PRD 2015, arXiv:
1411.7623]

• Confirmed by the Fermi-
LAT collaboration via a 
template-fitting 
procedure based on:

Ring decomposition for the 
gas distribution
Model for the IC emission, 
Catalogs of point and 
extended sources
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Fig. 8.— Radial distributions across the Galaxy of (a) the �-ray emissivity per H atom measured at

2 GeV; (b) the proton flux integrated above 10 GV, with the prediction from the GALPROP model
SY Z6R30T 150C2 (solid curve, Ackermann et al. 2012d); (c) the proton spectral index, P2, with

statistical error bars and the prediction for proton rigidities above 1 TV from the same GALPROP

model (solid line) and from Gaggero et al. (2015) (dashed line). In all plots, the horizontal bars

span the radial widths of the gas annuli used for the measurements. The two data points with

smallest Galactocentric radii have large systematic uncertainties (see text). Panel (d) shows the

proton flux integrated above 10 GV, normalized to its value at the Sun Galactocentric radius, with

the star formation rate traced by supernova remnants, H ii regions, and pulsars (Stahler & Palla

2005).
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ref. [1], and reproduced here using the GALPROP WebRun
[3, 4]: while the model is optimized at low energy, it gives
a poorer description of the data at high energy, a feature
that is generic for all models proposed in that analysis.

The selected angular window is interesting because the
di↵use emission from the inner Galactic plane is poten-
tially a precious source of information for CR transport
modelling. Being the region with largest gas column
densities, it is the brightest zone of the sky and, unlike
other regions where the interplay among components al-
lows more modelling freedom, its flux is predominantly
shaped by only one contribution, namely the ⇡0 decays,
especially when looking at intermediate energies. The ⇡0

emissivity spectral index is roughly equal to the incident
proton one, hence the inner Galactic plane allows an in-
direct measurement of the CR proton slope towards the
center of the Galaxy, far away from the region where di-
rect measurements are available. This aspect is seldom
emphasized, since the standard approach consists in solv-
ing the propagation equation for CR species [5] under
the assumption that di↵usive properties of CRs are the
same in the whole propagation volume. This implies re-
ducing the spatial di↵usion tensor to a single constant
di↵usion coe�cient D(⇢) = D0(⇢/⇢0)�, whose scaling �
on rigidity ⇢ and normalization D0 are constrained by
local CR data (a range between about � = 0.3 and about
� = 0.85 is allowed [6–8]). Such hypothesis freezes the
proton spectral index – and therefore the ⇡0 spectral in-
dex – to be very close to the local one everywhere in the
CR propagation region. For this reason, in fig. 1 and in
the following, the �-ray flux is multiplied by E2.8

� , since
�p = 2.820 ± 0.003 (stat) ± 0.005 (sys) is the proton in-
dex measured by the PAMELA experiment in the range
30 GV–1.2 TV [9]. The FB model gives a slightly rising
curve since it assumes �p = 2.72.

The present analysis goes beyond standard approaches
by allowing for spatial gradients in di↵usion, using as a
guideline the Fermi-LAT �-ray data.

In the CR transport equation, the di↵usion term de-
scribes at macroscopic level the e↵ective interplay be-
tween CRs and the magnetohydrodynamics turbulence,
see, e.g., ref. [10]. In the framework of quasi-linear the-
ory (QLT), � is related to the turbulence spectrum (e.g.
� = 1/3 for Kolmogorov-like turbulence and � = 1/2
for Kraichnan-like one); QLT however assumes that the
turbulent component of the magnetic field is subdomi-
nant compared to the regular one, an hypothesis that
does not seem to be supported by recent models [11, 12].
Studies based on non-linear theory approaches, on the
other hand, find more involved environmental dependen-
cies, resulting in di↵erent scalings in di↵erent regions of
the Galaxy, and deviations from a single power law in
rigidity [13, 14]. An additional element to take into ac-
count is the possibility that CRs themselves generate the
turbulent spectrum responsible for their propagation [15],
introducing local self-adjustments in propagation.

Given these arguments, in the following we will con-
sider models with variable � and show how they naturally

improve the description of �-ray data.

sky window ↵ sky window ↵

(|b| < 5�) (� ⇠ E�↵
� ) (|b| < 5�) (� ⇠ E�↵

� )

0� < |l| < 10� 2.55± 0.09 40� < |l| < 50� 2.57± 0.09

10� < |l| < 20� 2.49± 0.09 50� < |l| < 60� 2.56± 0.09

20� < |l| < 30� 2.47± 0.08 60� < |l| < 70� 2.60± 0.09

30� < |l| < 40� 2.57± 0.08 70� < |l| < 80� 2.52± 0.09

TABLE I. Energy slope of Fermi-LAT �-ray data on the
Galactic disk. The power-law index has been obtained by fit-
ting the data in the energy window E� = [5 � 50] GeV. We
average in latitude over the interval |b| < 5�.

II. ANALYSIS.

We decide to follow a data-driven approach. In order to
quantify the change of the �-ray slope along the Galactic
disk and the resulting discrepancy between the FB model
and the actual data, we show in table I the power-law
index obtained by fitting the Fermi-LAT �-ray data in
the energy window E� = [5�50] GeV, and in the second
row of table II the �2 of the FB model.
The observed power-law index ranges from E�2.47

� to
E�2.60

� , thus resulting in a �-ray flux much harder than
the prediction of the FB model, especially in the central
windows. These data should be taken as a guideline, and
only show a hint of a slope change with l, instead of a
statistically robust evidence. We remark that, in the out-
ermost windows we considered, the gamma-ray emission
is not dominated by ⇡0 emission only, since the relative
contributions of point sources and Inverse Compton are
far from being negligible.
Turning our attention to the quality of the fit for

the FB model is worse in the innermost windows (e.g.
|l| < 10� and 20� < |l| < 30�, with |b| < 5�), it
slightly ameliorates going towards outer longitudinal val-
ues (50� < |l| < 60�, with |b| < 5�) but remains poor
considering in average the whole Galactic disk (|l| < 80�,
with |b| < 5�).

In order to have a deeper understanding of the dis-
crepancy, it is important to trace, for each line of sight
(l.o.s.), which portion of the Galaxy the emission comes
from. For this reason, in fig. 2 we plot the relative contri-
bution to the total ⇡0 emission for three reference l.o.s.
as a function of the Galactocentric distance, R. At large
values of the Galactic longitude l (where the FB model
gives a better fit) the emission is dominated by the local
environment; instead, the closer to the center we look,
the wider the relevant region gets, with the central rings
contributing as much as 20% for the Galactic center win-
dow (where the fit is worse and the data turn out to
be significantly harder). In the lower panel of fig. 2, we
show the power-law spectral index of the ⇡0 component
as a function of R; for the FB model, as expected, we



Padova 22/06/2017 

Physical interpretations (I)

Berlin 29/11/2017

Improved modeling of large-scale 
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poloidal component in the inner GalaxyGalactic magnetic field
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Is this a potential signature of anisotropic CR transport?

In this work, we extend the DRAGON2 code to solve the two-dimensional CR trans-
port equation including a fully-anisotropic di↵usion tensor (i.e., keeping the assumption of
azimuthal symmetry but with orientation of the local magnetic field).

The simplified scenario presented here only focuses on proton propagation: It captures
the main aspects of the idea we are considering, and allows to make quantitative predictions
on the spatial variation of the protons slope.

We summarize below the main ingredients:

• Geometry: We assume azimuthal symmetry, so CR particles di↵use in a (R , z) plane
defined by the following boundaries: R 2 [0, R

max

] and z 2 [�H,+H]. In all the
following simulations, R

max

= 20 kpc and a resolution dR = dz = 0.1 kpc has been
adopted, while two values of the halo size, H = 2 and 4 kpc, have been investigated.

• Transport equation: We consider the following generic anisotropic transport equation:

@N

@t
= r · (D · rN) + S =

@

@xi

✓
Dij

@N

@xj

◆
+ S , (2.1)

where N is the CR density, S is the source term, D is the di↵usion tensor defined
in eq. (2.3). We refer to the Appendix A for all the details, including the numerical
implementation.

• Source term: Regarding the source spatial distribution, we consider the usual parametriza-
tion taken from [29], based on pulsar catalogs:

S(R, z) =

✓
R

R�

◆a

exp

✓
� b

R � R�
R�

� |z|
z
0

◆
, (2.2)

with a = 1.9, b = 5, R� = 8.3 kpc and z
0

= 0.2 kpc.

• Di↵usion tensor: Given a topology of the regular magnetic field, the di↵usion tensor is
naturally decomposed in the following way:

Dij ⌘ D?�ij +
�
Dk � D?

�
bibj , bi ⌘ Bi

|B| , (2.3)

where B is the ordered magnetic field and b = B/|B| is its unit vector. Note that in a
complex magnetic configuration, the field orientation may vary in space, thus introduc-
ing a spatial dependence of the di↵usion tensor elements Dij = Dij(R, z) through the
magnetic unit vectors, bi = bi(R, z), without the necessity to assume spatially depen-
dent di↵usion coe�cients, Dk and D?. In fact, the parallel and perpendicular di↵usion
coe�cients may reasonably depend only on the microphysics of the (axisymmetric)
di↵usion in a locally field-aligned coordinate system, which is encoded in their scaling
with respect to the rigidity, and not necessarily on the spatial position itself. In this
work we indeed consider spatially uniform and homogeneous Dk and D?, but with
di↵erent scalings with respect to the rigidity:

Dk = D
0k

⇣p
GeV

Z

⌘�k
and D? = D

0?

⇣p
GeV

Z

⌘�? ⌘ ✏D D
0k

⇣p
GeV

Z

⌘�?
, (2.4)
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Alternative explanation for the progressive hardening based on CR self 
confinement

Princeton 03/02/2018

On the radial distribution of Galactic CR 5
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Figure 1. CR density at E > 20 GeV (Acero et al. 2016) and
emissivity per H atom (Yang et al. 2016) as a function of the
Galactocentric distance, as labelled. Our predicted CR density at
E > 20 GeV is shown as a dashed line. The case of exponentially
suppressed magnetic field is shown as a solid line. The dotten line
shows the distribution of sources (Green 2015).
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DH(p) ∝ B4
0/Q

2
0 (see equation 13) and that both B0 and

Q0 are assumed to drop exponentially at large R. Clearly,
this result loses validity when δB/B0 approaches unity and
the amplification enters the non linear regime. Using equa-
tion (10), such condition in the disk can be written as
F(z = 0, k) ≈ DB/(2vAH) ! 1 which, for 1 GeV particles
occurs for R ! 28 kpc (red-dashed line in Figures (1) and
(2)). In any case, the density of CRs at large galactocentric
distances drops down, as visible in Figure (1).

4 CONCLUSIONS

The CR density recently inferred from Fermi-LAT obser-
vations of the diffuse Galactic γ-ray emission, as carried
out during the last seven years, appears to be all but
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Figure 3. Diffusion coefficient D(z = 0, p) as a function of mo-
mentum in GeV/c for different Galactocentric distances as la-
belled.

constant with galactocentric distance R (Acero et al. 2016;
Yang et al. 2016). In the inner ∼ 5 kpc from the Galactic
center, such density shows a pronounced peak around 3− 4
kpc, while it drops with R for R ! 5 kpc, but much slower
than what one would expect based on the distribution of
SNRs, as possible sources of Galactic CRs. Moreover, the
inferred slope of the CR spectrum shows a gradual steep-
ening in the outer regions of the Galaxy. This puzzling CR
gradient is hard to accommodate in the standard picture of
CR transport.

Here we showed that both the gradient and the spec-
tral shape can be explained in a simple model of non-linear
CR transport: CRs excite waves through streaming insta-
bility in the ionized Galactic halo and are advected with
such Alfvén waves. In this model, the diffusion coefficient
is smaller where the source density is larger and this phe-
nomenon enhances the CR density in the inner Galaxy. In
the outer Galaxy, the data can be well explained only by
assuming that the background magnetic field drops expo-
nentially at R ! 10 kpc, with a suppression scale of ∼ 3
kpc. This scenario also fits well the spectral slope of the CR
spectrum as a function of R, as a result of the fact that
at different R the spectrum at a given energy (∼ 20 GeV)
may dominated by advection (harder spectrum) or diffusion
(softer spectrum). A simple prediction of our calculations is
that the spectral hardening should disappear at higher en-
ergies, where transport is diffusion dominated at all galac-
tocentric distances.
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Stronger CR gradients
—> more effective self-
confinement
—> low diffusion coefficient
—> advection takes over at 
larger energies
—> propagated spectrum 
closer to the inj. one Recchia, Blasi, Morlino 2016

this effect only holds for E < ~50 GeV!

Growth-damping balance of self-
generated magnetic turbulence

2

turbulence is probably injected by SN explosions on such
scales and then cascades towards smaller scales. It only
becomes effective for CR scattering when the wavelength
becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.
In this Letter we present our calculations of the com-

bined effect on CR scattering of turbulence cascading
from some large scale (L0 = 50 pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GV re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GV the advection
of CRs with waves moving with the Alfvén velocity leads
to a spectral hardening. Both spectral features are ob-
served [1, 3, 4], and this work was actually stimulated by
these observations.
The calculation—We solve the CR diffusion equation

−
∂

∂z

[

D
∂f

∂z

]

+ vA
∂f

∂z
−

dvA
dz

p

3

∂f

∂p
= qCR(z, p) (1)

coupled with the equation for the waves:

∂

∂k

[

Dkk
∂W

∂k

]

+ ΓCRW = qW (k). (2)

Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z is
4πp2f(p, z)dp. The diffusion coefficient is related to the
wave spectrum through the well known expression [10]:

D(p) =
1

3
rL(p)v(p)

1

k W (k)
, (3)

where the power in the form of waves, W (k), satisfies:

∫ ∞

k0

dk W (k) = ηB =
δB2

B2
0

, (4)

with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB ≪ B0. In Eq. (1) we use a simple injection model in
which all CRs are produced by SNRs in an infinitely thin
disc of radius Rd:

qCR(p, z) =
ξCRESNRSN

πR2
dI(α)c(mc)4

( p

mc

)−α
δ(z) ≡ q0(p)δ(z).

