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

Diffuse Galactic emission:
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A tribute to the data: The multi-TeV gamma-ray sky

- Many ongoing and planned exp

HAWC...
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GeV-TeV Gamma-ray point sources
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» Pulsars, PWN, SNR, HMB ¢ Other Extragalactic
+ Blazars e Unclassified

Unassociated
3FGL sources

courtesy of W. Hoffmann, TeVPa 2018
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10 GeV — 2000 GeV
arXiv:1702.00664



GeV-TeV Gamma-ray point sources

1FLE
0.03-0.1 GeV

198 sources
arXiv:1806.10865

3FGL
0.1 -300 GeV

3033 sources
arXiv:1501.02003

o No association o Possible association with SNR or PWN < AGN 3FH L

* Pulsar A Globular cluster * Starburst Galaxy © PWN

= Binary + Galaxy o SNR * Nova 1556 sources
* Star-forming region

10 GeV — 2000 GeV

arXiv:1702.00664
courtesy of W. Hoffmann, TeVPa 2018
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GeV-TeV Gamma-ray point sources

urces in grey

1FLE
0.03-0.1 GeV

198 sources
arXiv:1806.10865

3FGL
0.1 -300 GeV

3033 sources
arXiv:1501.02003

3FHL

+ SNRs and PWNe #  BL Lacs 1 Unc. Blazars A Other GAL v Unassociated 1556 sources
% Pulsars & FSRQs +  Other EGAL < Unknown o Extended 10 GeV — 2000 GeV

arXiv:1702.00664
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A tribute to the data: Neutrinos

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))
i KOR

D

absorption

I I R N N A NI

Galactic

-90°

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]
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A tribute to the data: Neutrinos

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

Charged-current v, Neutral-current / v, Charged-current v
(data)
(data) & | (simulation)
o:. \§
15 % m r o8 4 : 1 4 . é
il t. AR Al :
He ‘ % €8 g;“;'ﬂapﬂ,g
. ° . HHIVW :

Up-going track Isolated energy “Double-bang”
deposition (cascade)
with no track

Factor of -2 energy resolution 15% deposited energy resolution (none observed yet: t
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV)  decay length is 50 m/PeV)

Early [T Late
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A tribute to the data: Neutrinos

HESE: interaction inside the detector o
Through-going muons: interaction outside ”y\
the detector

Atmosphere -
cosmic

neutrino

atmospleric
muon

Charged-current v, Neutral-current / v, Charged-current v
(Qatg ~  ~  y UWpms LR IET ..
(data) (simulation) ,
] ® - atmospheric
neutrino
1 @1 r ; i cosmic /
: : : ’ A
i \ ° g 1V ' |
Up-going track Isolated energy “Double-bang”
deposition (cascade)
with no track
Factor of -2 energy resolution 15% deposited energy resolution (none observed yet: t
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV)  decay length is 50 m/PeV)
Early [T Late
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The key questions

absorption

Galactic

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 pari]
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A spectacular complementarity between y-rays and neutrinos

22/09/2017: lcecube 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 y-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!
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A spectacular complementarity between y-rays and neutrinos

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
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A spectacular complementarity between y-rays and neutrinos

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.

:_1315]5_}1?11_\/1_11;7[&1%;"' -+ 9.6 years average
"""""" ' -+ IC-170922A - y —rayflare
-+ Neutrino flare 2014/15
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A spectacular complementarity between y-rays and neutrinos

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
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Point sources: Other associations?

GB6 J1040+0617 Preview from TeVPa 2018
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5¢00'
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« 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.
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Part 1 Gamma-Neutrlno connectlons in
our Galaxy




The CR-gamma-neutrino connection

Energies and rates of the cosmic-ray particles
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Two key questions

- 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?

