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Gamma Rays
&

Blazars as Examples



First Gamma-Ray Sky

• Third Orbiting Solar Observatory OSO-3 (Kraushaar et al. 1972)

• Sensitive to >50 MeV γ rays, 1 source (i.e. Milky Way)
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Third Orbiting Solar Observatory OSO-3 (Kraushaar et al. 1972)   
Sensitive to >50 MeV γ rays    1 source 
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Gamma-Ray Astrophysics in the Fermi Era

Fermi Collaboration 16 PRL

3FGL
(~3000 sources)
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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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Extragalactic Gamma-Ray Background
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11% of the total emission from resolved
and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14

Ajello+ 15 ApJL

~15-30% of the EGB at > 50 GeV may 
come from something else
and more rooms at lower energies

• Steady outflow

• Continuous shell ejection with a width of R0/Γ in commoving frame
• Elecrton injection from R=R0 to 2R0 with stochastic acceleration

• Turbulence Index: Kolmogorov q=5/3

• Both injection and acceleration stop at R=2R0

Model

• Electron injection

• Stochastic acceleration

• Synchrotron emission and cooling

• Inverse Compton emission and cooling

• Adiabatic cooling （V∝R2）
• Photon escape

• No electron escape!

Physical Processes

EGB: total
IGRB: unresolved

Ackermann+ 15 ApJ

“blazar”
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Fig. 5.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial (bot-

tom) coordinates. Red circles: FSRQs, blue circles: BL Lacs, green triangles: blazars of unknown

type, magenta stars: other AGNs.

Blazars: Main Extragalactic Sources in the g-ray Sky

48 months of observations : 
2192 TS>25, |b|>10° sources 
3LAC: 1563 sources 
1444 AGNs in the clean sample 
415 FSRQs 
602 BL Lacs
413 of unknown type
23 other AGNs Ackermann+ 15

Ajello+ 15 Local (z=0) luminosity density
BL Lacs:
2x1045 erg Mpc-3 yr-1

FSRQs:
~(1-4)x1044 erg Mpc-3 yr-1

UHECR:
~1044 erg Mpc-3 yr-1 

Candidate sources of UHECRs

positive evolution
for BL Lac + FSRQ



Blazars: Success of Multiwavelength Observations
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Fig. 8.— Spectral energy distribution of Mrk 421 averaged over all the observations taken
during the multifrequency campaign from 2009 January 19 (MJD 54850) to 2009 June 1

(MJD 54983). The legend reports the correspondence between the instruments and the mea-
sured fluxes. The host galaxy has been subtracted, and the optical/X-ray data were corrected

for the Galactic extinction. The TeV data from MAGIC were corrected for the absorption in
the extragalactic background light using the prescription given in Franceschini et al. (2008).

Spectral energy distribution (SED): typically “two hump” structure
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Fig. 8.— Spectral energy distribution for Mrk 501 averaged over all observations taken during

the multifrequency campaign performed between 2009 March 15 (MJD 54905) and 2009
August 1 (MJD 55044). The legend reports the correspondence between the instruments

and the measured fluxes. Further details about the instruments are given in §5.1. The
optical and X-ray data have been corrected for Galactic extinction, but the host galaxy
(which is clearly visible at the IR/optical frequencies) has not been subtracted. The TeV

data from MAGIC and VERITAS have been corrected for the absorption in the extragalactic
background light using the model reported in Franceschini et al. (2008). The VERITAS data

from the time interval MJD 54952.9–54955.9 were removed from the data set used to compute
the average spectrum, and are depicted separately in the SED plot (in green diamonds). See
text for further details.
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Fig. 16.— The SED of 0FGL J1256.1-0547 = 3C279 (left) and of 0FGL J1310.6+3220 =

1Jy1308+326 (right)
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Fig. 17.— The SED of 0FGL J1457.6-3538 = PKS 1454-354 (left) and of 0FGL J1504.3+1030 =

PKS1502+106 (right)

10 15 20 25 30−1
6

−1
4

−1
2

−1
0

Lo
g 
νf

(ν
) (

er
g 

cm
−2

s−
1 )

Log ν (Hz)
10 15 20 25−1

6
−1

4
−1

2
−1

0

Lo
g 
νf

(ν
) (

er
g 

cm
−2

s−
1 )

Log ν (Hz)

Fig. 18.— The SED of 0FGL J1512.7-0905 = PKS 1510-089 (left) and of 0FGL J1522.2+3143 =

B2 1520+31 (right)

Mrk 421 (z=0.033)
Abdo+ 11

F. Tavecchio et al.: On the origin of gamma-ray emission of PKS 1222+216

Fig. 1. Spectral energy distribution of PKS 1222+216 close to
the epoch of the MAGIC detection (2010 June 17). Red points at
optical–UV and X–ray frequencies are from a Swift observation
of June 20. For comparison, cyan data-points show the X-ray
spectrum two weeks before, on May 29 (see text). Fermi/LAT
(red squares and “bow tie”) and MAGIC data (corrected for ab-
sorption by the EBL using the model of Dominguez et al. 2011)
are taken from Aleksic et al. (2011b). The thick black solid
line shows the LAT spectrum in quiescence (from Tanaka et
al. 2011). Magenta open squares are SDSS photometric points.
Magenta filled pentagons are IR data from Malmrose et al.
(2011). Green points report historical data (from NED, circles,
and Tornikoski et al. 1996, squares).

as clearly visible in the SEDs. This difference could reveal an in-
crease of the accretion luminosity between the SDSS (Jan. 2008)
and the UVOT (June 2010) observations, possibly related to the
high activity in γ rays.

Malmrose et al. (2011) recently reported Spitzer observa-
tions in the IR band for four sources, including PKS 1222+216.
The IR data points (filled magenta pentagons in Fig.3) track a
bump around 3 µm which is well fitted by a black body with
temperature of T = 1200 K, clearly related to the thermal emis-
sion from the putative dusty torus. Finally, we also add historical
radio (from NED) and millimeter (Tornikoski et al. 1996) data
(green open circles and open squares, respectively).