(5)

Here ξCR is the fraction of the total kinetic energy
of a SN, ESN, assumed to be channelled into CRs,
and the SN rate is RSN. The quantity I(α) =
4π
∫∞
0 dx x2−α

[√
x2 + 1− 1

]

comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
acceleration in the test particle regime.
Eq. (2) describes the stationary wave spectrum W (k)

under the effect of wave-wave coupling and amplification
of waves due to streaming instability at a rate Γcr(k).
The cascade is due to NLLD and is described as a diffu-
sion process in k-space with a diffusion coefficient [20]:

Dkk = CKvAk
7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [18]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
the standard Kolmogorov spectrum W (k) ∝ k−5/3 (for
k ≫ k0), if the injection of power occurs at a single k0 =
1/L0. The effect of CRs is to amplify the waves through
streaming instability, with the growth rate [10]:

Γcr(k) =
16π2

3

vA
kW (k)B2

0

[

p4v(p)
∂f

∂z

]

p=qB0/kc

(7)

where the spatial gradient of CRs can be found by solving
the transport equation, Eq. (1).
Eq. (1) is solved in the simplifying assumptions that

D depends weakly on the the z-coordinate, and that the
Alfvén speed is also independent of z, except for the fact
that Alfvén waves move upward (downward) above (be-
low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:

f(z, p) = f0(p)
1− e−ζ(1−|z|/H)

1− e−ζ
, ζ(p) ≡

vAH

D(p)
, (8)

and f0(p) has to satisfy the following equation, obtained
by integrating Eq. (1) in the range z = (0− − 0+):

− 2D(p)

[

∂f

∂z

]

z=0+
−

2

3
vAp

df0
dp

= q0(p). (9)

The space derivative can be easily derived from Eq. (8):

[

∂f

∂z

]

z=0+
=

vAf0
D(p)

1

λ(p)
, λ(p) = 1− exp [ζ(p)] . (10)

Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:

f0(p) =
3

2vA

∫ ∞

p

dp′

p′
q0(p) exp

[

∫ p′

p

dp′′

p′′
3

λ(p′′)

]

. (11)

In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
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low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:

f(z, p) = f0(p)
1− e−ζ(1−|z|/H)

1− e−ζ
, ζ(p) ≡

vAH

D(p)
, (8)

and f0(p) has to satisfy the following equation, obtained
by integrating Eq. (1) in the range z = (0− − 0+):

− 2D(p)
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∂f

∂z

]

z=0+
−

2
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vAp

df0
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= q0(p). (9)

The space derivative can be easily derived from Eq. (8):
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∂z

]

z=0+
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vAf0
D(p)

1

λ(p)
, λ(p) = 1− exp [ζ(p)] . (10)

Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:
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]

. (11)

In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
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turbulence is probably injected by SN explosions on such
scales and then cascades towards smaller scales. It only
becomes effective for CR scattering when the wavelength
becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.
In this Letter we present our calculations of the com-

bined effect on CR scattering of turbulence cascading
from some large scale (L0 = 50 pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GV re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GV the advection
of CRs with waves moving with the Alfvén velocity leads
to a spectral hardening. Both spectral features are ob-
served [1, 3, 4], and this work was actually stimulated by
these observations.
The calculation—We solve the CR diffusion equation

−
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+ vA
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dvA
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∂k
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Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z is
4πp2f(p, z)dp. The diffusion coefficient is related to the
wave spectrum through the well known expression [10]:

D(p) =
1

3
rL(p)v(p)

1

k W (k)
, (3)

where the power in the form of waves, W (k), satisfies:

∫ ∞

k0

dk W (k) = ηB =
δB2

B2
0

, (4)

with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB ≪ B0. In Eq. (1) we use a simple injection model in
which all CRs are produced by SNRs in an infinitely thin
disc of radius Rd:

qCR(p, z) =
ξCRESNRSN

πR2
dI(α)c(mc)4

( p

mc

)−α
δ(z) ≡ q0(p)δ(z).

(5)

Here ξCR is the fraction of the total kinetic energy
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and the SN rate is RSN. The quantity I(α) =
4π
∫∞
0 dx x2−α

[√
x2 + 1− 1

]

comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
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found to be in the form:
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• Adaptive template-fitting analysis

• Spectral trend confirmed 
outside the Galactic bulge 

• Unclear behavior at very low 
radii!

• High-energy fits show same 
trend!

[M. Pothast, DG, E. Storm, C. Weniger, arXiv:1807.04554]

The spatial regularization is set so that variations are within ⇠ 32% of the initial template.
The best-fit gas templates are shown in Figure 1.

Note that we do not implement any correction to take into account dark gas, i.e. gas
that is not resolved by the 21cm or CO line emission, because it was shown that this can be
recovered through the use of the modulation parameters [11].

The ICS model we used was created with DRAGON and GammaSky [16–18]. We use the
ISRF as documented in [19] with the Ferrière source model [20] and the ‘KRA4’ cosmic-ray
propagation model from [21]. The initial ICS spectrum is again taken from [15] and allowed
to vary by 25%. The ICS spatial template is constrained to within a factor two.

A notable di↵erence between this work and [11] is that we do not add a template for
the GeV excess in the Galactic center and use a more conservative template for the Fermi
bubbles, following the region as defined in [22], and allow no spatial variation for this bubble
template. The spectrum of the bubbles is taken from [23] and is constrained to within 1%.
We explore the e↵ects of these choices on the final results in section 4. Furthermore, we add
the necessary point sources and extended sources within our ROI from the 3FGL catalog [24]
and treat them as described in [11].

Components Notes
h
� �0 �00

⌘ ⌘0 ·

i

IGRB Fixed isotropic template, 25% spectral
freedom.

[ 1 16 1
0 0 · ]

3FGL PSC Fixed positions, 5% spectral freedom, 30%
freedom on normalizations.

[ · 25 10
· 0 · ]

Extended Sources Free spectra and templates, mild spatial
smoothing.

[ 0 1 1
4 0 · ]

Fermi bubbles Fixed template, 1% spectral freedom [ 1 10000 1
0 0 · ]

ICS Factor of 3 spatial freedom, 25% spectral
freedom, strong spatial smoothing.

[ 1 16 0
100 0 · ]

Gas rings 30% spatial freedom, 25% spectral freeom,
mild spatial smoothing.

9⇥ [ 10 16 0
25 0 · ]

Table 1. An overview of the model components and the regularization hyper-parameters as used
in the gamma-ray sky fit with SkyFACT . The second column contains a description of the modeling
uncertainties that we allow in the fit. The matrix contains the corresponding regularizing hyper-
parameters, where �, �0 and �00 are spatial, spectral and overall modulation parameters respectively
and ⌘ and ⌘0 the spatial and spectral smoothing.

3 Hadronic gamma-ray slope analysis: Results

3.1 Hardening of the proton spectrum in the full energy range

In Figure 2, the best-fit spectra for each Galactocentric annulus from SkyFACT are shown
with black points. In order to identify any trends in the spectra across di↵erent rings, we
then fit the black points with a single power law in the 2 � 228.65 GeV energy range. We
are ultimately interested, however, in trends present in the CR proton spectrum. Above a
gamma-ray energy E� ⇠ 2 GeV (the location of the ⇡0 bump), the spectrum of the gamma-
ray emission from ⇡0 decay scales with the underlying CR proton spectrum, with an overall

– 6 –
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Figure 3. Radial distribution of the gamma-ray emissivity per H atom. The emissivity is
integrated over the 1–100 GeV range: This quantity is a proxy to the total CR flux. Previous studies
mentioned in the text are shown for comparison: We notice that Ref. [3] provide the emissivity per
H atom at 2 GeV. The result associated to the first radial bin, corresponding to the inner Galactic
bulge, is less reliable for several reasons discussed in the text, and is therefore grayed out in the plot.

Figure 4. Spectral index of the hadronic emission for di↵erent Galactocentric rings. We
show the spectral index fitted as explained in the text from 2–220 GeV compared to the trend found in
[3, 4]. Horizontal error bars indicate bin width in R and vertical error bars are 68% credible intervals.

[e.g., 26, 27].
The best-fit photon index from Figure 2 is plotted versus radial distance from the

Galactic center in Figure 4 and compared with previous analyses [3, 4]. We also show the
hadronic gamma-ray emissivity integrated over energies above 1 GeV (for straightforward
comparison with [4]; [3] shows the emissivity at 2 GeV), which is a proxy of the hadronic CR
flux, in Figure 3. Overall, we find a reasonable agreement with both studies.
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• Adaptive template-fitting analysis

• Spectral trend confirmed outside 
the Galactic bulge 

• Unclear behavior at very low 
radii!

• High-energy power-law fits 
show same trend!

Spectral index

Harder 
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GeV-TeV connections — moving towards The TeV sky

Gamma rays: GeV - TeV connections

Berlin 29/11/2017Princeton 29/02/2017Princeton 02/29/2017GSSI 01/06/2018

• Does the multi-TeV diffuse emission (still to be detected) show the 
same behavior? is the CR diffuse sea above the TeV progressively 
harder towards the Galactic bulge?

• If this is the case, the interpretations based on non-linear physics would 
be disfavored
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We present a nove
l interpretation of the γ-ray diffuse emission measured by Fermi-LAT and H.E.S.S. in

the Galactic center (GC) reg
ion and the Galactic ridge (GR). In the first part we perform a data-driven

analysis based on PASS8 Fermi-LAT data: We extend down to a few GeV the spectra measured by

H.E.S.S. and infer the primary cosmic-ray (CR) radial distr
ibution between 0.1 and 3 TeV. In the second

part we adopt a CR transport model based on a position-depend
ent diffusion coefficient. Such

behavior

reproduces the radial dependence of the CR spectral index recently inferred from the Fermi-LAT

observations. W
e find that the bu

lk of the GR emission can be na
turally explained by the

interaction of the

diffuse steady-state Galactic CR sea with the gas present in the central molecular zone. A
lthough we

confirm the presence of a
residual radial-d

ependent emission associated
with a central so

urce, the relevan
ce

of the large-scale diffuse component prevents
to claim a solid evidence of GC pevatrons.

DOI: 10.1103/P
hysRevLett.119

.031101

Introduction.—The High Energy Stereoscopic System

(H.E.S.S.)Colla
boration recently

reported the disc
overy of a

γ-ray diffuse emission from a small region surrounding

SgrA* [1]. The emission spectrum is compatible with a

single power law with index ΓHESS16
¼ 2.32" 0.05stat "

0.11syst and extends up to ∼50 TeV with no statistically

significant evide
nce of a cutoff. I

f hadronic, as ex
pected due

to the strong loss
es suffered by el

ectrons in that re
gion, that

emission may point to the presence of
a proton population

with energies up to the PeV in the Galactic cen
ter (GC).

On the basis of the angular profile of the emission, the

H.E.S.S. Collab
oration proposed the J1745-290 source as

its possible origin. This sou
rce is positionally compatible

with the SgrA* supermassive black hole and with the G

359.95-0.04 pulsar wind nebula. Althoug
h the observed

spectrum of HESS J1745-290 is suppressed above

∼10 TeV, this might be explained by the attenuation

due to the presence of a dense radiation field around that

source (see, e.g.
, Ref. [2]). Anni

hilating dark matter in the

halo central spike [3], or a peaked population of cosmic

rays (CRs) interactin
g with high concentrated gas in that

region, could als
o explain the dif

fuse emission measured by

H.E.S.S. The H.
E.S.S. results ha

ve raised wide in
terest as it

seems to provide the first evidence of pevatrons in our

Galaxy.

A γ-ray diffuse em
issionwas alsom

easured by a prev
ious

H.E.S.S. observational campaign towards the so-called

Galactic ridge (G
R) [4]. That emission approximately traces

the gas distributi
on in the central

molecular zone (C
MZ)—a

massive structure rich in molecular gas tha
t extends up to

∼250 pc away from the GC along the Galactic plan
e (GP).

Its spectrum is compatible with a single power law with

index ΓHESS06
¼ 2.29" 0.07stat " 0.20syst, which,

although

observed only up to ∼10 TeV, is in agreement with that

found in the inner region
surrounding SgrA*.

The spectra of th
e CR population that o

ne can infer from

these data are significantly harder than the local CR

spectrum measured at the Earth position [ΓCRðr⊙Þ≃ 2.7

for ECR > 300 GeV=nucleon se
e, e.g., Refs. [5,6

]]. On the

other hand, at lo
wer energies, Fe

rmi-LAT observations of

the SgrB complex in the CMZ suggest a CR spectrum

similar to the local one [7].

The H.E.S.S. Collab
oration proposed that the discrep-

ancy could be the signature of a freshly accelerated CR

population, possibly originated by SgrA* or by other

sources in the central parsec of the Galaxy.

The aim of this Letter is to
estimate the contributi

on of the

CR large-scale popul
ation (hereafter th

eCR sea) to the diffuse

emission measured by H.E.S.S. and Fermi-LAT in the GC

region, and to pro
vide a consistent

interpretationof t
hose data.

Differently from previous compu
tations, we model the CR

sea by relaxing th
e simplified hypothesi

s of a uniform spectral

index in the Galaxy. This ap
proach is motivated by recent

analyses of Ferm
i-LAT data [8–10] showing that the γ-ray

diffuse emission of the Galaxy, and hence the CR primary

spectrum, gets harder app
roaching the GC along the GP.Published by the American Physical Society
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• A “Hard CR sea” in the inner Galaxy can naturally explain the TeV emission 
from the Galactic ridge measured by H.E.S.S.