x10724
6| (a)
>
S50 i
NS
sS4
2% 3
'512— +
[i{\% — I|—.—|—.—|
O 1 1 1 1 1 1 1

25| (b)
20

proton density above 10 GV
[

—~
10 107 10 10 « 5
> (a) cmz > (b) 0-1.5 kpe > 1545k | 3 (d) 4.5:5.5 kpe s I
s s = s S
T T T T 1
,: ......... 7‘: ......... ,: ,: 0 ’ 1 1 1 T —_|=.==_L‘ 1
= > - P =
210 o 2107 210 231
> > > >
z z = ] " 24 (C )
: : : : § -~
& + & 5 £ 3 -25[ - _
g 3 & & -
w 1 1 n w 1 1 1 w_ 1 1 1 [ 1 1 1 = =
10 10 10 10 =
10? 10° 10* 10? 10° 10 10? 10° 10* 10? 10° 10* N 26 ~
nergy (Me' nergy (Me' nergy (Me' nergy (Me'
E MeV, E (MeV) E MeV) E MeV 8
2 27
10% 10% 10 107 = — i T
(e) 5.56.5 kpe o 6.5-7 kpe (g) 7-8 kpe h 8-10 kpe < T —
5 -28[_ - = -
s
)
5 29|

E>*Emissivity (MeV2s™sr' MeV™)
3
T
'
w !
o W

E*Emissivity (MeV? s sr' MeV™)
3

E>*Emissivity (MeV2s™sr' MeV™)
3

E®*Emissivity (MeV2s™sr' MeV™)
3

Y
N
S
~
1o ) ) b ) ) s ) ) 1o ) ) s 5] A\~ O  supernova remnants
10? 10° 10 102 10° 3 102 10° 10 102 10° 10¢ S . (d)
Energy (MeV) Energy (MeV) Energy (MeV) Energy (MeV '§ 4 ,_A_| A HII regions
~ ~ ~10° ~10° g
v i ot0smd S 2 < £ correct 3 O pulsars
> ) Skoe| 3 () 165-50kpe| 3 (k) DNM > " N(HI) correction S 3
= 2 = 2 N @ normalized proton density
I N I K 5 S 2
. R - ™ > 23 —
; 3 ; ; Zs ~EH A
310 3102 34024 31024 S 5
: £ g : L8 i S S o G
> > > > S = —
z z X z 2 s
£ £ . £ £
3| £ oL @ TR ®
E E | E € . S35 — ]
i w || oW w N Z ] I . . . . I . . . . I . . . . I . s . . 1 . . . . 1 . . . . 1
W & S W
10 L L L 1075k L L 102kt . . 10 L L . 1 1 2 2
10? 10° 10* 102 10° 10* 10% 10° 10* 102 10° 10* 0 5 0 5 0 S . . 30
Energy (MeV) Energy (MeV) Energy (MeV) Energy (MeV Galactocentric radius (kpc)

Barolo workshop



The “orthooxy” of CR physics

N

- The.bulk of the CR energy is released by SN explosmns in the
Galactic disk B

-* CRs are accelerated via d|ffuswe shock acceleratlon at work at SNR
shocks

- CRs diffuse within an extended, turbulent and magnetlzed halo in a

isotropic and homogeneous way
—> A dlffuse homogeneous CR sea is present through the Galaxy

Berlin 31/08/2018



The numerical approach to model the problem

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 Il order Fermi acceleration (reacceleration)

- Energy losses

Fe i o (] -3

1
Q + E CONgas Oi—si +
Q RS

GSSI 01/06/2018




The numerical approach to model the problem

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 Il order Fermi acceleration (reacceleration)

- Energy losses
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The good news

The power of multi-channel phenomenological analyses:
The “conventional scenarios” seem to work for many channels
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The good news

The “conventional scenarios” seem to work for many channels...

TABLE II: Posterior mean and 68% credible uncertainties of the model parameters

Unit PD DC DC2 DR DR2 DRC
Dy  (10%cm?s™))  529+051  420+£030  495+035 7.24+097 4.16+057  6.14+045
5 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 £098  1090+1.60 10.80+130 593+1.13  5.02+0.86  12.70 = 1.40
Va (kms™) — — — 385+ 1.3 18.4 + 2.0 432+1.2
dV,/dz (kms™'kpc) — 536+£0.64  5.02+0.55 — — 11.99 + 1.26
Ro (GV) — — 529 +0.23 — — —
n — — — — ~1.28 +0.22 —
log(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
Vi 244+001  245+001  243+0.01  1.69+0.02  2.04+0.03  1.82+0.02
- 234+£0.03 230+001 230+001 237+001 233+001 237+0.01
log(Ry, )" 506+£0.13  4.82+005 478+0.06  4.11+0.02  4.03+0.03  4.22+0.03
D (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
O, (GV) 0.495+0.011 0.485+0.011 0.472+0.012 0487 +0.011 0.485+0.011 0.482+0.013
X2 /dof 748.6/463 591.0/462 494.6/461 438.8/462 341.0/461 380.5/461