3. Modelling the SED
3.1. Observational facts and problems
In modeling the observed SED we are constrained/guided by the
following observational facts:
1) The MAGIC VHE spectrum (70–400 GeV) is well described
by a hard power law, with photon index (after correction for
absorption by the interaction with the extragalactic background
light) of 2.7±0.3, and a cut-off for energies lower than 130 GeV
is excluded. This spectrum smoothly connects with the LAT
spectrum close to the MAGIC detection (Tanaka et al. 2011),
strongly suggesting that high-energy and VHE emissions belong
to a unique spectral component, originating in the same region.
2) The MAGIC lightcurve shows a significative increase of the
flux during the 30 min observation, with a doubling time of

about tvar ≃ 10 minutes. The causality relation R < ctvar(1 + z)δ
allows us to constrain the size of the emitting region to R <
2.5 × 1014(δ/10) cm for typical values of the Doppler factor
δ = 10.
3) The LAT long-term lightcurve (Tanaka et al. 2011) is charac-
terized by periods of quiescence and smooth, long lasting (∼ 1
week) flares. The MAGIC detection coincides with the raising
part of a flare lasting for approximately 3 days. The γ–ray LAT
flux (F>100MeV ∼ 6.5 × 10−6 ph cm−2 s−1) was about half that
recorded at the maximum of the flare (F>100MeV ∼ 13.5 × 10−6
ph cm−2 s−1), reached the day after the MAGIC detection .

Standard one-zone models for FSRQ generally assume that
a single region in the jet, with a size comparable with that of the
jet cross sectional radius, is responsible for the emission from
IR to GeV frequencies. The location of this region is generally
assumed to be inside the BLR (e.g. Dermer et al. 2009, Ghisellini
& Tavecchio 2009), but scenarios considering regions beyond it
have been discussed (e.g., Sikora et al. 2008, Marscher et al.
2008).

The observational facts listed above already pose some prob-
lems to this view. Points 1) and 2) imply that the entire MeV-
GeV and VHE emission component at the epoch of the MAGIC
detection was produced in a very compact emission region out-
side the BLR, to minimize the expected severe absorption above
10 GeV (but see Stern & Poutanen 2011). In the framework of
one-zone models, a first possibility is therefore to assume that
the entire γ–ray activity is due to the cumulative emission of very
compact, uncorrelated traveling regions (resulting from, e.g. in-
ternal shocks, Spada et al. 2001). However, in this case the ex-
pected erratic behavior is in contrast with the smooth long-term
evolution shown by LAT. One way to reconcile this scenario
with point 3) seems to assume the existence of a very com-
pact and stationary region: this would allow fast variations of
the flux and, at the same time, the long term modulation of the
jet power would account for the smooth and coherent evolution.
As an alternative we could envision the existence of two emit-
ting regions, a large region responsible for the long-term evolu-
tion visible in the LAT band and an extremely compact region
accounting for the fast variations.

Motivated by the arguments above, in the following we
present three different scenarios for the VHE flare of PKS
1222+216 (see Fig. 2). In the first case (A) we assume that the
entire SED is produced by a single compact blob outside the
BLR. In the other two cases we consider a two-zone model with
the large region located outside (B) or inside (C) the BLR. For
consistency with the scenario sketched above, in cases B and C
we admit that the large region could substantially contribute to
(even if not dominate) the LAT band also at the epoch of the
MAGIC detection.

3.2. Model setup

A sketch of the assumed geometry is shown in Fig. 2. In all cases
a central BH is surrounded by an accretion disk whose radia-
tion, with luminosity Ld, photoionizes the BLR, modelled as a
spherical shell located at distance RBLR from the BH. Following
Ghisellini & Tavecchio (2009), we set RBLR = 1017L0.5d,45 cm.
This relation provides a good approximation of the most recent
results of the reverberation mapping studies (e.g. Kaspi et al.
2007, Bentz et al. 2009). We suppose that the BLR clouds inter-
cept and reprocess (mainly into emission lines) a fraction ξBLR
of Ld. As discussed in Tavecchio & Ghisellini (2008) a rather

3

Flat-spectrum quasars (FSRQs)
(or quasar-hosted blazars (QHBs))
mosty LSPs (npk<1014 Hz), GeV break

BL Lac objects (BL Lacs)
emission to VHE/TeV energies

more 
powerful

less
powerful

Mrk 501 (z=0.031)
Abdo+ 11

4C21+35 (z=0.538)
Tavecchio+ 11

3C279 (z=0.538)
Abdo+ 10



Leptonic Scenario
HE radiation: relativistic electrons accelerated in inner jets

(magnetic reconnection, shock acc., shear acc., turbulence etc.) 

• BL Lacs: synchrotron + synchrotron self-Compton (SSC)
• FSRQ: external Compton (EC)

bloadline regions (BLR), dust torus, accretion disk
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Fig. 11.— SED of Mrk 421 with two 1-zone SSC model fits obtained with different minimum
variability timescales: tvar = 1 day (red curve) and tvar = 1 hour (green curve) . The

parameter values are reported in Table 4. See text for further details.

Abdo et al. (2011)

FSRQ Modeling

At least three additional 
spectral components:
Accretion disk
EC Disk
EC BLR

External radiation field 
provides a new source of 
opacity; need to perform 
Compton scattering and JJ
opacity self-consistently

Opacity spectral break at a 
few GeV 

Dermer et al. (2009)

BL Lacs
synchrotron/SSC fitting

FSRQs or QHBs
synchrotron/SSC+EIC model fits 

Mrk 421 (z=0.033)
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e + B→ e + γ (syn) 𝒆＋𝜸 → 𝒆＋𝜸	(𝐈𝐂)



Intra-Source Cascades
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(Lepto-)Hadronic Scenario?

“SEDs can usually be fitted by both 
leptonic and leptohadronic scenarios”

• Nonthermal synchrotron radiation   
from primary electrons for radio 
through optical (low-energy hump) 

• Cascades via photomeson production 
p+g → p/n, p → p/n, n, g, e 

• Proton and ion synchrotron radiation
p+B → p+g
“heavy” jet problem; e.g., Atoyan & Dermer 03) 

– 55 –

Fig. 9.— Hadronic model fit components: π0-cascade (black dotted line), π± cascade

(green dashed-dotted line), µ-synchrotron and cascade (blue dashed-triple-dotted line), pro-
ton synchrotron and cascade (red dashed line). The black thick solid line is the sum of all

emission components (which also includes the synchrotron emission of the primary electrons
at optical/X-ray frequencies). The resulting model parameters are reported in table 3.