Gamma rays: GeV - TeV connections

Berlin 29/11/2017

H.E.S.S.  +  Fermi-LAT 
Gaggero, D.G., A. Marinelli, Taoso & Urbano, PRL 2017
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TeV γ-ray and neutrinos from hard CR spectra

Barolo workshop

2

Figure 1. Diffuse emission γ-ray spectrum from the inner Galac-
tic plane (|b| < 2◦, 30◦ < l < 65◦) computed for the refer-
ence models considered in this Letter is compared with Fermi-
LAT and Milagro data. The Milagro differential flux reported
here is 17% lower with respect to the flux reported in 2008
((Abdo et al. 2008)) due to the assumption of a spectral index
of 2.4 instead of 2.7 ((Huentemeyer 2015)). The expected sensi-
tivities of HAWC (Abeysekara et al. 2013) and CTA (Actis et al.
2011) are reported. The spectral components are shown for the
KRAγ model only. The Fermi-LAT data points refer to 5 years of
data, within the event class ULTRACLEAN, according to Fermi
tools v9r32p5.

explain the large γ-ray flux measured by the Milagro ob-
servatory from the inner GP region at 15 TeV median
energy (Prodanović et al. 2007; Abdo et al. 2008). In
Fig. 1 we show how a representative conventional model,
with similar spectral properties as the Fermi benchmark
model (Ackermann et al. 2012), clearly fails to repro-
duce that measurement. This problem is common to
all the models of this kind and still holds assuming – as
done in (Ahlers et al. 2015) – that the spectral hardening
found by PAMELA in the CR proton and helium spec-
tra above ∼ 230 GeV/n (Adriani et al. 2013) is present
throughout the whole Galaxy. Therefore, the Milagro
excess is still an open issue, and indeed its possible rele-
vance for high-energy neutrino physics has often been
pointed out (see e.g. (Gabici et al. 2008; Taylor et al.
2014)).
An even more serious anomaly was found at

lower energies in the Fermi-LAT diffuse γ-ray spec-
trum (Ackermann et al. 2012): the conventional models
systematically underestimate the measured flux in the in-
ner GP region above a few GeV. A new phenomenological
scenario was proposed in (Gaggero et al. 2014) in order
to account for the latter results: the idea is to consider
a radial dependence for both the rigidity scaling index δ
of the diffusion coefficient and the advective wind.
In this Letter we present for the first time a consistent

picture based on that scenario that aims to overcome all
of the aforementioned problems.
The most significant achievements we present are:

• a natural explanation to the long-standing Milagro
anomaly;

• a new prediction of the Galactic neutrino diffuse
emission that is significantly larger than the one
computed with conventional models; and

• a possible interpretation for the hints of an excess of
IceCube events along the Galactic plane and of the
different neutrino slope in the northern and south-
ern hemispheres.

2. THE MODEL.

Following (Gaggero et al. 2014), the starting point is
a conventional propagation setup characterized by δ =
0.5 1, compatible with a Kraichnan spectrum of the inter-
stellar turbulence within the quasi-linear theory frame-
work. We will refer to this setup as the “KRA model”
(see also (Evoli et al. 2011)).
The new model presented in that paper features δ in-

creasing with the galactocentric radius R (implying spa-
tially variable CR transport as originally suggested, e.g.,
in (Erlykin & Wolfendale 2013)), and hence predicts a
hardening of CR propagated spectrum and γ-ray emis-
sivity in the inner Galaxy. The following explains the
model in more detail:

• δ has the galactocentric radial dependence δ(R) =
AR + B for R < 11 kpc where A = 0.035 kpc−1

and B = 0.21 so that δ(R⊙) = 0.5. This behavior
may have different physical interpretations, e.g. a
smooth transition between a dominant parallel es-
cape along the poloidal component of the regular
Galactic magnetic field (in the inner Galaxy, where
δ is lower) and a perpendicular escape with respect
to the regular field lying in the plane (in the outer
Galaxy, where the scaling is steeper).

• An advective wind for R < 6.5 kpc with velocity
VC(z)ẑ (z is the distance from the GP) vanishing at
z = 0 and growing as dVc/dz = 100 km s−1 kpc−1

is also included. This ingredient is motivated
by the X-ray ROSAT observations Snowden et al.
(1997)

• The vertical dependence of the diffusion coefficient
is taken as D(z) ∝ exp(z/zt);

• The halo size is zt = 4 kpc for all values of R
(this is a conventional choice widely used in the
literature, and we checked that our results do not
change significantly considering larger values of zt).

The observed γ-ray spectra at both low and mid Galac-
tic latitudes, including the Galactic center, are repro-
duced by this model without spoiling local CR observ-
ables: proton, antiproton and helium spectra, B/C and
10Be/9Be ratios. Moreover, this scenario naturally ac-
counts for the radial dependence in the CR spectrum
found by the Fermi collaboration (Casandjian 2015). We
will refer to this model as “KRAγ” since it is tuned on
gamma-ray data.
We implement the setup with DRAGON, a numeri-

cal code designed to compute the propagation of all
CR species (Evoli et al. 2008; DRAGON-web 2015).

1 δ is defined by D(ρ) ∝ (ρ/ρ0)
δ

4

Figure 2. Solid and dashed red (blue) lines: expected neu-
trino spectra (all flavors, both neutrinos and antineutrinos) in the
inner Galactic plane region computed for the conventional KRA
(the novel KRAγ) models for two different cutoff values. We also
show the maximal flux, estimated considering three years of Ice-
Cube HESE events as described in (Spurio 2014), the constraint
from the ANTARES experiment (Fusco & ANTARES 2015) (1500
days of experiment livetime between 2007 and 2013) as well as
the deduced sensitivity of the future Mediterranean observatory
KM3NeT (Piattelli & KM3NeT 2015) with four years (∼ 1500
days) of livetime.

sults – we find that the flux corresponding to the KRA
model may require long times of observation even by the
KM3NeT observatory (Adrián-Mart́ınez et al. 2013), our
prediction for the KRAγ model is instead well above the
sensitivity reachable by that experiment in four years and
it is almost within the ANTARES observation capabili-
ties.
Interestingly, our result is in good agreement with the

maximal flux inferred from the fraction of IceCube HESE
events compatible with that region (see Fig. 3). We no-
tice that in that region the expected EG contribution, as
constrained from the muon neutrino flux in the northern
hemisphere (see below) gives a subdominant contribution
with respect to that computed with the KRAγ model.
Therefore the possible detection of a signal in that sky
window would be a smoking gun for the presence of such
Galactic emission.
IceCube should also have the potential to detect that

emission on a larger region. In this context, we also
note that an independent analysis (Neronov & Semikoz
2015a) already found a significant hint of an excess in
the 4-year HESE sample (Aartsen et al. 2015d) along the
Galactic plane.
We now turn our attention to the recently published

IceCube results, both concerning the full-sky and the
northern and southern hemispheres separately.
In Fig. 3 we represent the full-sky total neutrino spec-

trum (all flavors, including antiparticles) computed for
the KRAγ and KRA models, with global CR hardening,
and compare it to the IceCube results.
Our prediction for the conventional setup (KRA

model) is in good agreement with (Ahlers et al. 2015):

Figure 3. Full-sky neutrino spectrum (all flavors, both neutri-
nos and antineutrinos) predicted by the KRAγ and KRA mod-
els (with global CR hardening), adopting two different choices for
the CR high-energy cutoff. We also plot the combination of the
Galactic (KRAγ) and a benchmark EG spectrum. The EG flux
is consistent with that inferred from the IceCube collaboration in
the northern hemisphere (Aartsen et al. 2015b). The models are
compared with the 68% confidence region for the IceCube astro-
physical neutrino flux obtained with a maximum-likelihood (yellow
region) (Aartsen et al. 2015a) and the three years HESE (green
points) (Aartsen et al. 2014).

In that work, the benchmark Galactic model accounts
for 8% of the flux measured by IceCube above 60 TeV,
for a CR spectrum similar to the one used here above 50
PeV.
On the other hand, the KRAγ predicts a ∼ 2 times

larger full-sky flux above 10 TeV: the model prediction
is therefore only ≃ 4 times smaller than the best fit of
the astrophysical flux measured by IceCube on the whole
sky.
We remark that another analysis (Neronov & Semikoz

2015b), based on an extrapolation of Fermi-LAT data,
points toward a non-negligible Galactic contribution to
the full-sky neutrino flux due to a hard diffuse CR spec-
trum. In that scenario the (softer) locally observed CR
spectrum may get a major contribution from one or more
local sources: this interpretation still has to be validated
against Fermi-LAT data, while our model is based on
those measurements.
Setting a threshold energy at 60 TeV and convolving

the KRAγ spectrum (with Ecut = 50 PeV) with the Ice-
Cube HESE effective areas (Aartsen et al. 2013a), the
expected number of neutrino events in three years of
IceCube observation represents ∼ 15% of the published
sample (Aartsen et al. 2014). These rates are well above
those expected due to atmospheric muons and atmo-
spheric neutrinos and confirm the spectral comparison
between KRAγ and IceCube data.
Clearly, another component – most likely of extragalac-

tic (EG) origin – needs to be invoked in order to account
for all of the IceCube events.
Here we assume this EG component to be isotropic

gamma-ray 
spectra

neutrino spectra

• Models characterized by a hard CR sea in the inner Galaxy, compatible with 
the trend inferred by Fermi-LAT data, are compatible with the anomalous 
emission measured by MILAGRO

• The same models predict a relevant neutrino flux from the inner Galaxy
• The 2015 analysis was compatible with the upper limits from ANTARES

DG et al., ApJL 2015  
1504.00227
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Q = log10(Lsig+bkg)� log10(Lbkg) (4)

with Lbkg = Lsig+bkg(µsh
sig = µtr

sig = 0).
The detection power is computed by building the prob-

ability density functions of the test statistic pdf�(Q) for
di↵erent normalisation factors � of the reference model
fluxes. Pseudo-experiments are thus produced, varying
the number of signal events µsh+tr

sig accordingly. They are

generated using the probability density functions MT and
ET defined before. A total of 105 pseudo-experiments are
produced in the background case (µsh+tr

sig = 0) and 104 for

each value of µsh+tr
sig in the range [1,55] where the rate of

showers, taken from the Monte Carlo simulation, is ⇠20%
of µsh+tr

sig . For each pseudo-experiment, the number of fit-

ted track (µtr
fit) and shower (µsh

fit) events can be obtained.
The distribution of [µsh+tr

sig � (µtr
fit + µsh

fit)] has null mean
value and a standard deviation �⇤ = 13 for the model with
the 5 PeV cut-o↵ and �⇤ = 11 with the 50 PeV cut-o↵. It
is worth noticing that the value of �⇤ is related to the back-
ground fluctuation, which does not change when varying
the true number of signal events for a given model. This
means that, if the exposure increases by a given factor, �⇤

increases less rapidly. The probability density functions
of Q for integer numbers of signal events pdfµsh+tr

sig
(Q) are

obtained from pseudo-experiments. They are linked to
pdf�(Q), with � leading to a mean number of detected
signal events n, by:

pdf�(Q) =
X

µsh+tr
sig

P (µsh+tr
sig |n) · pdfµsh+tr

sig
(Q) (5)

where P is the Poissonian probability distribution.
The systematic uncertainty on the acceptance of the

ANTARES photomultipliers implies an uncertainty on the
e↵ective area of 15%. To account for this, the number of
expected signal events n from a given flux is fluctuated
using a Gaussian distribution with a standard deviation
of 15%. An uncertainty on the background distribution
due to statistical fluctuations in the data is also taken
into account by fluctuating MT

bkg(�i).
The p-value for a given Q is defined as the probabil-

ity to measure a test statistic larger than this one in the
background only case. It is given by the anti-cumulative
probability density function of Q with no injected signal
(Figure 2). Upper limits at a given confidence level are set
according to the corresponding distributions with injected
signal events.

For the model with the 5 PeV cut-o↵, 90% of signal
events are in the energy range [0.35,130] TeV for track-like
events and between [2.0,150] TeV for shower-like events.
For the 50 PeV cut-o↵, these energy ranges are [0.40,230]
TeV for the tracks and [2.2,260] TeV for the showers. To
avoid biasing the analysis, the data have been blinded by
time-scrambling. Both the sensitivity and the discovery
power of the analysis are derived from this blinded
dataset. The sensitivity, defined as the average upper
limit at 90% confidence level, is 1.38⇥�ref when a cut-o↵
for CR primary protons at 5 PeV is set. A mean of

Figure 2: Anti-cumulative distribution of the test statistic
Q from the pseudo-experiments for background only (yel-
low area) and with signal from the reference model with
the 5 PeV cut-o↵ (red line). The corresponding values of
the test statistic for 2� and 3� confidence level are shown
(blue lines) along with the value from data (green line).

Figure 3: ANTARES upper limit at 90% confidence level
on the three flavour neutrino flux (solid black line) on
the reference model with a 50 PeV energy cut-o↵ (blue
dashed line). The neutrino fluxes according to the ref-
erence model with the 5 PeV energy cut-o↵ (blue dot-
ted line), the conventional model with the 50 PeV (red
dashed line) and 5 PeV (red dotted line) cut-o↵s are shown
for all neutrino flavours, as well as the previously pub-
lished ANTARES upper limit (solid green line) and the
4 years of HESE reconstructed by IceCube (black trian-
gles). The di↵use gamma ray spectral energy distribution
derived from PASS8 Fermi-LAT data (red points) is also
presented here.
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Figure 4. Combined upper limits (UL) at 90% confidence
level (blue lines) on the three-flavor neutrino flux of the
KRA� model with the 5 and 50PeV cuto↵s (black lines).
The boxes represent the di↵use astrophysical neutrino fluxes
measured by IceCube using an isotropic flux template with
starting events (yellow) and upgoing tracks (green).
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Extra-Galactic sources of IceCube neutrinos?

Barolo workshop

Extragalactic Source Candidates

• association with sources of UHE CRs [Kistler, Stanev & Yuksel’13]

[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto’14;Moharana & Razzaque’15]

• association with di↵use g-ray background [Murase, MA & Lacki’13]

[Chang & Wang’14; Ando, Tamborra & Zandanel’15]

• active galactic nuclei (AGN) [Stecker’13;Kalashev, Kusenko & Essey’13]

[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14; Kalashev, Semikoz & Tkachev’14]

[Padovani & Resconi’14; Petropoulou et al.’15; Padovani et al.’16; Kadler et al.’16; Wang & Loeb’16]

• gamma-ray bursts (GRB) [Murase & Ioka’13; Dado & Dar’14; Tamborra & Ando’15]

[Senno, Murase & Meszaros’16; Denton & Tamborra’18; Boncioli, Biehl & Winter’18]

• galaxies with intense star-formation (e.g. starbursts)
[He, Wang, Fan, Liu & Wei’13; Yoast-Hull, Gallagher, Zweibel & Everett’13; Murase, MA & Lacki’13]

[Anchordoqui, Paul, da Silva, Torres& Vlcek’14; Tamborra, Ando & Murase’14; Chang & Wang’14]

[Liu, Wang, Inoue, Crocker & Aharonian’14; Senno, Meszaros, Murase, Baerwald & Rees’15]

[Chakraborty & Izaguirre’15; Emig, Lunardini & Windhorst’15; Bechtol et al.’15]

• galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

• tidal disruption events (TDE) [Wang, Liu, Dai & Cheng’11; Senno, Murase & Més’aros’17]

[Guépin, Kotera, Barausse, Fang & Murase’17; Biehl, Boncioli, Lunardini & Winter’17]
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Diffuse flux: Complementarity between γ-rays and neutrinos

Barolo workshop

• Different energy ranges, similar energy budget

• Gamma-ray background can constrain models for the neutrino flux 
[see e.g. Ando+ 1509.02444, Murase+ 1509.00805 and 1607.01601, many others…]

• Unclear origin of the different spectrum associated to HESE and TGMs

Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• e�cient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large e↵ective volume due to ranging in tracks

• e�cient removal of atmospheric muon backgrounds by Earth-absorption
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the n

µ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the n

µ,up analysis.
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data

stochasticity of the muon energy loss, in very rare cases muons can pass through the outer veto
layer undetected and appear as starting events, especially close to the charge threshold of 6000 p.e.
A data-driven method is used to estimate this background by tagging such muons in one layer of the
detector and using an equivalent second layer to estimate their passing probability. This procedure
yields a total atmospheric muon background of 25.2±7.3 events in six years of data.