GSSI 01/06/2018
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Challenges

... 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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List of anomalies inferred from gamma rays

“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

Berlin 31/08/2018



List of anomalies inferred from gamma rays

“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

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

Spectral variations in the proton
spectrum towards the inner Galaxy

-+ Gradient problem

Berlin 31/08/2018



Spectral hardening from gamma-ray data

A progressive CR

hardening in the inner sky window a || skywindow | o
Gal inf df (bl <5°) |[(2~ES")| (b <5%) [(®~E7)

alaxy interrea from 0° < |I] < 10°]2.55 +0.09/40° < |I| < 50°|2.57 & 0.09
gamma-ray data was first 10° < |I| < 20°(2.49 £ 0.09{/50° < |I| < 60°|2.56 & 0.09
noticed in [Gaggero et al 20° < |I] < 30°|2.47 £ 0.08||60° < |I| < 70°|2.60 4+ 0.09
PRD 2015 Xi N 30° < || < 40°(2.57 4+ 0.08|70° < |I| < 80°|2.52 £ 0.09

, dlAIlV.

1411 7623] TABLE 1.  FEnergy 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°.

Confirmed by the Fermi-
LAT collaboration via a
template-fitting

procedure based on:

i e Normalization Acero+ 2016
« Ring decomposition for the | "
gas distribution e M | .
« Model for the IC emission, ;j:T,'.'.' """"" — | 4 j
. Catalogs of point and Lup _Figr ., opectralindex Harder
extended sources ia oy
SN |
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Spectral hardening from gamma-ray data

A progressive CR

hardening in the inner sky window a || skywindow | o
Gal inf df (bl <5°) |[(2~ES")| (b <5%) [(®~E7)

alaxy interrea from 0° < |I] < 10°]2.55 +0.09/40° < |I| < 50°|2.57 & 0.09
gamma-ray data was first 10° < |I| < 20°(2.49 £ 0.09{/50° < |I| < 60°|2.56 & 0.09
noticed in [Gaggero et al 20° < |I] < 30°|2.47 £ 0.08||60° < |I| < 70°|2.60 4+ 0.09
PRD 2015 Xi N 30° < || < 40°(2.57 4+ 0.08|70° < |I| < 80°|2.52 £ 0.09

, dlAIlV.

1411 7623] TABLE 1.  FEnergy 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°.

Confirmed by the Fermi-
LAT collaboration via a
template-fitting

procedure based on:

L Normalization Acero+ 2016
« Ring decomposition for the
gas distribution T, . . .
« Model for the IC emission, Zi:T.I'I X — 4 )
. Catalogs of point and ol e TR Spectral index Harder
extended sources ia oy
0 |
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Physical interpretations (l)

Is this a potential signature of anisotropic CR transport?

B.

D;; = DJ_dij + (DH — DJ_)bz'bj, b, = |P:| :
Improved modeling of large-scale Enhanced parallel escape in
topology of the Galactic magnetic field: the vertical direction in the
poloidal component in the inner Galaxy inner Galaxy

B, 100 GeV Spectral index
1.0e-04 0.1 0.2 0.3 0.4 0. 0.6 0.7 0.8 0.9 1.0e+00 [ I I I f 1 1
3.2F the difference ‘ Formi-LAT analsi J(

= Gaggero+2015 analysis

between the local
proton slope and

w
-
I

% the slope atthe =~ __.-"77mmmmmmomees
= GCis[0.26,06]  _..--f7~ |
: 2-8 —__"’— T e = e
S _.—":::;::T’ 7
2 2t TN Mainly perpendicular CR
G2 Op diffusion along r and z
g o (since B is predominantly
E 241 azimuthal)

j arallel CR escape 5” = 0.3

- 6, =05 ¢ep=001

......... (SJ_ = 06, €Ep = 001

6, =0.7, ep = 0.01
T I

since B is predominantly

gfhe vertical direction ‘ —
|

|

—_—

0 2 4 § 8 10 12 14
R [kpc]

*H arder vertical)

S.S. Cerri, DG, et al., JCAP 2017

Berlin 31/08/2018



Physical interpretations (ll)