Abdo+ 11

smoking gun? -> neutrinos!

p-induced
cascade

µ-induced
cascade

p-syn

Mrk 421 (z=0.033)

caveats: 
- large CR power is necessary

(Lp~1047-1049 erg/s ~ 103-106 Le)
- much more free parameters

Constraints on the FSRQ emission region 7

4 RESULTS: APPLICATION TO 3C 273

We apply our method to the well-known FSRQ 3C 273 at redshift
z = 0.158. The optical-UV spectrum of 3C 273 shows a prominent
excess of emission, which is mainly interpreted as a contribution
of the accretion disk emission (see Ulrich, 1981; Soldi et al., 2008,
and references therein). The detection of lines in the optical-UV
spectrum of 3C 273, e.g. Ly-α, CIV, OVI, CIII, NIII, and SVI (e.g.
Paltani & Türler 2003, and references therein) is connected with
the BLR. The accretion disk and BLR luminosities of 3C 273 are
well-defined, i.e. Lad = 1.3×1047 erg/s (Vasudevan & Fabian 2009)
and LBLR = 9.1 × 1045 erg/s (Peterson et al. 2004). The knowledge
of both Lad and LBLR reduces the number of free parameters enter-
ing in the model (see also Böttcher et al. 2013). Other parameters
describing the BLR are RBLR ≈ 1.1 × 1018 cm (from eq. (35)),
ϵBLR = 8 eV and ξBLR = 0.1. As can be evidenced by the ASI
Science Data Centre (ASDC)7, there is a huge amount of archival
and non-simultaneous observations for 3C 273. As simultaneous
multi-wavelength observations are important for our analysis, we
use the dataset by Abdo et al. (2010). We emphasize, though, that
our method can be easily applied to different broad-band simulta-
neous data, since it is based on a generic idea.

4.1 No external radiation or r ≫ RBLR

Figure 3 demonstrates the effect of the cascade emission on the
high-energy part of the spectrum as the Doppler factor of the emis-
sion region progressively decreases, in the minimal scenario where
only internal radiation is a target for photohadronic interactions.
The three panels (from top to bottom) correspond to different mag-
netic field strengths, namely B=30 G, 15 G and 7.5 G. The ra-
dius of the emission region is assumed to be R = 3.6 × 1016 cm
in all runs. For a fiducial value of δ = 15, our choice results in
tvar ∼ 1 day, which is typical for 3C 273 (Courvoisier et al. 1988).
Other parameters used and kept fixed in the numerical runs are:
γe,min = 1.6 × 102, γp,min = 1, γe,max = 5 × 103, pe = 2.7 and
p = 2.3; both distributions of primary particles were modelled as
ni ∝ γ−pie−γ/γi,max , i = e, p. The parameters that had to be adjusted in
order to model the SED for the different Doppler factor values are
listed in Table 1. In all cases, the plateau-like emission above a few
GeV (> 1024 Hz) is the result of the EM cascade initiated by VHE
γ-rays produced in photohadronic interactions. Spectra shown with
red thick lines correspond to the minimum value of the Doppler
factor that can explain the simultaneous SED. For δ < δmin, the
photon spectra above > 1024 Hz exceed the observations.

At this point, it is interesting to compare the numerically de-
rived ℓp and δmin listed in Table 1 with the respective values pre-
dicted by our analysis in Sect. 2. This is exemplified in Fig. 4 where
the top and bottom panels show the comparison for ℓp and δmin,
respectively. In both panels, the values from the numerical analy-
sis are shown with symbols, while the curves are calculated using
eq. (27) for R = 3.6 × 1016 cm, νγ = 1022 Hz, Lγ = 6.3 × 1046 erg/s
and p = 2.3 (top panel) and eq. (32) for νs = ϵs/h = 3.2 × 1013 Hz,
Ls = 6.3× 1045 erg/s , νγ = 1022 Hz, η = 0.2, p = 2.3, β1 = 0.7, and
β2 = 1.35 (bottom panel).

In both panels, our analytical curves are in good agreement
with the numerical values determined through the SED modelling,
with some deviation becoming systematically larger for B = 7.5 G
(top panel) and R = 3.6 × 1015 cm (bottom panel). However, it is

7 http://www.asdc.asi.it/SED
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Figure 3. Proton synchrotron model fits to the simultaneous multi-
wavelength data of 3C 273 by Abdo et al. 2010 (black symbols) for B=30
G, 15 G and 7.5 G (top to bottom), in the limiting case of ℓBLR ≪ ℓsyn or,
equivalently r ≫ RBLR. In each panel, the SED is modelled using different
values of the Doppler factor. Spectra shown with red lines correspond to
the minimum value of the Doppler factor that can explain the simultaneous
SED. The respective spectrum when proton synchrotron radiation is omit-
ted, which reveals the underlying spectrum of the EM cascade, is shown
with a red dashed line. The accretion disk spectrum is overplotted with an
orange dashed line. Grey symbols are non-simultaneous and archival obser-
vations taken from ASDC.

Petropoulou & Dimitrakoudis 15

3C273 (z=0.158)

p-syn



Fate of Gamma Rays Escaping from the Sources

€ 

γ + γCMB/CIB → e+ + e−

•IC cascade or synchrotron
•probe of CR accelerators

•IC cascade
•distant (> 100 Mpc) sources
(either hadronic or leptonic)

10 EeV< 100 TeV

a few Mpc
(size of cluster/filament)

Structured EGMF
relevant



>TeV g rays interact with CMB & extragalactic background light (EBL)

EBL Attenuation

γ +γCMB/EBL → e+ + e− ex. lgg(TeV) ~ 300 Mpc
lgg(PeV) ~ 10 kpc ~ distance to Gal. Center

stellar light dust

“EBL”=extragalactic background light
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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE
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ABSTRACT

Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

(

κ
1
3
lc

)2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
2 YITP, Kyoto University, Kyoto, 606-8502, Japan

3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,

∂Nγ

∂x
= −NγRγγ +

∂NIC
γ

∂x
+
∂N

syn
γ

∂x
−

∂

∂E
[PadNγ] + Qinj

γ ,

∂Ne

∂x
=
∂Nγγ

e

∂x
− NeRIC +

∂NIC
e

∂x
−

∂

∂E
[(Psyn + Pad)Ne] + Qinj

e ,

where

Rγγ =

∫

dε
dn

dε

∫

dΩ

4π
c̃σγγ(ε,Ω),

RIC =

∫

dε
dn

dε

∫

dΩ

4π
c̃σIC(ε,Ω),

∂NIC
γ

∂x
=

∫

dE ′Ne(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσIC

dEγ
(ε,Ω,E ′),

∂Nγγ
e

∂x
=

∫

dE ′Nγ(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσγγ

dEe
(ε,Ω,E ′),

∂NIC
e

∂x
=

∫

dE ′Ne(E ′)

∫

dε
dn

dε

∫

dΩ

4π
c̃

dσIC

dEe
(ε,Ω,E ′). (4)

Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)
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F. Oikonomou et al.: Synchrotron pair halo and echo emission from blazars in the cosmic web
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Fig. 2. Solid lines: the energy flux of secondary leptons produced by
p� interactions in a 3 Mpc magnetised region around a source at red-
shift z = 0.14 that emits UHECRs with Lcr,iso = 1047 erg s�1. The
volume-averaged magnetic field strength in the magnetised region is
B̄ = 31.6 nG (purple), 316 nG (green). The noise in the pion bump is due
to the finite number of particles injected in our simulations. Dot-dashed
lines: the energy flux of secondary leptons produced by p� interactions
beyond the first 3 Mpc of propagation.

blazar jet we (arbitrarily) consider ✓jet = 0.192 ' 11�, but the
results presented here are not sensitive to this choice.