The same cosmic ray air showers also produce neutrinos from p and K decays. The spectrum
of these muon-neutrino dominated atmospheric neutrinos is typically one power steeper than the
original cosmic ray spectrum. This is due to the increasing lifetime of the parent mesons, making
it more and more likely for them to interact before decaying. At energies above around 100TeV,
an analogous flux of muons and neutrinos from charm-containing mesons is expected to dominate.
The shorter lifetime of these particles allows them to avoid interactions before their decay, leading
to a harder spectral slope of this component. Until now, this “prompt” component has not been
observed, but limits from data have been placed by previous IceCube analyses [6, 7, 8]. As in
previous iterations of this analysis, we use the limit set by an analysis of upgoing muons from
muon neutrinos in the 59-string configuration of IceCube [6] for purposes of background estima-
tion. Newer limits are available and will be used in future IceCube analyses of this data sample
and extensions of it. Note that some of the down-going atmospheric neutrino background will be
vetoed because of accompanying muons from the same air shower. This reduces the background
from atmospheric neutrinos in the Southern Sky. This analysis uses the veto probabilities as de-
scribed in [7]. The total number of expected background events from atmospheric neutrinos in six
years of data is 15.6+11.4

�3.9 (accounting for an unknown “prompt” component at or below the upper
limit measured in [6]).

4. Diffuse Flux Fit
In the full 2078-day sample, we detect 82 events (Fig. 1); 20 of them are observed in the fifth and
8 in the sixth year, respectively (see table 1). Event number 32, observed in the third year and
event number 55 in the fifth year were produced by a coincident pair of background muons from
unrelated cosmic ray air showers and have been excluded from the analysis.

In order to describe the data, we perform a likelihood fit of all expected components (atmo-
spheric muons, atmospheric neutrinos from p/K decay, atmospheric neutrinos from charm decay
and an astrophysical flux assuming a 1:1:1 flavor ratio). The fit is performed in the energy range
of 60TeV < Edep < 10PeV, which is an extended range compared to [4] to include the Glashow
resonance in the prediction. Due to the non-observation of events in this extended energy range the
effect on the fit result is negligible. The neutrino interaction model was updated from previous iter-
ations of this analysis by using corrected charged- and neutral-current cross-sections [9], resulting
in an approximately 25% decrease in best-fit normalization.

As in previous iterations of this analysis, we fit an unbroken power-law spectrum with a vari-
able spectral index, E�g . The best fit yields a spectral index of �2.92+0.33

�0.29. We note that all of the
events in the recent two years have energies below 200TeV, resulting in a softening of the spectrum
compared to previous results [2, 3, 4]. However, due to the large uncertainties these results are still
compatible within 2s . Furthermore, this result remains compatible with other IceCube results such
as the high-energy upgoing muon neutrino sample [10], from here on called n

µ,up, because of their
limited energy range starting at a neutrino energy of around 120 TeV. This is illustrated in Fig-
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
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A data-driven method is used to estimate this background by tagging such muons in one layer of the
detector and using an equivalent second layer to estimate their passing probability. This procedure
yields a total atmospheric muon background of 25.2±7.3 events in six years of data.

The same cosmic ray air showers also produce neutrinos from p and K decays. The spectrum
of these muon-neutrino dominated atmospheric neutrinos is typically one power steeper than the
original cosmic ray spectrum. This is due to the increasing lifetime of the parent mesons, making
it more and more likely for them to interact before decaying. At energies above around 100TeV,
an analogous flux of muons and neutrinos from charm-containing mesons is expected to dominate.
The shorter lifetime of these particles allows them to avoid interactions before their decay, leading
to a harder spectral slope of this component. Until now, this “prompt” component has not been
observed, but limits from data have been placed by previous IceCube analyses [6, 7, 8]. As in
previous iterations of this analysis, we use the limit set by an analysis of upgoing muons from
muon neutrinos in the 59-string configuration of IceCube [6] for purposes of background estima-
tion. Newer limits are available and will be used in future IceCube analyses of this data sample
and extensions of it. Note that some of the down-going atmospheric neutrino background will be
vetoed because of accompanying muons from the same air shower. This reduces the background
from atmospheric neutrinos in the Southern Sky. This analysis uses the veto probabilities as de-
scribed in [7]. The total number of expected background events from atmospheric neutrinos in six
years of data is 15.6+11.4

�3.9 (accounting for an unknown “prompt” component at or below the upper
limit measured in [6]).

4. Diffuse Flux Fit
In the full 2078-day sample, we detect 82 events (Fig. 1); 20 of them are observed in the fifth and
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In order to describe the data, we perform a likelihood fit of all expected components (atmo-
spheric muons, atmospheric neutrinos from p/K decay, atmospheric neutrinos from charm decay
and an astrophysical flux assuming a 1:1:1 flavor ratio). The fit is performed in the energy range
of 60TeV < Edep < 10PeV, which is an extended range compared to [4] to include the Glashow
resonance in the prediction. Due to the non-observation of events in this extended energy range the
effect on the fit result is negligible. The neutrino interaction model was updated from previous iter-
ations of this analysis by using corrected charged- and neutral-current cross-sections [9], resulting
in an approximately 25% decrease in best-fit normalization.

As in previous iterations of this analysis, we fit an unbroken power-law spectrum with a vari-
able spectral index, E�g . The best fit yields a spectral index of �2.92+0.33

�0.29. We note that all of the
events in the recent two years have energies below 200TeV, resulting in a softening of the spectrum
compared to previous results [2, 3, 4]. However, due to the large uncertainties these results are still
compatible within 2s . Furthermore, this result remains compatible with other IceCube results such
as the high-energy upgoing muon neutrino sample [10], from here on called n

µ,up, because of their
limited energy range starting at a neutrino energy of around 120 TeV. This is illustrated in Fig-
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• Upper limits on the neutrino spectral index, lower limits on the 
IGRB contribution.

• The constraints change depending on the assumption on the undergoing process

Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• e�cient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large e↵ective volume due to ranging in tracks

• e�cient removal of atmospheric muon backgrounds by Earth-absorption
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• pp processes or “CR reservoir models”: neutrinos are 
produced in the vicinity of the source via inelastic 
hadronuclear collisions, e.g. in star-forming galaxies

Isotropic Di↵use Gamma-Ray Background (IGRB)

• Gamma-ray emission from
electromagnetic cascades ends
up in the sub-TeV range
observed with Fermi satellite.

8 Cosmic ray spectral index
strongly constrained by the
isotropic di↵use gamma-ray
background (IGRB)

[Murase, MA & Lacki’13]

G . 2.15 � 2.2

8 IceCube best-fit: [IceCube’15]
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• CRs in SFGs are unlikely to produce >PeV neutrinos, 
while highest reconstructed energy in the HESE is 4.5 
PeV —> requires a CR with more than 10-100 PeV

• The constraints change depending on the assumption on the undergoing process

Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• e�cient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large e↵ective volume due to ranging in tracks

• e�cient removal of atmospheric muon backgrounds by Earth-absorption
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• The constraints change depending on the assumption on the undergoing process

Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• e�cient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large e↵ective volume due to ranging in tracks

• e�cient removal of atmospheric muon backgrounds by Earth-absorption
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Production mechanisms for gamma rays
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• pγ processes or “CR accelerator models”: neutrinos are 
produced inside the source, e.g. in GRBs or blazars
[Waxmann&Bahcall ’97 ’00; Meszaros ‘01]

• The radiation field required to produce neutrinos via pγ
interactions leads to a large two-photon annihilation
optical depth for GeV-TeV gamma rays -> less 
constrained by IGRB

Gamma-Ray Bursts

• Neutrino production at various stages of a gamma-ray burst (GRB).

‹ precursor pp and pg interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

‹ burst pg interactions in internal shocks [Waxman&Bahcall’97]

‹ afterglow pg interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).
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Active Galactic Nuclei / Blazars

• neutrinos from pg interactions in AGN [Steckeret al.’91; Mannheim’96; Halzen & Zas’97]

• complex spectra due to various photon backgrounds

• typically, deficit of sub-PeV and excess of EeV neutrinos

2

They are the most prominent extragalactic sources in
� rays. A significant fraction of the di�use �-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of �-ray sources.
Te blazar class has been investigated over many years as
sources of UHECRs and neutrinos [16, 25–27].

The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the �-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the di�use �-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.

In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ⇠ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.

In previous works on the di�use neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that p� in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has di�culty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
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FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.

Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].

Throughout this work, Qx = Q/10x in cgs units. We
take Hubble constant H0 = 70 km s�1 Mpc�1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by �� = 0.7 and �m = 0.3,
respectively.

II. BLAZAR EMISSION

In general, the observed blazar SED consists of sev-
eral spectral components produced in di�erent regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for p�
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region dissipation in the jet. Sec-
ond, there are accretion-disk photons that enter the jet
directly or after being scattered by electrons in the sur-
rounding gas and dust. Provided that the jet location
is & 1016 cm and the Thomson-scattering optical depth
is & 0.01, the direct accretion-disk component can be
neglected [41]. The third component is the broad AGN
atomic line radiation; this emission component is espe-
cially relevant for PeV neutrino production in QHBs.
Fourth, there is IR emission from the dust torus. A
schematic diagram is shown in Fig. 1 and the SEDs of
blazars are shown in Fig. 2 as a function of the radio
luminosity at 5 GHz (L5GHz). Note that we regard the
SEDs as functions of L5GHz (see Table 1), and that the
radio luminosity itself is irrelevant for our calculations
since CRs do not interact with such low-energy photons.
There is uncertainty in modeling those four components
but our systematic approach is reasonable for the purpose
of obtaining neutrino spectra.
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor �cr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ⇠ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ⇠ 4 ⇥ 1044 �cr erg Mpc�3 yr�1 and most of the CRs
come from blazars with L�

X . LX . La when �1 < 1.
The CR generation rate at 1019 eV is then written as
E�

pQE�
p
|1019 eV = (�crQr)/Rp|1019 eV, where Rp ⇠ 20 and

Rp|1019 eV ⇠ 840 for s = 2.3 (assuming �m
p ⇠ 10 GeV

and �M
p ⇠ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 ⇥ 1044 erg Mpc�3 yr�1), we obtain �cr ⇠ 3 and
�cr ⇠ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ⇠ 1048.5 erg s�1 have the X-ray lu-
minosity of LX ⇠ 1044.5 erg s�1. The corresponding
number density at z = 0 is � ⇠ a few ⇥ 10�12 Mpc�3.
Using these parameters as typical values, the di�use neu-
trino intensity can be estimated to be

E2
��� ⇠ 10�8 GeV cm�2 s�1 sr�1 �cr,2R�1

p,2.5(fz/8)

⇥
✓

min[1, fp� ]

0.05

◆
Lrad,48.5

✓
�

10�11.5 Mpc�3

◆
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with �cr ⇠ 10–100, it is
possible to have E2

��� ⇠ 10�8 GeV cm�2 s�1 sr�1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two di�culties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cuto�
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here �cr = 3
(thick) and �cr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, di�erent classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet su�cient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s � 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s & 2.5, or maximum energies of
E�max

p . 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two di�culties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for �cr = 3 and s = 2.0 or
�cr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Murase, Inoue & Dermer’14]
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• The constraints change depending on the assumption on the undergoing process

Cosmic TeV-PeV Neutrinos
• High-Energy Starting Events (HESE) (6yrs): [Science 342 (2013); update ICRC 2017]

• bright events (Eth & 30TeV) starting inside IceCube

• e�cient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (8yrs): [Astrophys.J. 833 (2016); update ICRC 2017]

• large e↵ective volume due to ranging in tracks

• e�cient removal of atmospheric muon backgrounds by Earth-absorption
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Production mechanisms for gamma rays
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• pγ processes or “CR accelerator models”: neutrinos are 
produced inside the source, e.g. in GRBs or blazars
[Waxmann&Bahcall ’97 ’00; Meszaros ‘01]

Gamma-Ray Bursts

• Neutrino production at various stages of a gamma-ray burst (GRB).

‹ precursor pp and pg interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

‹ burst pg interactions in internal shocks [Waxman&Bahcall’97]

‹ afterglow pg interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).
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Active Galactic Nuclei / Blazars

• neutrinos from pg interactions in AGN [Steckeret al.’91; Mannheim’96; Halzen & Zas’97]

• complex spectra due to various photon backgrounds

• typically, deficit of sub-PeV and excess of EeV neutrinos

2

They are the most prominent extragalactic sources in
� rays. A significant fraction of the di�use �-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of �-ray sources.
Te blazar class has been investigated over many years as
sources of UHECRs and neutrinos [16, 25–27].

The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the �-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the di�use �-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.

In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ⇠ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.

In previous works on the di�use neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that p� in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has di�culty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
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FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.

Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].

Throughout this work, Qx = Q/10x in cgs units. We
take Hubble constant H0 = 70 km s�1 Mpc�1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by �� = 0.7 and �m = 0.3,
respectively.