Alternative explanation for the progressive hardening based on CR self

confinement

Growth-damping balance of self-
generated magnetic turbulence

O oW
% [DkkW] +T'crW = QW(k)
B 1672 VA 4 of
chk) 3 kW(k)Bg [p v(p)$]p=q30/kc

Dkk — CKUA]C7/2W(]€)1/2

Stronger CR gradients

—> more effective self-
confinement

—> low diffusion coefficient
—> advection takes over at
larger energies

—> propagated spectrum
closer to the inj. one

Berlin 31/08/2018

this effect only holds for E < ~50 GeV!
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Latest characterization with SKyFACT

- Adaptive template-fitting analysis

- Spectral trend confirmed
outside the Galactic bulge

- Unclear behavior at very low

Model = ZSpectrum X Morphology

k /
Uncertain spectral
modelling

\

Pixel-by-pixel correlated
uncertainties

¢pb — Z ngk)ngk) ' Slgk)o-lgk) ’ V(k) Penalized Poisson likelihood

rad || ' k with regularisation
InL=InLp+InLr(\X, N n,7n) conditions
- High-energy fits show same
trend!
n Components Notes
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freedom.
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Extended Sources

Fermi bubbles
ICS

Gas rings

freedom on normalizations.

Free spectra and templates, mild spatial
smoothing.

Fixed template, 1% spectral freedom

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

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




Latest characterization with SKyFACT

- Adaptive template-fitting analysis

Spectral trend confirmed outside
the Galactic bulge

Unclear behavior at very low
radii!

High-energy fits show same
trend!

Model = ZSpectrum x Morphology

"/ \

Uncertain spectral Pixel-by-pixel correlated
modelling uncertainties

Penalized Poisson likelihood
with regularisation
conditions
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[M. Pothast, DG, E. Storm, C. Weniger, arXiv:1807.04554]



Latest characterization with SKyFACT

- Adaptive template-fitting analysis
Model = ZSpectrum x Morphology

Spectral trend confirmed outside k / \
the GaIaC“C bUIge Uncertain spectral Pixel-by-pixel correlated
modelling uncertainties
UnCIear behaV|Or at Very IOW ¢pb — Zngk)ngk) I Sék)Oék) : V(k) Penalized Poisson likelihood
rad”' k with regularisation
InL=InLp+InLrg\XN, X' n1n") conditions

High-energy power-law fits
show same trend!
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Gamma rays: GeV - TeV connections

GeV-TeV connections — moving towards The TeV sky

+ 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

GSSI 01/06/2018



Gamma rays: GeV - TeV connections

- A*Hard CR sea” in the inner Galaxy can naturally explain the TeV emission
from the Galactic ridge measured by H.E.S.S.

week ending
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TeV y-ray and neutrinos from hard CR 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
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2017, ANTARES collaboration: A search for Galactic component using 9

Latest results

years of ANTARES data (both showers and tracks)

2018, ANTARES and IceCube collaboration: A search for Galactic

component using 10 years of ANTARES track and shower data, as well as 7

years of lceCube track data
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Part 2: Gamma-Neutrino connections —
Extragalactic




Extra-Galactic sources of lceCube neutrinos?

e association with sources of UHE CRs [Kistler, Stanev & Yuksel'13]
[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto'14;Moharana & Razzaque'l5]

e association with diffuse y-ray background [Murase, MA & Lacki'13]
[Chang & Wang'14; Ando, Tamborra & Zandanel'15]

e active galactic nuclei (AGN) [Stecker'13;Kalashev, Kusenko & Essey'13]
[Murase, Inoue & Dermer'14; Kimura, Murase & Toma'l4; Kalashev, Semikoz & Tkachev'14]
[Padovani & Resconi'14; Petropoulou et al.'15; Padovani et al."16; Kadler et al."16; Wang & Loeb'16]

e gamma-ray bursts (GRB) [Murase & loka'l3; Dado & Dar'14; Tamborra & Ando’15]
[Senno, Murase & Meszaros'16; Denton & Tamborra’1l8; Boncioli, Biehl & Winter'18]

e 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 & lzaguirre'1l5; Emig, Lunardini & Windhorst'15; Bechtol et al."15]

e galaxy cIusters/groups [Murase, MA & Lacki'13; Zandanel, Tamborra, Gabici & Ando’14]

e 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]

Barolo workshop courtesy of M. Ahlers



Diffuse flux: Complementarity between y-rays and neutrinos

10-° :
— : isotropic y-ray high-energy o ultra-high energy
L ; background neutrinos e COSmMic rays
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NG : . HESE -
| (6yT) o
= fr ",

—8 ™

S I V‘u + 17# -
c\.IS- (8yr) ®
FJ @

107 | :

- M. Ahlers (2017) .