For the EBL energy density and redshift evolution, we con-
sider a range of models that are consistent with current observa-
tions (Kneiske et al. 2004; Kneiske & Dole 2008; Franceschini
et al. 2008; Inoue et al. 2013) and for the CMB a black body
spectrum of temperature 2.7 K. For the extragalactic radio back-
ground the model of Protheroe & Biermann (1996) and mea-
surements of Clark et al. (1970) as implemented by CRPropa
are used. Uncertainties on the spectrum and redshift evolution of
the EBL and to a lesser extent of the radio background, intro-
duce an uncertainty into our results but as we show in the next
section, our results are robust to the choice of EBL model for
the representative range of models that we have considered in
this work.

3. Robustness of synchrotron signal

with application to specific sources

The blazars studied in this work have gamma-ray peaks between
⇠10 GeV�10 TeV; however, irrespective of their intrinsic spec-
tra, a cut-o↵ is observed in the TeV that strongly depends on the
redshift of the source and details of the EBL spectrum and red-
shift evolution. The optical depth of the EBL to 1 TeV gamma
rays is thought to be O(1) at z ⇠ 0.1 hence for all the sources
studied in this work a strong suppression of the intrinsic source
flux above this energy is expected.

In the secondary synchrotron model the main contribution
to the secondary energy flux within the magnetised region will
be from photomeson production due to the significantly shorter
cooling length compared to that of Bethe-Heitler pair produc-
tion. Figure 2 presents the secondary leptons (photons and
electron-positron pairs) produced inside and outside the mag-
netised region for a source at redshift z = 0.14 that emits
UHECRs with Lcr,iso =

R
1018eV dE(dLcr,iso/dE) = 1047 erg s�1.

Here and throughout the injected luminosity quoted is above
1018 eV and the injection spectral index, ↵ = 2.0, unless oth-
erwise stated. Protons with energy lower than ⇠1018 eV should
be present in the jet and will contribute to the total jet power but
not the observed gamma-ray flux because they are most likely
confined in the jet. Considering the contribution of protons with
Emin >⇠ �mpc2 to the total jet power, where � ' 10 is the typical
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Fig. 3. The fit of the UHECR secondary synchrotron model to the
spectrum of 1ES 0229+200, assuming a mean strength of the mag-
netic field in the magnetised region, B̄ in the range 6�316 nG. Here
Lcr,iso = 1046.5erg s�1 has been assumed. Fermi/LAT data points for this
source here and throughout have been adapted from Vovk et al. (2012).
The model spectra shown account for the attenuation by the EBL, for
which the model of Kneiske & Dole (2008) has been considered.

Lorentz factor of the bulk motion and mp the proton mass, in-
creases the Lcr,iso required to produce the same secondary lepton
flux by ln(Emax/Emin)/ln(Emax/1018 eV), which is a factor of a
few. We observe in Fig. 2 that for our chosen injection spectrum
the peak of the energy spectrum of the first generation of elec-
trons from photomeson production is at Ee ⇠ 1019 eV as a result
of the competition between the abundance of primary protons
with increasing energy and the energy loss rate of the primary
protons. The characteristic energy of the synchrotron emission
of these electrons will be at Esyn ⇠ 6.7 ⇥ 1011 (B/100 nG) eV,
which for the typical magnetic fields expected in the large scale
structures we study, is near the peak of the blazar spectra. The
synchrotron emission that is emitted with energy beyond a few
TeV will be absorbed by the EBL. The dot-dashed component in
Fig. 2, which is produced beyond the first 3 Mpc from the source,
could also contribute to the cascaded emission, since its level is
higher than the flux produced closer to the source. As already
mentioned this low energy component is likely to be diluted by
IGMFs and not contribute to the GeV flux of the source if inter-
vening IGMFs are non-negligible. In this sense the results shown
here correspond to the limit where IGMFs are strong enough to
isotropise this low energy cascade component.

3.1. 1ES 0229+200

Figure 3 shows the model prediction of the secondary syn-
chrotron signal to the observed spectrum of 1ES 0229+200 for B̄
in the range 6�316 nG. The assumed isotropic equivalent lumi-
nosity is Lcr,iso = 1047 erg s�1. For this source, whose spectrum
peaks at >⇠10 TeV, B̄ = 316 nG is consistent with the combined
GeV–TeV data, whereas considering values of B̄ <⇠ 100 nG re-
sults in a poorer fit.

In Fig. 4 we show the robustness of the model fit to the un-
certainty in the intensity and redshift evolution of the EBL, by
considering a range of EBL models that are consistent with ex-
isting limits and measurements. The goodness of the model fit to
the spectrum of 1ES 0229+200 depends on the EBL that is as-
sumed, and the best fit is obtained with the lower limit model of
Kneiske & Dole (2008). All the models we considered slightly
under-predict the energy flux at the highest TeV datapoint but
for the fit with the EBL model of Kneiske & Dole (2008), this
disagreement is very small. Considering a slightly higher value
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Essey & Kusenko 10, Essey+ 11, 12 Oikonomou, KM & Kotera 13

Alternative explanation for gamma rays from blazars: 
neutrino and hadronic gamma-ray production outside sources 
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Figure 1. SEDs calculated for gamma-ray-induced (red) and UHECR-induced
(blue) cascade scenarios for KUV 00311−1938 (z = 0.61) using low IR (thick)
and best fit (thin) EBL models deduced by Kneiske et al. (2004) with the analyzed
LAT data (green) with a H.E.S.S. preliminary spectrum (magenta; Becherini
et al. 2012). We take s = 1.76. The isotropic equivalent energy of input gamma
rays for the gamma-ray-induced cascade Liso

γ and of UHECR source protons for
a UHECR-induced cascade Liso

p are 3.5×1046 erg s−1 and 1.1×1047 erg s−1, re-
spectively. The differential sensitivity curve for a 50 hr observation with H.E.S.S.
I (http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/; dashed line),
and the 50 hr sensitivity goal of the Cherenkov Telescope Array (CTA; Actis
et al. 2011; dotted line) are also plotted. The flux lower than the sensitivity
curve can be achieved under a relaxed criterion of wider energy-bins and lower
significance required to estimate flux in each bin.
(A color version of this figure is available in the online journal.)

reproduced by both gamma-ray- and UHECR-induced cascade
scenarios between 10 and 100 GeV. The UHECR-induced cas-
cade predicts larger flux above 200 GeV and harder spectrum
than the gamma-ray-induced scenario above ∼1 TeV. Prelimi-
nary H.E.S.S. data support the hadronic interpretation. Note that
the redshift of this object is uncertain (see Section 5).