II. BLAZAR EMISSION

In general, the observed blazar SED consists of sev-
eral spectral components produced in di�erent regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for p�
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region dissipation in the jet. Sec-
ond, there are accretion-disk photons that enter the jet
directly or after being scattered by electrons in the sur-
rounding gas and dust. Provided that the jet location
is & 1016 cm and the Thomson-scattering optical depth
is & 0.01, the direct accretion-disk component can be
neglected [41]. The third component is the broad AGN
atomic line radiation; this emission component is espe-
cially relevant for PeV neutrino production in QHBs.
Fourth, there is IR emission from the dust torus. A
schematic diagram is shown in Fig. 1 and the SEDs of
blazars are shown in Fig. 2 as a function of the radio
luminosity at 5 GHz (L5GHz). Note that we regard the
SEDs as functions of L5GHz (see Table 1), and that the
radio luminosity itself is irrelevant for our calculations
since CRs do not interact with such low-energy photons.
There is uncertainty in modeling those four components
but our systematic approach is reasonable for the purpose
of obtaining neutrino spectra.
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor �cr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ⇠ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ⇠ 4 ⇥ 1044 �cr erg Mpc�3 yr�1 and most of the CRs
come from blazars with L�

X . LX . La when �1 < 1.
The CR generation rate at 1019 eV is then written as
E�

pQE�
p
|1019 eV = (�crQr)/Rp|1019 eV, where Rp ⇠ 20 and

Rp|1019 eV ⇠ 840 for s = 2.3 (assuming �m
p ⇠ 10 GeV

and �M
p ⇠ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 ⇥ 1044 erg Mpc�3 yr�1), we obtain �cr ⇠ 3 and
�cr ⇠ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ⇠ 1048.5 erg s�1 have the X-ray lu-
minosity of LX ⇠ 1044.5 erg s�1. The corresponding
number density at z = 0 is � ⇠ a few ⇥ 10�12 Mpc�3.
Using these parameters as typical values, the di�use neu-
trino intensity can be estimated to be

E2
��� ⇠ 10�8 GeV cm�2 s�1 sr�1 �cr,2R�1

p,2.5(fz/8)

⇥
✓

min[1, fp� ]

0.05

◆
Lrad,48.5

✓
�

10�11.5 Mpc�3

◆
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with �cr ⇠ 10–100, it is
possible to have E2

��� ⇠ 10�8 GeV cm�2 s�1 sr�1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two di�culties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cuto�
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here �cr = 3
(thick) and �cr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, di�erent classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet su�cient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s � 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s & 2.5, or maximum energies of
E�max

p . 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two di�culties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for �cr = 3 and s = 2.0 or
�cr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Murase, Inoue & Dermer’14]
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• also, pγ reactions are typically efficient only for 
sufficiently high-energy CRs, so the resulting γ-rays can 
contribute to the IGB only via cascades



One-point fluctuation analysis based on e.m. data

Barolo workshop

• Predicts pixel-by-pixel neutrino count probability distribution for a set of source 
classes based on multi-wavelength data (luminosity function and spectral template) 

• Data: 6 year HESE data, 58 events (only showers, low veto-passing muon 
contamination)

Classes of sources under consideration

• Star-forming galaxies: The model is based on the  infrared luminosity function from the 
Herschel catalog 

• Blazars: The model is based on the 2FHL catalog

• Unassociated, isotropic component: To be fitted to data. Power-law spectrum, normal 
distribution for the intensity.

3

D. Extragalactic components

We now introduce our model for the neutrino emission
from star-forming galaxies and blazars, which follows the
prescriptions described in [13].

1. Star-forming galaxies

Among star forming galaxies, we consider starburst
galaxies (SBs) – i.e. galaxies undergoing a short-duration
exceptionally high rate of star formation – and star-
forming galaxies hosting an obscured or low-luminosity
AGN (SF-AGN), as main contributors for the neutrino
flux.

Since neutrino oscillations push the flavour ratio to-
wards 1 : 1 : 1, for all sources based on hadronuclear
interactions we can define a general conversion between
the all-flavour neutrino and antineutrino di↵erential flux
and the gamma-ray flux that simply reads F⌫ = 6F� .
However, since star-forming galaxies are barely resolved
in gamma rays, we do not rely on gamma-ray data, and
choose to take into account the infrared luminosity func-
tion from the Herschel catalog instead. We then consider
the empirical relation [25]

L�(LIR) = 10�
✓

LIR

1010 L�

◆↵ erg

s
, (1)

where ↵ ' 1.17 and � ' 39.3, and convert the infrared
luminosity function �IR(LIR, z) into a gamma-ray (and
subsequently neutrino) luminosity function �� (�⌫).

Concerning the spectrum, we assume a fixed slope
�SB = 2.2. We also investigate the case of �SB = 2.3,
which might be slightly more favoured [26], but find that
our conclusions do not change.

Once these ingredients are fixed, we can compute the
gamma-ray flux distribution under the assumption that
the sources are isotropically distributed in a comoving
cosmological volume element [13]:

P (F� |E� ,�) / 1

F�

Z
dz

dV

dz

��(Lcrit, z)

N ln(10)
. (2)

2. Blazars

Blazars (or BL Lac objects) are jetted active galactic
nuclei, with the jet pointed towards the observer. We first
develop a gamma-ray model for this class of sources, rely-
ing on the the source count distribution inferred from the
Second Catalog of Hard Fermi-LAT Sources (2FHL) [27],
and assuming a spectral slope �2FHL = 2.5 (which results
in an optimistic estimate of their contribution, given the
evidence that the blazar index is � > 3 at higher ener-
gies).

Once the gamma-ray model is specified, we exploit the
following relation (see e.g. [28]) for the all-flavor neutrino

flux:

E2
⌫F⌫(E⌫) =

Z 1

10GeV

E�F�dE�

�

⇥ Y

0.9

✓
E⌫

E⌫,peak

◆1�s

exp

✓
� E⌫

E⌫,peak

◆
,

(3)

where E⌫,peak ' 10 PeV for typical 2FHL sources, and
where s = �0.35 is adopted in order to obtain the denom-
inator normalization factor of 0.9. The Y parameter ab-
sorbs the details of the actual particle interactions: The
gamma-ray emission is mostly leptonic for Y < 1, and
mainly due to synchrotron (from p⇡ interactions) when
Y ' 3.
The model above features a very hard energy spec-

trum at the PeV scale. We also test a phenomenological
(hence less physically motivated) model where neutrino
spectrum follows the gamma-ray spectrum, i.e., E�2.5

⌫ ,
as in the case of hadronuclear sources. But in this case,
in order not to violate the constraints from the di↵use
gamma-ray background [29, 30], we find that the blazar
contribution at &10 TeV is extremely small.

3. The isotropic component

Besides these physically-motivated models, we also
consider an isotropic component with a power-law spec-
trum describing the flux from hypothetical additional
sources currently not associated to a known point-source
catalog in some wavelength. We choose Piso(I⌫ |E) to
be normally distributed with a fixed width µ/�, where
µ and � are the mean and rms of the intensity I⌫ , re-
spectively. Although in principle a one-point fluctuation
analysis would be sensitive to this information, we have
checked that with current data our analysis is not sen-
sitive to variations of the width µ/� 2 {10, 100, 1000}.
This model therefore has two adjustable parameters: a
normalization hI⌫i100 TeV and a power-law spectral in-
dex �. Since this component describes unknown sources,
estimates for these parameters were determined by the
maximum likelihood method, and the estimate of their
covariance matrix by inversion of the observed Fisher in-
formation [31].
We remark that these two are the only free parame-

ters in our description of the high-energy neutrino sky;
the parameters for all the other components have been
determined using multi-messenger information.

E. The Galactic components

A very relevant issue is the role of the Galactic con-
tribution: Although there is currently no positive and
statistically significant evidence for it, the expectation is
that such a component should exist. We consider here
physically motivated models for the Galactic cosmic-ray

Fermi-LAT collaboration, arXiv:1206.1346 
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wards 1 : 1 : 1, for all sources based on hadronuclear
interactions we can define a general conversion between
the all-flavour neutrino and antineutrino di↵erential flux
and the gamma-ray flux that simply reads F⌫ = 6F� .
However, since star-forming galaxies are barely resolved
in gamma rays, we do not rely on gamma-ray data, and
choose to take into account the infrared luminosity func-
tion from the Herschel catalog instead. We then consider
the empirical relation [25]
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where ↵ ' 1.17 and � ' 39.3, and convert the infrared
luminosity function �IR(LIR, z) into a gamma-ray (and
subsequently neutrino) luminosity function �� (�⌫).

Concerning the spectrum, we assume a fixed slope
�SB = 2.2. We also investigate the case of �SB = 2.3,
which might be slightly more favoured [26], but find that
our conclusions do not change.

Once these ingredients are fixed, we can compute the
gamma-ray flux distribution under the assumption that
the sources are isotropically distributed in a comoving
cosmological volume element [13]:
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2. Blazars

Blazars (or BL Lac objects) are jetted active galactic
nuclei, with the jet pointed towards the observer. We first
develop a gamma-ray model for this class of sources, rely-
ing on the the source count distribution inferred from the
Second Catalog of Hard Fermi-LAT Sources (2FHL) [27],
and assuming a spectral slope �2FHL = 2.5 (which results
in an optimistic estimate of their contribution, given the
evidence that the blazar index is � > 3 at higher ener-
gies).

Once the gamma-ray model is specified, we exploit the
following relation (see e.g. [28]) for the all-flavor neutrino
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where E⌫,peak ' 10 PeV for typical 2FHL sources, and
where s = �0.35 is adopted in order to obtain the denom-
inator normalization factor of 0.9. The Y parameter ab-
sorbs the details of the actual particle interactions: The
gamma-ray emission is mostly leptonic for Y < 1, and
mainly due to synchrotron (from p⇡ interactions) when
Y ' 3.
The model above features a very hard energy spec-

trum at the PeV scale. We also test a phenomenological
(hence less physically motivated) model where neutrino
spectrum follows the gamma-ray spectrum, i.e., E�2.5

⌫ ,
as in the case of hadronuclear sources. But in this case,
in order not to violate the constraints from the di↵use
gamma-ray background [29, 30], we find that the blazar
contribution at &10 TeV is extremely small.

3. The isotropic component

Besides these physically-motivated models, we also
consider an isotropic component with a power-law spec-
trum describing the flux from hypothetical additional
sources currently not associated to a known point-source
catalog in some wavelength. We choose Piso(I⌫ |E) to
be normally distributed with a fixed width µ/�, where
µ and � are the mean and rms of the intensity I⌫ , re-
spectively. Although in principle a one-point fluctuation
analysis would be sensitive to this information, we have
checked that with current data our analysis is not sen-
sitive to variations of the width µ/� 2 {10, 100, 1000}.
This model therefore has two adjustable parameters: a
normalization hI⌫i100 TeV and a power-law spectral in-
dex �. Since this component describes unknown sources,
estimates for these parameters were determined by the
maximum likelihood method, and the estimate of their
covariance matrix by inversion of the observed Fisher in-
formation [31].
We remark that these two are the only free parame-

ters in our description of the high-energy neutrino sky;
the parameters for all the other components have been
determined using multi-messenger information.

E. The Galactic components

A very relevant issue is the role of the Galactic con-
tribution: Although there is currently no positive and
statistically significant evidence for it, the expectation is
that such a component should exist. We consider here
physically motivated models for the Galactic cosmic-ray
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where s = �0.35 is adopted in order to obtain the denom-
inator normalization factor of 0.9. The Y parameter ab-
sorbs the details of the actual particle interactions: The
gamma-ray emission is mostly leptonic for Y < 1, and
mainly due to synchrotron (from p⇡ interactions) when
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trum at the PeV scale. We also test a phenomenological
(hence less physically motivated) model where neutrino
spectrum follows the gamma-ray spectrum, i.e., E�2.5

⌫ ,
as in the case of hadronuclear sources. But in this case,
in order not to violate the constraints from the di↵use
gamma-ray background [29, 30], we find that the blazar
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trum describing the flux from hypothetical additional
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dex �. Since this component describes unknown sources,
estimates for these parameters were determined by the
maximum likelihood method, and the estimate of their
covariance matrix by inversion of the observed Fisher in-
formation [31].
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the parameters for all the other components have been
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tribution: Although there is currently no positive and
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physically motivated models for the Galactic cosmic-ray
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One-point fluctuation analysis based on e.m. data

Barolo workshop

• Predicts pixel-by-pixel neutrino count probability distribution for a set of source 
classes based on multi-wavelength data (luminosity function and spectral template) 

• Data: 6 year HESE data, 58 events (only showers, low atmospheric contamination)

Classes of sources under consideration

• Galactic component: Different models featuring either a constant spectrum or a 
progressive hardening (see previous part)4

Figure 2. Solid and dashed red (blue) lines: expected neu-
trino spectra (all flavors, both neutrinos and antineutrinos) in the
inner Galactic plane region computed for the conventional KRA
(the novel KRAγ) models for two different cutoff values. We also
show the maximal flux, estimated considering three years of Ice-
Cube HESE events as described in (Spurio 2014), the constraint
from the ANTARES experiment (Fusco & ANTARES 2015) (1500
days of experiment livetime between 2007 and 2013) as well as
the deduced sensitivity of the future Mediterranean observatory
KM3NeT (Piattelli & KM3NeT 2015) with four years (∼ 1500
days) of livetime.

sults – we find that the flux corresponding to the KRA
model may require long times of observation even by the
KM3NeT observatory (Adrián-Mart́ınez et al. 2013), our
prediction for the KRAγ model is instead well above the
sensitivity reachable by that experiment in four years and
it is almost within the ANTARES observation capabili-
ties.
Interestingly, our result is in good agreement with the

maximal flux inferred from the fraction of IceCube HESE
events compatible with that region (see Fig. 3). We no-
tice that in that region the expected EG contribution, as
constrained from the muon neutrino flux in the northern
hemisphere (see below) gives a subdominant contribution
with respect to that computed with the KRAγ model.
Therefore the possible detection of a signal in that sky
window would be a smoking gun for the presence of such
Galactic emission.
IceCube should also have the potential to detect that

emission on a larger region. In this context, we also
note that an independent analysis (Neronov & Semikoz
2015a) already found a significant hint of an excess in
the 4-year HESE sample (Aartsen et al. 2015d) along the
Galactic plane.
We now turn our attention to the recently published

IceCube results, both concerning the full-sky and the
northern and southern hemispheres separately.
In Fig. 3 we represent the full-sky total neutrino spec-

trum (all flavors, including antiparticles) computed for
the KRAγ and KRA models, with global CR hardening,
and compare it to the IceCube results.
Our prediction for the conventional setup (KRA

model) is in good agreement with (Ahlers et al. 2015):

Figure 3. Full-sky neutrino spectrum (all flavors, both neutri-
nos and antineutrinos) predicted by the KRAγ and KRA mod-
els (with global CR hardening), adopting two different choices for
the CR high-energy cutoff. We also plot the combination of the
Galactic (KRAγ) and a benchmark EG spectrum. The EG flux
is consistent with that inferred from the IceCube collaboration in
the northern hemisphere (Aartsen et al. 2015b). The models are
compared with the 68% confidence region for the IceCube astro-
physical neutrino flux obtained with a maximum-likelihood (yellow
region) (Aartsen et al. 2015a) and the three years HESE (green
points) (Aartsen et al. 2014).