10°  10® 107 108
energy E [GeV]

10 100 10° 10%

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

Barolo workshop



Diffuse flux: Complementarity between y-rays and neutrinos
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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

Barolo workshop



Diffuse flux: Complementarity between y-rays and neutrinos
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The constraints change depending on the assumption on the undergoing process

10

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

Proton-Proton Interactions

Barolo workshop
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- Upper limits on the neutrino spectral index, lower limits on the
IGRB contribution.



Diffuse flux: Complementarity between y-rays and neutrinos
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The constraints change depending on the assumption on the undergoing process

10

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
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* CRs in SFGs are unlikely to produce >PeV neutrinos,

Proton-Proton Interactions while highest reconstructed energy in the HESE is 4.5
PeV —> requires a CR with more than 10-100 PeV

Barolo workshop



Diffuse flux: Complementarity between y-rays and neutrinos
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The constraints change depending on the assumption on the undergoing process
py processes or “CR accelerator models”: neutrinos are

\p“‘Yf\j‘ produced inside the source, e.g. in GRBs or blazars
[Waxmann&Bahcall 97 '00; Meszaros ‘01]
Y l//YS% : Prog_enit?r )
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- The radiation field required to produce neutrinos via py
interactions leads to a large two-photon annihilation

optical depth for GeV-TeV gamma rays -> less
constrained by IGRB

Photo-Pion Production

Barolo workshop



Diffuse flux: Complementarity between y-rays and neutrinos
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The constraints change depending on the assumption on the undergoing process
py processes or “CR accelerator models”: neutrinos are

\p“‘Yf\j‘ produced inside the source, e.g. in GRBs or blazars
[Waxmann&Bahcall 97 '00; Meszaros ‘01]
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also, py reactions are typically efficient only for

sufficiently high-energy CRs, so the resulting y-rays can
contribute to the IGB only via cascades

Photo-Pion Production

Barolo workshop



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

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
Lir erg

I'sp = 2.2
Fermi-LAT collaboration, arXiv:1206.1346

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

EF,(E,) = [ / EVdeEvl
10 GeV

LY E, \'°® E,
exX —
0.9 Eu,peak b Eu,peak

I'opgr, = 2.5 Padovani+ arXiv:1506.09135
- Unassociated, isotropic component: To be fitted to data. Power-law spectrum, normal

distribution for the intensity.

Barolo workshop



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

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)
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INGICIILILIET ANTARES, spectral index: —2.4 (v, x 3) |]

“’"”“”’)_: - Models A, B -> “KRA” models from
e Blemsld - Gaggero+ ApJL 2015, arXiv:1504.00227
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Galaxy and tuned on local data. Different high-
energy cutoffs.
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« Featuring harder CR spectrum in the inner
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One-point fluctuation analysis: Results
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- 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

Barolo workshop
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One-point fluctuation analysis: Results

[HA mBuCuD|
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* 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

Barolo workshop



Alternative approach: Spectral fitting

- 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), py 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

Less affected by veto-passing muons
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Palladino&Winter, 1801.07277
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Conclusions

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))

Galactic

- 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!

Barolo workshop
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v, . l/’,, : v at source

0:1:0

+ lceCube 2017

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 (ve : v : vt =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.

Barolo workshop
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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 = 10*" erg/s, R = 10°° 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) different 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 Xmax 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.
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List of anomalies: Charged CRs

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

« 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]

- Positron excess

« A population of leptonic accelerators (e.g. pulsars?)

Spectral Index y

[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]

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

Berlin 31/08/2018
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A bit deeper into the theory...

Guideline: resonant pitch-angle scattering on Alfvénic turbulence
[Morrison 1957; Jokipii Apd 146 1966; Jokipii&Parker PRL 21 1968]
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A bit deeper into the theory...

Guideline: resonant pitch-angle scattering on Alfvénic turbulence
[Morrison 1957; Jokipii Apd 146 1966; Jokipii&Parker PRL 21 1968]
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Figure 7. Lagrangian mixing of passive fields: fluctuations develop small scales
across, but not along the exact field lines.
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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]