We confirmed that the SEDs of the other more distant sources
in the list, excepting sources with steep spectra, namely PKS
0426−380 and PKS 2142−75, are reproduced by both gamma-
ray-induced and UHECR-induced cascade scenarios for the
quoted redshifts. More distant sources allow the possibility
to distinguish the two scenarios clearly by the difference in
predicted spectral fluxes above ∼1 TeV. Due to their large
distances, a sharper cutoff of the gamma-ray-induced spectra
compared to the UHECR-induced spectra is predicted at the
characteristic EBL absorption energy Ec (Murase et al. 2012b),
and a plateau of emission extending to >10 TeV is predicted in
the hadronic scenario.

In general, differential sensitivity is defined more conserva-
tively than integral sensitivity for IACTs. Conventionally, the
differential sensitivity requires a 5σ signal for a 50 hr obser-
vation in each of four equal-width logarithmic bins per decade,
whereas the integral sensitivity is defined as a 5σ excess of
gamma rays above a given threshold energy for a 50 hr obser-
vation (e.g., Aleksić et al. 2012). Thus, integral flux is more
sensitive to the scenario distinction.

Figure 2 shows the integral flux corresponding to the pre-
dictions in Figure 1. Here, we can obviously recognize that
the UHECR-induced scenario can be distinguished from the
gamma-ray-induced scenario by the Cherenkov Telescope Ar-
ray (CTA). This source is detectable at the 5σ level up to ∼3 TeV
for the low-IR model and ∼1 TeV for the best-fit model in the
UHECR-induced scenario, while it should only be detected up
to ∼500 GeV in the gamma-ray-induced scenario. Detection of
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Figure 2. Integral flux corresponding to the SEDs in Figure 1 (KUV
00311−1938) with the H.E.S.S. I integral sensitivity (presented by Y. Becherini
in Rencontres de Moriond 2009; http://moriond.in2p3.fr/J09/) and the integral
sensitivity goal of CTA for a 50 hr observation (Actis et al. 2011). The inset
shows a >10 GeV light curve with 16 equal time bins, each lasting 90.3 days.
The light curve is consistent with a constant flux hypothesis with χ2

r = 0.95
which is calculated only from finite flux points.
(A color version of this figure is available in the online journal.)
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Figure 3. Same as Figure 2, but for PG 1246+586 (z = 0.847). Liso
γ =

7.5×1046 erg s−1 and Liso
p = 2.0×1047 erg s−1. We take s = 1.94. The inset is

a light curve similar to Figure 2, with χ2
r = 0.40 for a constant flux hypothesis.

(A color version of this figure is available in the online journal.)

this source above 1 TeV would be very strong evidence for a
hadronic origin of the radiation.

We demonstrate this behavior for a more distant source, PG
1246+586, in Figure 3. Despite its distance, this source can
be detected by CTA below ∼200 GeV for both scenarios. It
is possible to distinguish between the two scenarios because
the difference in detecting photons for the two scenarios would
be larger than the range of uncertainties implied by the EBL
models used, even with the flux of the characteristic hadronic
plateau at high energies being below the CTA sensitivity. Thus,
even gamma-ray sources with z ∼ 0.85 can be utilized to
disentangle the two scenarios. Other sources detectable with
50 hr observations with CTA in the source list are Ton 116,
B3 1307+433, 4C +55.17, and PKS 1958−179. Note that
the sensitivity of CTA North may be somewhat worse above
∼10 TeV because no small-size telescopes are projected to be a
part of the array.

3

Gamma-Ray Smoking Gun: High-Energy Tail

KM, Dermer, Takami & Migliori 12 ApJ
Takami, KM & Dermer 13 ApJL
Aharonian+ 13 PRD

Primary UHECR-induced:

Primary g-induced:
dIg ~ − (1/lgg) Ig dr
→ ∝ exp(-tgg)

TeV

dIg ~ − (1/lgg) Ig dr + (1/lBH) ICR dr
→ ∝ (1-exp(-tgg))/tgg

KUV 00311−1938 
(z =0.61) 

Need CTA for the discrimination
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Neutrinos: Weak Interaction

where U is a random number in the interval !0,1" , and Lint is
the mean neutrino interaction length

Lint!
1

#$N%E$&NA
, %3&

with NA!6.022"1023 cm#3 %water equivalent& the
Avogadro number.
Following Fig. 2 it is found also that the probabilities of

charged current and neutral current interactions are 0.667
and 0.333, respectively, and both are basically independent
of energy. The neutrino energy E$! produced in the NC neu-
trino interaction or the lepton (' or () energy El! produced
in the CC neutrino interaction are related to the neutrino
energy by E$!!(1#y)E$ and El!!(1#y)E$ , respectively.
According to the CTEQ DIS distribution )y*+0.25 in the
EeV range !33,35". A random selection of y from the d#/dy
distribution, also taken from Refs. !33,35", is adopted in this
work.

C. Ultrahigh energy neutrino sources

There are large uncertainties in the derivations of the neu-
trino flux from cosmological sources. On the other hand,
until the last International Cosmic Ray Conference %Ham-
burg, August 2001& the searches for diffuse flux as well as
point sources of $' neutrinos by the AMANDA-II telescope
!36" were negative and only upper limits had been reported
in the energy region below 106 GeV. These experimental
limits already exclude some models of AGN neutrinos.