In that work, the benchmark Galactic model accounts
for 8% of the flux measured by IceCube above 60 TeV,
for a CR spectrum similar to the one used here above 50
PeV.
On the other hand, the KRAγ predicts a ∼ 2 times

larger full-sky flux above 10 TeV: the model prediction
is therefore only ≃ 4 times smaller than the best fit of
the astrophysical flux measured by IceCube on the whole
sky.
We remark that another analysis (Neronov & Semikoz

2015b), based on an extrapolation of Fermi-LAT data,
points toward a non-negligible Galactic contribution to
the full-sky neutrino flux due to a hard diffuse CR spec-
trum. In that scenario the (softer) locally observed CR
spectrum may get a major contribution from one or more
local sources: this interpretation still has to be validated
against Fermi-LAT data, while our model is based on
those measurements.
Setting a threshold energy at 60 TeV and convolving

the KRAγ spectrum (with Ecut = 50 PeV) with the Ice-
Cube HESE effective areas (Aartsen et al. 2013a), the
expected number of neutrino events in three years of
IceCube observation represents ∼ 15% of the published
sample (Aartsen et al. 2014). These rates are well above
those expected due to atmospheric muons and atmo-
spheric neutrinos and confirm the spectral comparison
between KRAγ and IceCube data.
Clearly, another component – most likely of extragalac-

tic (EG) origin – needs to be invoked in order to account
for all of the IceCube events.
Here we assume this EG component to be isotropic

• Models A, B -> “KRA” models from  
Gaggero+ ApJL 2015, arXiv:1504.00227

Featuring constant CR spectrum across the 
Galaxy and tuned on local data. Different high-
energy cutoffs.

• Models C, D -> “KRAγ” models
Featuring harder CR spectrum in the inner 
Galaxy
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FIG. 1. Left: Whiskered-box plot of the aggregate and full-sky predicted HESE shower count distribution in each energy bin of
the analysis. 50% of predicted outcomes in each energy bin are contained in the solid box around the median, while whiskers
show 1.5 times the range covered by the box. The number of small circles above and below the whiskers is in proportion to the
number of outliers from simulations. The dashed line in each bin represents the actual observation. Right: The same as the
left panel but showing individual predicted atmospheric and astrophysical contributions to the HESE shower events. In both
panels, the assumed Galactic model and associated best-fit isotropic component are Canonical with low-energy cuto↵ (model
A).

on gamma-ray and infrared data; the unassociated com-
ponent is the only one allowed to vary and fitted to the
neutrino data themselves.

In the next subsections we explain in the detail the
data sample we use and the di↵erent astrophysical ingre-
dients. We refer the reader to the Appendix for more
technical details about the procedure.

B. The HESE data sample

The IceCube collaboration classifies neutrino events as
having either a shower-like or track-like topology, the lat-
ter being a smoking gun of muonic interactions. The at-
mospheric background consists of not only atmospheric
muon-neutrinos (⌫µ) but also atmospheric muons, some
of which pass the stringent background-removal veto due
to their sheer abundance.

In this study we focus on HESE, in particular those
with the shower topology, since for this subsample the
atmospheric ⌫µ contamination is minimized, and also be-
cause we do not need to worry about veto-passing muons.
Our sample consists of the 58 shower events included in
the six-year HESE data [20], three of which have ener-
gies above 1 PeV. This sample is the only one used in
the analysis; however, we remark that in Fig. 2 a subset
of this data sample is visualized, with additional angular
and energy cuts applied, as detailed in the caption.

C. The atmospheric foregrounds

The atmospheric neutrino flux has been measured very
precisely for lower energies, and then extrapolated to the
energy region of interest for this work. Since physical pro-
cesses of producing the atmospheric neutrinos are rela-
tively well understood, we do not include any uncertain-
ties related to the extrapolation. We employ the aver-
age conventional atmospheric flux given by Ref. [23] as
1.77⇥10�14 cm�2 s�1 sr�1 GeV�1 with a flavour ratio of
1 : 35 : 0. Other percent-level atmospheric contributions
from ⌫e and ⌫⌧ fluxes [23, 24] are neglected, as are the
neutrino-antineutrino ratios, although the fully detailed
(even energy-dependent) flavour ratios can in principle
be accounted for in this type of analysis. The prompt
atmospheric neutrino flux is taken from Ref. [24], with a
flavour ratio of 1 : 1 : 0.

We do not take veto-passing muons into account in our
analysis. Since we focus only on shower events and the
veto-passing muons are problematic only for track events,
this is justified. Accounting for tracks, on the other hand,
would require adding time binning (to capture the sea-
sonal variation of the atmospheric temperature) and a
more involved modeling of the width of the atmospheric
PDF to the analysis, both of which are beyond the scope
of the present work.
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contribution, some of which are further tuned to a high-
energy extrapolation of gamma-ray observations: The
Canonical and Gamma models, presented in Ref. [32]
(see fig. 2 therein for a comparative plot). These mod-
els are implemented with DRAGON [33], a numerical pack-
age designed to simulate all processes related to cosmic-
ray transport by solving a time-dependent di↵usion-loss
equation for all the relevant species, and are all tuned to
GeV–TeV local charged cosmic-ray data [34, 35].

The Gamma models are also tuned to an extrapola-
tion of Fermi-LAT gamma-ray data, as first discussed in
Ref. [36]. The key feature of those scenarios is a pro-
gressively harder proton spectrum in the inner Galaxy,
which shows a progressive transition from a power law
with index ' �2.7, inferred locally, to a harder one with
index ' �2.4 at the GC: Such trend was recently con-
firmed by the Fermi-LAT collaboration, as shown e.g. in
Fig. 8 of [37]. This behavior is phenomenologically re-
produced by means of a transport scenario characterized
by a harder scaling of the di↵usion coe�cient with rigid-
ity in the inner Galactic plane (see Refs. [38, 39] for two
recent physical models that may result in this behavior).
As shown in Refs. [32, 40], these models are character-
ized by a significantly larger gamma-ray flux in the 1–50
TeV range, thus reproducing in a natural way the bright
multi-TeV emission measured by the H.E.S.S. collabora-
tion in the Galactic ridge region [41], and the anomalous
spectral point provided by MILAGRO in a region of in-
terest located in the inner Galactic plane [42]. This also
results in an increased neutrino flux at those energies, as
seen in Fig. 2.

Given the large uncertainty in the high-energy part of
the spectrum, we consider two di↵erent realizations for
both the Canonical and Gamma model, characterized by
di↵erent values for the proton high-energy injection spec-
trum cuto↵. The Galactic models are labeled as {;, A,
B, C, D} for convenience. Models A and B are Canon-

ical, while models C and D are Gamma; models A and
C are tuned to recent KASCADE data [43] and feature
a 5-PeV cuto↵, while models B and D feature a very op-
timistic value of 50-PeV cuto↵, again following Ref. [32].
We remark the very large uncertainty a↵ecting the mod-
els in this high-energy range (see, e.g., the indications
for a sub-PeV knee reported by the ARGO collabora-
tions [44]). The model in which there is no Galactic con-
tribution to the IceCube flux is labeled ;.

For each of these models, a high-resolution map of the
neutrino flux from Galactic cosmic rays, assuming a fla-
vor ratio of 1:1:1, was produced using GammaSky, a dedi-
cated code developed by the DRAGON team [45]. However,
the large angular uncertainties associated with showers
in IceCube data only gives us access to a low-resolution
map. The probability distribution P (F |M) of this flux,
in each pixel of the low-resolution map, was set to a
Gaussian with parameters determined by the mean and
variance of the oversampled map provided by GammaSky.
Additionally, these PDFs per pixel in di↵erent energy
sub-bins were convolved into three energy bins [13], by
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FIG. 2. Comparison of the count distributions of four model
Galactic contributions (whiskered boxes) to the HESE events
(dashed lines). Including other components would broaden
the boxes and shift them to higher counts (cf. Fig. 1, left).
Models A and B are an extrapolation of GeV–TeV local cos-
mic ray data, while models C and D are extrapolated from
Fermi data (see main text, and Ref. [32]). The gamma-
ray extrapolated models overpredict the IceCube data below
100 TeV. The signal region adopted in this figure contains
only showers with energies below 1 PeV, and located either
at declinations �20� < � < 20� or within one pixel of the
galactic center.

treating the spectrum produced by DRAGON as a piecewise
power law in each energy sub-bin and each pixel.

III. RESULTS

We compute the likelihood for a model M based on
the total count distribution as

L =
Y

pixels p

Y

bins E

P (C = d(p,E)|p,E,M), (4)

where the count distributions of di↵erent astrophysi-
cal and atmospheric components of the model are com-
bined by convolution, i.e., P (C|M) = P (C|MSFG) ?
P (C|MBL�Lac) ? P (C|Mprompt) ? · · · . The flux PDFs of
starbursts and blazars are shown in Fig. 3 of Ref. [13], and
the count PDF P (C) is obtained by convoluting them
with the Poisson distribution [15]. These PDFs are non-
Poissonian with typically a power-law tail that makes the
distribution skewed. The intrinsic skewness, however, is
dominated by shot noise of finite neutrino counts in con-
temporary neutrino telescopes.
We add the best-fit isotropic contribution to this

marginal likelihood as Li = P (C|M) ? Piso(C|i), where
i 2 {;,A,B,C,D}.
As summarised in Fig. 1, our main result is the strong

evidence for a dominant isotropic component. The best-
fit values of the normalization and spectral index for this
component of unknown origin are presented in Table I,

• The additional isotropic template, not associated 
with well-measured point-source classes, actually 
dominates the fit. Soft spectrum.

• Hidden source class, where gamma rays cannot 
escape? e.g. photohadron processes in choked jets 
[Meszaros&Waxman 2001, Ando&Beacom 2005, Tamborra
+ arXiv:1512.01559, Senno+ arXiv:1512.08513, Palladino+ 
arXiv:1502.02923]

• Possibly connected with a population of low-luminosity 
GRBs
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for all di↵erent choices of the Galactic template, includ-
ing the null one.

TABLE I. Best-fit values, using six years of HESE shower
data, for the isotropic components associated to each model
of the Galactic contribution. The normalization at 100 TeV
is quoted in units of 10�18 cm�2 s�1 sr�1 GeV�1.

Model Normalization Spectrum (Correlation)

; 3.42± 0.22 2.84± 0.63 �0.62

A 2.86± 0.22 2.71± 0.53 +0.11

B 2.81± 0.21 2.71± 0.54 +0.18

C 2.71± 0.20 2.69± 0.56 +0.32

D 2.64± 0.19 2.69± 0.58 +0.41

All these models provide decent fits to the data. For
instance, the (two-sided, pre-trials) p-values for models
(A,C) are p ⇡ (0.54, 0.50). The values for the best-fit
spectra are all compatible with each other. However,
there is a 3� tension in normalization between models
with and without a Galactic contribution. This shift of
�hI⌫i & 0.6⇥ 10�18 cm�2 s�1 sr�1 GeV�1 is consistent
with the typical normalization of the Galactic models at
100 TeV [32, 40].

As far as the comparison between di↵erent Galactic
scenarios is considered, the likelihood ratio ⇤ can be used
to compare these models amongst each other. We quote
all possible pairings ⇤ in Table II in units of information
(deci hartley; dH), i.e., as

✓
⇤ab

1 dH

◆
= 10 log10

✓
La

Lb

◆
. (5)

In these units, ⇤ab = 20 would correspond to odds
of 100 : 1 in favour of model a. Table II shows that
the high-energy extrapolations of the Canonical models
A and B are favored over the Gamma models C and D.
There is no significant preference between a cuto↵ at 5 or
at 50 PeV. Given the large uncertainties associated with
cosmic ray transport modeling in the TeV–PeV domain,
these results need to be taken with a grain of salt, as
discussed in the following section.

TABLE II. Likelihood ratios (as defined in Eq. 5) obtained us-
ing six years of HESE shower events, and the best-fit isotropic
component of each model. The high-energy extrapolations of
Canonical models (A, B) are favored over Gamma models
(C, D).

⇤AC ⇤AD ⇤BC ⇤BD ⇤AB ⇤CD

19.8 25.7 19.2 25.1 0.6 5.9

⇤A; ⇤B; ⇤C; ⇤D;

7.1 6.5 �12.7 �18.6

IV. DISCUSSION

The first relevant discussion point is the nature of the
isotropic component outlined by this analysis. This tem-
plate captures both the e↵ect of mis-modeling of the
contributions we have included in the analysis, and the
e↵ect of astrophysical contributions yet to be consid-
ered. Assuming a Canonical model, the best-fit nor-
malization of the isotropic component is hIi100 TeV =
(2.8± 0.2)⇥ 10�18 cm�2 s�1 sr�1 GeV�1 and its best-fit
spectral index is � = �2.7± 0.5.
The missing flux has a spectrum consistent with astro-

physics; a missing contribution from atmospherics would
have a spectrum closer to E�3.7 (2� away from the best-
fit value). The normalization is four to five times larger
than that of the Galactic contribution, consistent with
the absence of positive evidence for such a subdominant
contribution in this and other studies (e.g., [46]).
There are not many source populations that are pre-

dicted to contribute to the IceCube flux significantly, yet
have a spectrum softer than E�2.7. The regular star-
forming galaxies have a spectrum close to this, but such
a component is has already been studied in a one-point
fluctuation analysis [13], and their normalization is much
too small to account for the entire isotropic component
even allowing for systematic uncertainties.
It has also been suggested that radio galaxies could

give significant contribution to most of the IceCube neu-
trino events [47]. The spectrum, however, appears to
be much harder than E�2.7 according to gamma-ray
data [48]. In any case, any transparent hadronuclear
sources have to have spectra harder than E�2.2 or so
in order to give substantial contribution to the IceCube
neutrinos, according to the Fermi di↵use gamma-ray
background spectrum [30] and cross correlation measure-
ment [29].
These considerations naturally lead us to consider

some hidden source class, where gamma rays cannot es-
cape. This includes both photohadron and hadronuclear
processes in mildly relativistic or choked jets [49–51], for
which some soft spectrum component can naturally arise
without being constrained by the gamma-ray data: Such
a scenario can be tested by looking for correlation with
low-power gamma-ray bursts (exploiting future, more
sensitive GRB satellites).
Let us now turn our attention to the results on the

Galactic contribution. The direction of the Pearson cor-
relation between the best-fit normalizations and spectral
index in Table I changes between models with and with-
out a Galactic contribution. Since the normalization is
taken at 100 TeV, the sign of the correlation tells us
whether the isotropic component is mostly fitting data
at lower energies (negative) or at higher energies (posi-
tive). We find that the isotropic component in model ; is
mostly trying to produce counts at low energies. Mean-
while with the Canonicalmodels the low-energy bins have
more counts to start with, and so the isotropic compo-
nent becomes more relevant at higher energies.
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FIG. 1. Left: Whiskered-box plot of the aggregate and full-sky predicted HESE shower count distribution in each energy bin of
the analysis. 50% of predicted outcomes in each energy bin are contained in the solid box around the median, while whiskers
show 1.5 times the range covered by the box. The number of small circles above and below the whiskers is in proportion to the
number of outliers from simulations. The dashed line in each bin represents the actual observation. Right: The same as the
left panel but showing individual predicted atmospheric and astrophysical contributions to the HESE shower events. In both
panels, the assumed Galactic model and associated best-fit isotropic component are Canonical with low-energy cuto↵ (model
A).

on gamma-ray and infrared data; the unassociated com-
ponent is the only one allowed to vary and fitted to the
neutrino data themselves.