Recently, upper limits on the ultrahigh energy electron
neutrino flux from diverse sources have been reported by
RICE %radio ice Cherenkov experiment& !37". The Cheren-
kov radiation in the radio-wavelength region associated with
$e-induced ice showers is detected by using a cubic array
(2.0"106 m3) of dipole radio receivers at the South Pole
and at 100–300 m depths colocated with the AMANDA ex-
periment.
The RICE upper limits %95% confidence level& assuming

an incident power law neutrino energy spectrum dN/dE$
+E#, at EeV energies can be expressed as

dN
dE$

+7.93"10#11! E$

GeV" #1.5

%GeV cm2 s sr&#1 %4&

and

dN
dE$

+1.58"10#5! E$

GeV" #2.0

%GeV cm2 s sr&#1. %5&

From a comparison between the electronic neutrino flux
model prediction and the corresponding RICE upper limits, it
is possible to associate approximately the flux with spectral
index 2.0 with GZK neutrinos and that with the index 1.5
with neutrinos from topological defects %TP neutrinos&. On
the other hand, fluxes in the energy region below EeV and
with spectral index 3.5, 3.0, and 2.5 are linked with AGN
neutrinos.
The RICE results are in agreement with the AGASA up-

per bound on the UHE $e flux for index 2.0 with 95% C.L.
!38" obtained from $e-induced horizontal air showers.

D. Density profile of the Earth

If a neutrino is inside the Earth surface with a nadir angle
-N , it travels in the Earth along a chord of length l(-N)
!2RTcos -N , where RT (!6371 km) is the Earth’s radius.
As the Earth is not a homogeneous medium the lengths of
the chords are transformed to cmw.e. %centimeters of water
equivalent&. For instance, in this outline, the Earth’s diameter
(!2"RT) is equivalent to a column whose depth is 1.1
"1010 cmw.e.
Seismological measurements of the Earth !39" provide

knowledge of the Earth’s density radial distribution .(r)
with good accuracy. The length of the chord for a certain
nadir angle is obtained by a numerical integration:

l%-N&!#
0

2RTcos -N
.!r%z ,-N&"dz , %6&

with the constraint condition

r2!z2$RT
2#2zRTcos -N . %7&

We have determined the lengths of the chords for nadir
angles in the region 0°/-N/89° in steps of 1°, because
-N!90° represents the horizon, where the Earth’s atmo-
sphere has a depth of +3.6"104 cmw.e. Results of an
analysis of neutrino propagation in the atmosphere near the
horizon will be reported in a separate paper.

FIG. 2. CC and NC neutrino %antineutrino& nucleon cross sec-
tion as a function of neutrino energy, according to the CTEQ4 DIS
distribution !33".
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∣
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ε2νqν(εν)F (z) (4)

EB ≈
3

5

GM2
ns

Rns

∼ 3× 1053 erg (5)

N ∼ (ενΦε)σνN (2πNAρV )

≃ 10 yr−1

(

ε2νΦε

10−8 GeV cm−2 s−1 sr−1

)(

V

km3

)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

How big should a detector be? A crude estimate at PeV energies

cf. sT=6.65x10-2５ cm2

µ± → e± + νe (νe )+νµ (νµ )π ± → µ± +νµ (νµ )

snN~GF
2Enmp

Fermi const. GF=10-5 GeV-2



IceCube: Gton Neutrino Detector
IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4

- South pole
- volume~1 km3, mass~Gton
- 86 strings (120 m spacing)
- 5160 PMTs (17 m spacing)
- Completed in 2010

PMT 
(HAMAMATSU)



How to Detect Neutrinos?

• 3 main event types

“Track”
(detected)

“Shower”
(detected)

“Double-bang 
& others”

(not detected)Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)

N. Whitehorn, UW Madison IPA 2013 - 6
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Tau Neutrino CC (simulation)
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nµ+N → µ+X ne+N → e+X nt+N → t+XnX+N → nX+X

~2 energy res.
<1 deg ang res.

~15% energy res.
~10 deg ang res.
seen at >100 TeV observable at higher E

 An array of photomultiplier tubes + Dark and transparent material 
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Neutrino production

F. Halzen and S. Klein, Physics Today, May 2008

Background: Atmospheric Neutrinos & Muons

atm. n from pions and kaons
~ E-3.7 due to hadronic cooling



Upgoing & Downgoing Neutrinos
Downgoing neutrinos

Upgoing neutrinos
good: avoid atmospheric “muons”
caveat: attenuation by Earth at > 0.1-1 PeV

caveat: atm. muons (rapidly decreasing as E)
good: avoid attenuation by Earth

CR

CR n n

n

µ

µ

n

2

II. WHAT IS KNOWN ABOUT THE EVENTS

These two events were detected as PeV cascades dur-
ing the 2010–2012 runs. They were identified in the ex-
tremely high energy (EHE) search, which is optimized
for the detection of EeV = 103 PeV cosmogenic neutri-
nos [2]. This search has strong cuts to decisively reject
detector backgrounds, and these cuts greatly a↵ect the
acceptance for signal events, especially in the PeV range,
which is the edge of the considered energy range, because
relatively few cosmogenic events are expected there.

Our analysis focuses on the PeV range and below. This
section introduces the events and their implications. The
reconstructed event energies are 1.04 ± 0.16 PeV and
1.14± 0.17 PeV [2]. This disfavors neutrino interactions
at the Glashow resonance at 6.3 PeV, for which the cas-
cade energy should generally be the same; we discuss
exceptions below. The absence of higher-energy events
disfavors cosmogenic neutrinos, as their detection prob-
ability is largest in the EeV range.

The values of the energies, and especially their prox-
imity to each other, are crucial. We assume that the
detected energies are probable values in the distribution
of possible values; this is reinforced by there being two
similar events. The minimal explanation of the two ener-
gies is that this distribution is peaked at ⇠ 1 PeV, due to
a drop in detector acceptance at lower energies and de-
creasing neutrino spectra at higher energies. The analysis
threshold for this search is ⇠ 1 PeV [2], which makes it
remarkable that both events were detected there. Very
likely, there are already many additional signal events to
be found at lower energies, but isolating them will re-
quire new searches with cuts optimized for cascades in
the PeV range. Events will likely also be found at higher
energies, but this will take additional exposure time.

The types of events – two cascades, zero muon tracks,
and zero tau-lepton events – also arise from the nature of
the search criteria, which are primarily based on the total
number of detected photoelectrons. In addition, downgo-
ing track-like events are strongly suppressed by the cuts.
The e↵ective area curves for di↵erent flavors show that
this search strategy gives the maximum exposure in the
energy range 1–10 PeV to ⌫

e

+ ⌫̄

e

[2]. The e�ciency for
⌫

µ

+ ⌫̄

µ

, which should be more detectable due to the long
range of the muons, is suppressed, in part because the
muons do not deposit their full energy in the detector.
The e�ciency for ⌫

⌧

+ ⌫̄

⌧

is also suppressed. This can ex-
plain the non-observation of muon track and tau-lepton
events; future searches can be optimized to find them.

The most likely scenario is that both cascade events
arise from charged current (CC) interactions of ⌫

e

+ ⌫̄

e

,
for which the detectable cascade energy is nearly the full
neutrino energy. Because of the above suppressions, we
neglect the rare cases in which ⌫

µ

+ ⌫̄

µ

or ⌫

⌧

+ ⌫̄

⌧

CC
events resemble ⌫

e

+ ⌫̄

e

cascades, due to the muon getting
a small fraction of the neutrino energy or the tau lepton
decaying quickly. Neutral current (NC) interactions of all
flavors of neutrinos also give cascades. The cross section

E2 d\
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E 
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FIG. 1. Neutrino fluxes as a function of neutrino energy. The
atmospheric conventional ⌫µ+ ⌫̄µ and ⌫e+ ⌫̄e spectra are from
Ref. [39]. The atmospheric prompt ⌫µ+⌫̄µ spectrum (the ⌫e+
⌫̄e flux is the same) is the Enberg (std.) model [40]. Example
cosmogenic EHE neutrino fluxes (⌫+⌫̄ for one flavor) are from
Refs. [41, 42]. An E�2 astrophysical neutrino spectrum for
one flavor of ⌫ + ⌫̄, normalized as discussed below, is shown,
along with current upper limits from IceCube [38, 39].

is 2.4 times smaller near 1 PeV, though three neutrino
flavors may contribute. The more important point is that
the average cascade energy in a NC interaction is only
⇠ 0.25 of the neutrino energy in the PeV range, which
makes the event much less detectable [2]. It is unlikely
that NC interactions could be the source of these events,
especially both of them, because the cascade energies are
so close to each other and the analysis threshold.

These events are consistent with a steady, isotropic
di↵use source, and we assume this, though other possi-
bilities are not excluded. The events were separated tem-
porally by 5 months, with one in each year of operation.
It is di�cult to measure the directions of cascade events,
as the signal regions in the detector are large and sphere-
like. No event directions are reported in the IceCube pa-
per [2], and preliminary IceCube results from conferences
vary significantly [35, 36]. Future analyses are expected
to have an angular resolution of ⇠ 10 degrees for cas-
cades near 1 PeV (and worse at lower energies) [35]. For
upgoing events that pass through Earth’s core, with a
zenith angle greater than ⇠ 150� (⇠ 7% of the full sky),
there would be especially significant attenuation due to
interactions in Earth [37, 38]. Prompt neutrinos that
are su�ciently downgoing will be accompanied by show-
ers that trigger the IceTop surface detector; this was not
seen, and studies of its e�ciency are ongoing [1]

Figure 1 shows some relevant neutrino spectra.



3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric neutrinos are a poor fit to the data for a
variety of reasons. The observed events are much
higher in energy, with a harder spectrum (Fig. 4)
than expected from an extrapolation of the well-
measured p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E−2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of the neutrino cross section increasing with
energy. The expected rate of atmospheric neutrinos is shown in blue, with

atmospheric muons in red. The green line shows our benchmark atmospheric
neutrino flux (see the text), and the magenta line shows the experimental
90% bound. Because of a lack of statistics from data far above our cut
threshold, the shape of the distributions from muons in this figure has been
determined using Monte Carlo simulations with total rate normalized to the
estimate obtained from our in-data control sample. Combined statistical and
systematic uncertainties on the sum of backgrounds are indicated with a
hatched area. The gray line shows the best-fit E−2 astrophysical spectrum with
a per-flavor normalization (1:1:1) of E2Fn(E) = 1.2 × 10−8 GeV cm−2 s−1 sr−1.
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2 Fn=(1.2±0.4)x10-8 GeV cm-2 s-1 sr-1 (per flavor)

• Consistent w. flavor ratio ne:nµ:nt=1:1:1
• Favoring cutoff at ~2 PeV for En

-2 or steeper than En
-2.2
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FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%,−26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.
The atmospheric muon and neutrino background

events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.
After unblinding the 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background
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prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].
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lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
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Upgoing Muon Tracks: Hard Spectra?

IceCube 16 ApJ

- 6-yr Upgoing muon n (29 events at >200 TeV): 
only bkg. rejected at 5.9s

- Best-fit index: s=2.13±0.13 
- Muon n flux above 100 TeV:     
En

2Fn=(0.82+0.3-0.26)
x10-8 GeV cm-2 s-1 sr-1

- Consistent w. low-energy analyses 
but there is a 2-3s tension

2.6 PeV “through-going” muon
June 11, 2014



Nancy Wandkowsky, Measurement of neutrino events above 1 TeV with contained vertices

7-yr unfolding Systematics not included yet!

Low-threshold starting events (2010-2016) 14

• Unfolding to neutrino energy:  
• assume isotropic flux, νe:νµ:ν!=1:1:1, ν:ν=1:1 
• compatible with through-going muons in sensitive energy range

e.g.!νµ!+!N!!!µ!+!hadrons!

Results
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[
]
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±

Differential Flux Measurement





•  relax power-law assumption

        by fitting separate flux normalizations in bins of Eν (E-2 distribution within each bin)




•  large uncertainties at low (<10 TeV) and high (>200 TeV) energies


 
(! dominated by conventional background) 
 
(! only 6 events)


•  consistent with single power-law 
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Lowering the Threshold: Medium-Energy Excess?

• Medium-energy starting events
Edep>~1 TeV (2010-2016)

best-fit simple PL: s=2.69±0.08
systematics is not included

IceCube 17 ICRC

• Shower analyses
Edep: 0.4 TeV-10 PeV (2010-2015)

4740 events, s=2.48+-0.08
En

2 Fn=(1.57+0.23-0.22)x10-8 GeV cm-2 s-1 sr-1

at 100 TeV (per flavor)
No evidence for north-south asymmetry 

IceCube 17 ICRC

-3s tension w. nµ: hint about the structure in neutrino spectra?



Latest News (Neutrino 2018)
High-Energy	Starting	Events	(HESE)	–	7.5	yr	

Prior	result	6	years	ICRC	2017	arXiv:1710.01191	
Updates	to	calibration	and	ice	optical	properties	
103	events,	with	60	events	>60	TeV	

	 	Changes	to	RA,	Dec,	energy	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 8	

New	events	

IceCube.	Nature	volume	551	(2017)	596	
Poster	#175.	Wandkowsky	et	al.	(IceCube)	

High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 9	

Poster	#175.	Wandkowsky	et	al.	(IceCube)	

• HESE 7.5 year
103 events
(60 events > 60 TeV)
Best-fit: s=2.87±0.3

• 8-yr upgoing nµ “track”
36 events at >200 TeV (6.7s)

- Best-fit: s=2.19±0.10
- nµ flux above 100 TeV:    
En

2Fn=(1.01+0.26-0.23)
x10-8 GeV cm-2 s-1 sr-1

per flavor



Neutrino Oscillation

neutrino 2

neutrino 1

neutrino 3

beat

t neutrino
µ neutrino µ neutrino

• A famous example (Nobel prize 15)
“atmospheric neutrino oscillation”

ex. 2 flavor oscillation
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Letting the flavor ratio float
■ Flavor triangle is more 

constrained than previous 
results at similar energies

■ 11 TeV < Ecasc < 410 TeV
■ 8.6 TeV < Enµ < 207 TeV
■ Much closer match than 

combined fit w/ throughgoing
tracks
◆ Results still valid for 

complex spectra
■ 100% ne & 100 nµ excluded
■ Not yet sensitive to different 

standard acceleration 
models

Prel
im

ina
ry!