In the next subsections we explain in the detail the
data sample we use and the di↵erent astrophysical ingre-
dients. We refer the reader to the Appendix for more
technical details about the procedure.

B. The HESE data sample

The IceCube collaboration classifies neutrino events as
having either a shower-like or track-like topology, the lat-
ter being a smoking gun of muonic interactions. The at-
mospheric background consists of not only atmospheric
muon-neutrinos (⌫µ) but also atmospheric muons, some
of which pass the stringent background-removal veto due
to their sheer abundance.

In this study we focus on HESE, in particular those
with the shower topology, since for this subsample the
atmospheric ⌫µ contamination is minimized, and also be-
cause we do not need to worry about veto-passing muons.
Our sample consists of the 58 shower events included in
the six-year HESE data [20], three of which have ener-
gies above 1 PeV. This sample is the only one used in
the analysis; however, we remark that in Fig. 2 a subset
of this data sample is visualized, with additional angular
and energy cuts applied, as detailed in the caption.

C. The atmospheric foregrounds

The atmospheric neutrino flux has been measured very
precisely for lower energies, and then extrapolated to the
energy region of interest for this work. Since physical pro-
cesses of producing the atmospheric neutrinos are rela-
tively well understood, we do not include any uncertain-
ties related to the extrapolation. We employ the aver-
age conventional atmospheric flux given by Ref. [23] as
1.77⇥10�14 cm�2 s�1 sr�1 GeV�1 with a flavour ratio of
1 : 35 : 0. Other percent-level atmospheric contributions
from ⌫e and ⌫⌧ fluxes [23, 24] are neglected, as are the
neutrino-antineutrino ratios, although the fully detailed
(even energy-dependent) flavour ratios can in principle
be accounted for in this type of analysis. The prompt
atmospheric neutrino flux is taken from Ref. [24], with a
flavour ratio of 1 : 1 : 0.

We do not take veto-passing muons into account in our
analysis. Since we focus only on shower events and the
veto-passing muons are problematic only for track events,
this is justified. Accounting for tracks, on the other hand,
would require adding time binning (to capture the sea-
sonal variation of the atmospheric temperature) and a
more involved modeling of the width of the atmospheric
PDF to the analysis, both of which are beyond the scope
of the present work.
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contribution, some of which are further tuned to a high-
energy extrapolation of gamma-ray observations: The
Canonical and Gamma models, presented in Ref. [32]
(see fig. 2 therein for a comparative plot). These mod-
els are implemented with DRAGON [33], a numerical pack-
age designed to simulate all processes related to cosmic-
ray transport by solving a time-dependent di↵usion-loss
equation for all the relevant species, and are all tuned to
GeV–TeV local charged cosmic-ray data [34, 35].

The Gamma models are also tuned to an extrapola-
tion of Fermi-LAT gamma-ray data, as first discussed in
Ref. [36]. The key feature of those scenarios is a pro-
gressively harder proton spectrum in the inner Galaxy,
which shows a progressive transition from a power law
with index ' �2.7, inferred locally, to a harder one with
index ' �2.4 at the GC: Such trend was recently con-
firmed by the Fermi-LAT collaboration, as shown e.g. in
Fig. 8 of [37]. This behavior is phenomenologically re-
produced by means of a transport scenario characterized
by a harder scaling of the di↵usion coe�cient with rigid-
ity in the inner Galactic plane (see Refs. [38, 39] for two
recent physical models that may result in this behavior).
As shown in Refs. [32, 40], these models are character-
ized by a significantly larger gamma-ray flux in the 1–50
TeV range, thus reproducing in a natural way the bright
multi-TeV emission measured by the H.E.S.S. collabora-
tion in the Galactic ridge region [41], and the anomalous
spectral point provided by MILAGRO in a region of in-
terest located in the inner Galactic plane [42]. This also
results in an increased neutrino flux at those energies, as
seen in Fig. 2.

Given the large uncertainty in the high-energy part of
the spectrum, we consider two di↵erent realizations for
both the Canonical and Gamma model, characterized by
di↵erent values for the proton high-energy injection spec-
trum cuto↵. The Galactic models are labeled as {;, A,
B, C, D} for convenience. Models A and B are Canon-

ical, while models C and D are Gamma; models A and
C are tuned to recent KASCADE data [43] and feature
a 5-PeV cuto↵, while models B and D feature a very op-
timistic value of 50-PeV cuto↵, again following Ref. [32].
We remark the very large uncertainty a↵ecting the mod-
els in this high-energy range (see, e.g., the indications
for a sub-PeV knee reported by the ARGO collabora-
tions [44]). The model in which there is no Galactic con-
tribution to the IceCube flux is labeled ;.

For each of these models, a high-resolution map of the
neutrino flux from Galactic cosmic rays, assuming a fla-
vor ratio of 1:1:1, was produced using GammaSky, a dedi-
cated code developed by the DRAGON team [45]. However,
the large angular uncertainties associated with showers
in IceCube data only gives us access to a low-resolution
map. The probability distribution P (F |M) of this flux,
in each pixel of the low-resolution map, was set to a
Gaussian with parameters determined by the mean and
variance of the oversampled map provided by GammaSky.
Additionally, these PDFs per pixel in di↵erent energy
sub-bins were convolved into three energy bins [13], by
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FIG. 2. Comparison of the count distributions of four model
Galactic contributions (whiskered boxes) to the HESE events
(dashed lines). Including other components would broaden
the boxes and shift them to higher counts (cf. Fig. 1, left).
Models A and B are an extrapolation of GeV–TeV local cos-
mic ray data, while models C and D are extrapolated from
Fermi data (see main text, and Ref. [32]). The gamma-
ray extrapolated models overpredict the IceCube data below
100 TeV. The signal region adopted in this figure contains
only showers with energies below 1 PeV, and located either
at declinations �20� < � < 20� or within one pixel of the
galactic center.

treating the spectrum produced by DRAGON as a piecewise
power law in each energy sub-bin and each pixel.

III. RESULTS

We compute the likelihood for a model M based on
the total count distribution as

L =
Y

pixels p

Y

bins E

P (C = d(p,E)|p,E,M), (4)

where the count distributions of di↵erent astrophysi-
cal and atmospheric components of the model are com-
bined by convolution, i.e., P (C|M) = P (C|MSFG) ?
P (C|MBL�Lac) ? P (C|Mprompt) ? · · · . The flux PDFs of
starbursts and blazars are shown in Fig. 3 of Ref. [13], and
the count PDF P (C) is obtained by convoluting them
with the Poisson distribution [15]. These PDFs are non-
Poissonian with typically a power-law tail that makes the
distribution skewed. The intrinsic skewness, however, is
dominated by shot noise of finite neutrino counts in con-
temporary neutrino telescopes.
We add the best-fit isotropic contribution to this

marginal likelihood as Li = P (C|M) ? Piso(C|i), where
i 2 {;,A,B,C,D}.
As summarised in Fig. 1, our main result is the strong

evidence for a dominant isotropic component. The best-
fit values of the normalization and spectral index for this
component of unknown origin are presented in Table I,

• Models B,C for the Galactic gamma-ray emission show some tension with 
neutrino data (overshoot low-energy bin in the central pixel)

• Caveat: Those models are optimized on gamma-ray data in the GeV-TeV domain, 
while neutrinos probe the multi-TeV domain

• If confirmed, this result may point towards different spectral trends in different 
energy domains, possibly with consequences on the physics of CR transport
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FIG. 2: Best-fit model (curves) and unfolded IceCube energy spectrum (points with error bars) for showers (upper panel)
and tracks (lower panel) using our method described in Appendix A, where the best-fit for tracks in Tab. II has been used.
Black dots (and error bars) refer to HESE data and pink/light dots (and error) bars to TGM – which contains the 4.5 PeV
reconstructed energy track. The energy scale refers to reconstructed neutrino energy (data) and incident energy (model). The
di↵erent contributions (and the total) for the multi-component model are shown, as indicated in the plot legends. Note that,
compared to the IceCube analysis, the residual atmospheric background is shown explicitly both in data and model.

Fµ
atmo

F e
atmo

F
gal

F
X-pp

F
X-p�

�2

d.o.f

Showers (HESE) 2.07 0.97 0.91 ⇠ 0 1.50

Tracks (HESE+TGM) 5.73 0.94 0.96 0.81 0.94

Combined 5.74 2.07 0.96 0.93 0.37 1.11

TABLE II: Obtained flux normalizations at the best-fit for showers (HESE), tracks (HESE+TGM), and combined fit (both
showers and tracks).

more representative of the astrophysical signal at high
energies due to the larger e↵ective area related to TGM
compared to HESE.

One of the questions we need to address, is how many
components we actually need. We can do that at the
statistical level by removing the components one-by-one

and re-performing the fit. The atmospheric backgrounds
are inevitable as they are needed to the describe the
spectrum below 100 TeV; this is also statistically evi-
dent. Removing the Galactic component, the quality
of the spectral fit is only marginally a↵ected. However,
we have to take into account that the Galactic compo-

• Fixed spectral templates for different 
source classes, normalization fitted to the 
data

• Two different datasets: The through-
going muon (coming from the Northern 
hemisphere) and the high-energy starting 
event (HESE) sample

• Aimed at explaining why The observed 
through-going muon spectrum is harder 
than the HESE sample

• Four components: Residual 
atmospheric background, standard 
Galactic contribution, pp source class 
(SFGs), pγ source class 

• The HESE track dataset seems more 
sensitive to low energy events, that are 
much more affected by atmospheric 
backgrounds and by the Galactic 
component, especially for events coming 
from the Southern hemisphere

Palladino&Winter, 1801.07277

Less affected by veto-passing muons
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• We don’t know where the IceCube neutrinos come from. Different spectra in 
different event samples (HESE and TGM) to be understood!

• Large flux (close to WB limit), high level of isotropy: Most likely extra-Galactic 
origin, many candidate source classes. Probably multiple classes of sources 
at work, probably numerous faint sources. Different techniques yield different 
results.

• First identification of a source: Multi-messenger astronomy has started! 
• Very useful observable to constrain Galactic CR transport model, in connection 
with gamma-ray data: Looking forward to a correlation with the Galactic plane! 
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Thank you for your attention!
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• In many scenarios, neutrinos are produced in the decay of pions, which create one 
electron neutrino per every two muon neutrinos and no tau neutrinos (νe : νμ : ντ =1:2:0). 

• Because neutrinos switch flavors during their long journey through the universe, the 3-
flavor composition at Earth is expected to be approximately even (≈1:1:1). 

• The constraints on the flavor composition derived with this study show that the data are 
compatible with this scenario as well as with the sole production of muon neutrinos (0:1:0).

• Scenarios based on the decay of neutrons whereby only electron neutrinos are produced 
(1:0:0) are excluded with a significance of 3.6 sigma.

• IceCube 2017

Unsocial neutrino unites UHE sky

4

Simple hadronic “creation”
• Ingredients

– pp or pg interaction 
– cosmic-ray and target spectra in source

• Directly accompanying partners 
– gamma-ray from neutral pions (p0)
– parent cosmic-rays (p, nuclei)

• Indirectly accompanying partners
– radiations, radio, optical, x-ray...
– Gravitational waves
Multi-messenger !

𝑬𝝂 ≈
𝟏
𝟐𝟎
𝑬𝑷 ≈

𝟏
𝟐
𝑬𝜸
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FIG. 1: Cosmic ray and neutrino observables corresponding to a parameter space point describing both UHECR and neutrino
data at the highest energies (point A in Fig. 2, LX = 1047 erg/s, R = 109.6 km, with G = 540). Upper right panel: predicted
muon neutrino spectrum from TDEs, compared to the data from the High Energy Starting Events at IceCube [22]. An
additional flux, which might be of atmospheric origin (taken from [22]), is also shown. Upper left panel: Simulated energy
spectrum of UHECRs (thick curve); and its components from (groups of) di↵erent nuclear species (thin, same color coding as
in the bottom panels). For comparison, the Auger data are shown [23]. Lower panels: Predictions and data [24] on the average
(left) and standard deviation (right) of the X

max

distributions as a function of the energy. For predictions, EPOS-LHC [25] is
assumed as the interaction model for UHECR-air interactions. A shift of �20% is applied to the energy scale of all the UHECR
data, see text.

species, 14N, is injected in the jet. This pure injection
composition has been found to approximate the results
obtained with a mixed carbon-oxygen (C-O) injection,
which might be expected in the disruption of a C-O WD.
This choice is also inspired by the recent observations
of nitrogen emission lines in TDE observations [35, 36].
Other possibilities for the nuclear composition, including
ONeMg dwarfs from past supernovae or WDs with ex-
plosive nuclear burning (see e.g. [31]), are other options
which will not be considered here for brevity.

We simulate the interactions in the TDE jet with the
NeuCosmA code as in [34]. The resulting cosmic ray
and neutrino spectra are then processed by the Sim-

Prop code [37], which models the UHECR propagation
through the extragalactic space, and also computes the
cosmogenic neutrino flux. The mechanism for the escape
of the cosmic rays from the sources is calculated as in
Ref. [38], leading to hard spectra ejected from the source
and injected in the extragalactic space. These spectra
are compatible with the results from the UHECR global
fit by the Auger Collaboration [39] (depending on the
source evolution). We obtain the di↵use particle fluxes
at Earth, using the assumption that all TDE jets are
identical in the cosmologically co-moving frame, and that

their rate evolves negatively with the redshift (approxi-
mately as ⇠ (1 + z)�3), following the evolution of the
number density of SMBHs as calculated in Ref. [40] (see
also [29, 41, 42]). We also compute the first two mo-
ments of the distributions of the quantity X

max

, which
is defined as the depth at which the energy deposited in
the atmosphere by a cosmic ray shower reaches its maxi-
mum; X

max

depends strongly on the mass of the primary
cosmic ray nucleus.
To assess the compatibility with observations, we ana-

lyze the Pierre Auger Observatory data for the UHECR
spectrum [23] and for the distributions of X

max

[32] be-
yond 1019 eV. A fit of these data is performed, includ-
ing a downshift (of the data) of 20% in the energy scale
to better match the maximal energy of the spectrum.
The shift amount is comparable to the energy scale un-
certainty of the Auger experiment (14%). It is treated
as experimental systematics here, but it is degenerate
with the acceleration e�ciency (or even nuclear injection
composition) of the primaries, which can be adjusted ac-
cordingly to reach high enough maximal energies. After
the UHECR fit, as a separate step, we check the com-
patibility of the results with the IceCube neutrino data
(measured data points beyond PeV energies [22]).

 Biehl+ 2017



• Spectral hardening in primary and 
secondary species at ~200 GC

• Positron excess

• Low- and high-energy electrons?
• Low- and high-energy antiprotons?

A population of leptonic accelerators (e.g. pulsars?) 
[Aharonian&Atoyan 1995; Hooper+ 2009, Grasso+ 2009; Yuan+ 2018]
DM interpretation challenged by many constraints (e.g. CMB) 
[1502.01589]
Anomalous transport properties? Change of paradigm in CR 
propagation? [P. Lipari arXiv:1707.02504]
[review arXiv:1802.00636]

List of anomalies: Charged CRs

Padova 22/06/2017 Berlin 29/11/2017Princeton 29/02/2017Princeton 02/29/2017Princeton 03/03/2018Princeton 03/02/2018Berlin 31/08/2018

Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þM2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5% 0.1 for Li, 8.0% 0.2 for Be, and
10.7% 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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FIG. 1. The AMS (a) Li and B and (b) Be and B fluxes [21]
multiplied by ~R2.7 with their total errors as a function of rigidity.
As seen, the Li and B fluxes have identical rigidity dependence
above ∼7 GV and all three secondary fluxes have identical
rigidity dependence above ∼30 GV.
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FIG. 2. The dependence of the Li, Be, and B spectral indices on
rigidity together with the rigidity dependence of the He, C, and O
spectral indices [14]. For clarity, the Li, B, He, and O data points
are displaced horizontally. The shaded regions are to guide the
eye. As seen, the magnitude and the rigidity dependence of the Li,
Be, and B spectral indices are nearly identical, but distinctly
different from the rigidity dependence of the He, C, and O
spectral indices. Above ∼200 GV the Li, Be, and B fluxes all
harden more than the He, C, and O fluxes. See also Fig. 3.
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Probably a transport effect. 
Different transport properties in the disk and in the halo? 
[Tomassetti 2015] 
Transition from self-generated to pre-existing turbulence?  

[Blasi, Amato, Serpico, PRL 2012; Aloisio, Blasi, Serpico 2015] 



A bit deeper into the theory…

Padova 22/06/2017 Berlin 29/11/2017

Guideline: resonant pitch-angle scattering on Alfvénic turbulence 
[Morrison 1957; Jokipii ApJ 146 1966; Jokipii&Parker PRL  21 1968]

Whenever a CR interacts with an Alfvén wavepacket, if the resonance condition is 
satisfied, it changes randomly the pitch angle

This stochastic process eventually results in a spatial diffusion 
in the parallel direction with respect to the regular magnetic field

2. CR propagation
Interaction between charged CRs and Alfvén waves —> pitch angle scattering

Quasi linear theory of pitch-angle scattering
We consider a regular magnetic field and small perturbations (small-amplitude Alfvén 
waves)

 

2. Physics of CR propagation

PHYSICS QUESTION: WHY ARE THERE 
WAVES THAT CR CAN SCATTER UPON? 

POSSIBILITY N. 1: WAVES HAVE BEEN INJECTED BY SNR EXPLOSIONS THROUGHOUT 
THE GALAXY. THEIR SPECTRUM IS W(k)~k-s 
 
 
 
 
 
 
 

FOR  A KOLMOGOROV SPECTRUM s=5/3 AND L0=50 pc. THE DIFFUSION COEFFICIENT 
READS THEN (see Lecture 1): 

2

becomes as small as the particle Larmor radius. Diffusion
models routinely used in calculations of CR propagation
are inspired (implicitly or explicitly) by the assumption
that something like this happens.

In this Letter we present our calculations of the com-
bined effect on CR scattering on turbulence cascading
from some large scale (L0 = 50pc) through NLLD and
self-generated waves induced by CR streaming in the
Galaxy. We find that a change in the scattering prop-
erties of the ISM must occur at ∼ 200 − 300 GeV/n re-
flecting in a change of shape of the CR spectrum at the
same rigidity. While the transition energy can be esti-
mated analytically, we solve the full system of equations
describing CR transport and wave evolution so as to ob-
tain a self-consistent spectrum of CRs. In this way, we
also find that at energies below ∼ 10 GeV/n the advec-
tion of CRs with waves moving with the Alfvén velocity
leads to a spectral hardening. Both spectral features are
observed [1, 3], and this work was actually stimulated by
these observations.

The calculation—We solve the CR diffusion equation
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Here f(p, z) is normalized so that the number of particles
in the range dp around momentum p at the location z
above or below the disc is 4πp2f(p, z)dp. The diffusion
coefficient is related to the wave spectrum through the
well known expression:
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with δB2/4π the power in turbulent fields and B0 the
regular magnetic field strength. In Eq. (3) the momen-
tum and wavenumber are related through the resonance
condition k = 1/rL(p) = qB0/(pc), with rL the Lar-
mor radius of particles with momentum p moving in the
magnetic field B0. The underlying assumption is that
δB << B0. In Eq. (1) we use a simple injection model
in which all CRs are produced by SNRs in an infinitely
thin disc of radius Rd:
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Here ξCR is the fraction of the total kinetic energy
of a SN, ESN , assumed to be channelled into CRs,
and the SN rate is RSN . The quantity I(α) =

4π
∫ ∞
0 dx x2−α

[√
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]

comes from the normaliza-
tion of the kinetic energy of the SN that goes into CRs.
Notice that the particle spectrum is assumed to be a
power law in momentum, as expected for diffusive shock
acceleration in the test particle regime.

Eq. (2) describes the stationary wave spectrum W (k)
under the effect of wave-wave coupling and amplification
of waves due to streaming instability at a rate Γcr(k).
The cascade is due to NLLD and is described as a diffu-
sion process in k-space with a diffusion coefficient [18]:

Dkk = CKvAk7/2W (k)1/2 (6)

for a Kolmogorov phenomenology (CK ≈ 5.2×10−2 [16]).
One can easily check that, in the absence of a CR-induced
contribution, this diffusive process in k-space leads to
the standard Kolmogorov spectrum W (k) ∝ k−5/3 (for
k ≫ k0), if the injection of power occurs at a single k0 =
1/L0. The effect of CRs is to amplify the waves through
streaming instability, with the growth rate:
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where the spatial gradient of CRs can be found by solving
the transport equation, Eq. (1).

Eq. (1) is solved in the simplifying assumptions that
D depends weakly on the the z-coordinate, and that the
Alfvén speed is also independent of z, except for the fact
that Alfvén waves move upward (downward) above (be-
low) the disk. This implies that dvA/dz = 2vAδ(z). With
these assumptions the solution of Eq. (1) can readily be
found to be in the form:
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and f0(p) has to satisfy the following equation, obtained
by integrating Eq. (1) in the range z = (0− − 0+):
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The space derivative can be easily derived from Eq. (8):
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Solving for f0, the CR spectrum in the disc of the Galaxy
is readily found to be:
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In the high energy limit, where diffusion prevails upon
convection at speed vA, Eq. (11) reduces to the well
known solution of the diffusion equation in one dimen-
sion, fdiff

0 (p) = Q0(p)H/(2D(p)).
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• The ISM is magnetized and turbulent over a wide inertial 
range; energy injection at large scales (~100 pc), e.g. by 
supernova explosions or other mechanisms

• Pitch-angle scattering: a resonant interaction between 
Alfvén waves and charged CRs 

• Whenever a CR interacts with an Alfvén wave, if the 
resonance condition is satisfied, changes randomly the 
pitch angle: This stochastic process eventually results in a 
mostly parallel spatial diffusion w.r.t. the regular field

~ pc ~ AU
~ PeV ~ GeV
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A bit deeper into the theory…
Guideline: resonant pitch-angle scattering on Alfvénic turbulence 
[Morrison 1957; Jokipii ApJ 146 1966; Jokipii&Parker PRL  21 1968]

The real picture is much more complicated:

• Non-linear effects at small scales 
If CRs stream faster than the Alfvén speed, they 
can amplify waves (naturally of the correct shape 
for scattering) through the resonant streaming 
instability [Wentzel 1974; Skilling 1975; Cesarsky 
1980; Farmer&Goldreich 2003]

• Pitch-angle scattering is not an efficient 
confinement mechanism if Alfvénic 
turbulence is anisotropic.  [Chandran 2000, 
Yan&Lazarian 2002]
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(see Equations (176)–(178)). Using Equations (176), (177), and
(183), we can show that
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where G± satisfy Equation (181). As follows from
Equation (157) (neglecting the collision integral), all higher-
order expansion coefficients satisfy a simple homogeneous
equation:

dGl

dt
+ v∥b̂ · ∇Gl = 0, l > 1. (210)

Thus, the distribution function can be explicitly written in terms
of G±:
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(211)
where G0 and G1 are given by Equations (208)–(209) and g̃
comprises the rest of the Laguerre expansion (all Gl with l > 1),
i.e., it is the homogeneous solution of Equation (157) that does
not contribute to either density or magnetic-field strength:

dg̃

dt
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∫
d3v g̃ = 0,

∫
d3v

v2
⊥

v2
thi

g̃= 0.

(212)
Now substituting Equations (208) and (209) into Equa-

tion (206) and then substituting the result and Equations (202)–
(203) into Equation (201), we find after some straightforward
manipulations
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where κ is defined by Equation (204) and W±
compr are the two

independent invariants that we derived in Section 6.2.3. Thus,
the generalized energy for compressive fluctuations splits into
three independently cascading parts: W±

compr associated with the
density and magnetic-field-strength fluctuations and a purely
kinetic part given by the first term in Equation (213) (see Figure
5). The dynamical evolution of this purely kinetic component is
described by Equation (212)—it is a passively mixed, undamped
ballistic-type mode.

All three cascade channels lead to small perpendicular spatial
scales via passive mixing by the Alfvénic turbulence and also to
small scales in v∥ via the parallel phase mixing process discussed
in Section 6.2.4 (note that g̃ is subject to this process as well).

6.3. Parallel and Perpendicular Cascades

Let us return to the kinetic Equation (157) and transform
it to the Lagrangian frame associated with the velocity field
u⊥ = ẑ × ∇⊥Φ of the Alfvén waves: (t, r) → (t, r0), where

r(t, r0) = r0 +
∫ t

0
dt ′u⊥(t ′, r(t ′, r0)). (214)

Figure 7. Lagrangian mixing of passive fields: fluctuations develop small scales
across, but not along the exact field lines.

In this frame, the convective derivative d/dt defined in Equa-
tion (160) turns into ∂/∂t , while the parallel spatial gradient
b̂ · ∇ can be calculated by employing the Cauchy solution for
the perturbed magnetic field δB⊥ = ẑ × ∇⊥Ψ:

b̂(t, r) = ẑ +
δB⊥(t, r)

B0
= b̂(0, r0) · ∇0r, (215)

where r is given by Equation (214) and ∇0 = ∂/∂r0. Then

b̂ · ∇ = b̂(0, r0) ·
(
∇0r

)
· ∇ = b̂(0, r0) · ∇0 = ∂

∂s0
,

(216)

where s0 is the arc length along the perturbed magnetic field
taken at t = 0 (if δB⊥(0, r0) = 0, s0 = z0). Thus, in the
Lagrangian frame associated with the Alfvénic component of the
turbulence, Equation (157) is linear. This means that, if the effect
of finite ion gyroradius is neglected, the KRMHD system does
not give rise to a cascade of density and magnetic-field-strength
fluctuations to smaller scales along the moving (perturbed) field
lines, i.e., b̂·∇δne and b̂·∇δB∥ do not increase. In contrast, there
is a perpendicular cascade (cascade in k⊥): the perpendicular
wandering of field lines due to the Alfvénic turbulence causes
passive mixing of δne and δB∥ in the direction transverse to the
magnetic field (see Section 2.6 for a quick recapitulation of the
standard scaling argument on the passive cascade that leads to
a k

−5/3
⊥ in the perpendicular direction). Figure 7 illustrates this

situation.26

We emphasize that this lack of nonlinear refinement of the
scale of δne and δB∥ along the moving field lines is a particular
property of the compressive component of the turbulence, not
shared by the Alfvén waves. Indeed, unlike Equation (157), the
RMHD Equations (155)–(156), do not reduce to a linear form
under the Lagrangian transformation (214), so the Alfvén waves
should develop small scales both across and along the perturbed
magnetic field.

Whether the density and magnetic-field-strength fluctuations
develop small scales along the magnetic field has direct physical
and observational consequences. Damping of these fluctuations,
both in the collisional and collisionless regimes, discussed in
Sections 6.1.2 and 6.2.2, respectively, depends precisely on their
scale along the perturbed field: indeed, the linear results derived
there are exact in the Lagrangian frame (214). To summarize
these results, the damping rate of δne and δB∥ at βi ∼ 1 is

γ ∼ vthiλmfpik
2
∥0, k∥0λmfpi ≪ 1, (217)

γ ∼ vthik∥0, k∥0λmfpi ≫ 1, (218)

where k∥0 ∼ b̂ · ∇ is the wavenumber along the perturbed field
(i.e., if there is no parallel cascade, the wavenumber of the
large-scale stirring).

26 Note that effectively, there is also a cascade in k∥ if the latter is measured
along the unperturbed field—more precisely, a cascade in kz. This is due to the
perpendicular deformation of the perturbed magnetic field by the Alfvén-wave
turbulence: since ∇⊥ grows while b̂ · ∇ remains the same, we have from
Equation (123) ∂/∂z ≃ −(δB⊥/B0) · ∇⊥.
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