100% nµ

100% n
t

100% n e

Neutrino Mixing
High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 12	

Poster	#174	Stachurska	et	al.	(IceCube)	
Poster	#176	Meier	et	al.	(IceCube)	

• Neutrino flavor

HESE

shower+
starting track

L=ct → ∞ limit: ne:nµ:nt~1:1:1 
(if no astrophysical complications)  

7.2 Neutrino interactions, masses and mixing

π+

Source Detector

W+ Vkl νl

l+k

W+

n p

l
′

m

V ∗
ml

Figure 7.3: Production of a superposition of neutrino mass eigenstates νl in pion decay and
subsequent detection of the neutrino flavour via the secondary lepton l′m.

Neutrino oscillations in vacuum

Let us consider e.g. neutrinos produced in charged pion decay. The ratio R of π → eνe and
π → µνµ decay rates is

R =
Γ(π → eνe)

Γ(π → µνµ)
=

m2
e

m2
µ

(m2
π −m2

e)
2

(m2
π −m2

µ)
2
≈ 1.28× 10−4 , (7.17)

since angular momentum conservation in the pion rest frame requires a helicity flip of the
lepton. Similar, in neutron decay and in fusion reactions in stars only νe’s are emitted, because
of energetic reasons. Hence, in many occasions we start with a (nearly) pure flavor state.
The time-evolution between creation of an arbitrary state at t = 0 and detection at t

becomes simplest, if we decompose the weak interaction eigenstate να into mass eigenstates
νi,

|ν(t)⟩ =
∑

i

U (ν)
αi |νi⟩e

−iEt . (7.18)

Neutrinos are in all applications ultra-relativistic,

Ei = (p2 +m2
i )

1/2 ≈ p+m2
i /(2p) , (7.19)

where we have assigned also a definite momentum to the states |νi⟩.

|ν(t)⟩ = e−ipt
∑

i

U (ν)
αi |νi⟩e

−im2
i /(2p)t . (7.20)

The probability for a transition from the flavor να to νβ after the distance L = ct is

Pα→β(t) =

∣
∣
∣
∣
∣

n
∑

k=1

U∗
βk exp(−iEt)Uαk

∣
∣
∣
∣
∣

2

, (7.21)

where we introduced also ∆m2
ij = |m2

i −m2
j |.
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U: lepton mixing matrix (Maki-Nakagawa-Sakata)

SGRBs, including late-time emissions such as EE and plateau
emission, and we discuss the detectability of high-energy
neutrino events, assuming that SGRBs happen within the
design sensitivity range of current GW experiments (aLIGO/
aVIRGO/KAGRA).

2. High-energy Neutrinos from SGRBs

High-energy neutrino emission from GRBs has been studied
with detailed numerical simulations, taking into account the
multi-pion production and various cooling processes (e.g.,
Murase & Nagataki 2006a; Baerwald et al. 2011). Effects of
multi-zone have been studied in the context of prompt emission
from long GRBs, which shows highly variable light
curves (Bustamante et al. 2015). In this work, we take the
simplified approach as used in He et al. (2012), which is
sufficient for our purpose of comparing various phases of
SGRB neutrino emission. We use ei for energy of particle
species i in the fluid-rest frame and Ei in the observer frame.

The photon density in a dissipation region is described by
a broken power-law function: e e eµg g g g

a-( )dn d ,pk for
e e<g g,pk and e e eµg g g g

b-( )dn d ,pk for e e>g g,pk. The
normalization is determined by the isotropic equivalent luminosity,

p= Gg gL c r U4,iso
2

diss
2 , and ò e e e=g e

e
g g g g

g

g ( )U d dn d
m

M

,

, , respec-

tively, where eg m, (eg M, ) is the comoving minimum (maximum)
photon energy. We use e =g 0.1 eVm, and e =g 10 eVM,

6 , as in
Murase & Nagataki (2006b). The luminosity measured in the
observed energy band, *gL ,iso, depends on detectors, and gL ,iso is
several times higher than *gL ,iso.

For cosmic rays, we use a canonical power-law spectrum,
µ -dN dE Ep p p

2. The total energy of non-thermal protons is
normalized by E Ex= gp p,iso ,iso, where Eg,iso is the isotropic
equivalent photon energy and x = 10p is the cosmic-ray
loading factor (Murase & Nagataki 2006a). Note that neutrino
observations of long GRBs suggest 1x –3 300p , depending on
emission radii (Bustamante et al. 2015; Aartsen et al. 2017).
We use e= G = G( )E m c10p m p m p, ,

2 . The maximum energy is
determined by the balance between the acceleration and
cooling processes:

> º + + g
- - - - - ( )t t t t t . 1p p pacc

1
,cool
1

dyn
1

,syn
1 1

The acceleration time is estimated to be e= ( )t ceBpacc , where

x= G( )B L c r2 Biso
2

diss
2 is the comoving magnetic field

strength (where xB is the energy fraction of the magnetic field
compared to the radiation energy). For the cooling processes,
we consider adiabatic cooling, synchrotron cooling, and
photomeson production. The adiabatic cooling time is similar
to the dynamical time: = G( )t r cdyn diss . The synchrotron time
for particle species i is p s e= ( )t m c m B6i i e T i,syn

4 3 2 2 , where sT

is the Thomson cross-section. The photomeson cooling rate is
evaluated by

ò òg
e s k e e e

e
=g

e
g g g g

e g
g g

g

-
¥ ¥

-

g

( )
( )

t
c

d d
dn
d2

, 2p
p

p p
1

2 2

2

pth

where g e= ( )m cp p p
2 , e � 145 MeVth is the threshold energy

for the photomeson production, eg is the photon energy in the
proton rest frame, and s gp and k gp are the cross-section and
inelasticity for photomeson production, respectively. To take
into account the energy dependences of s gp and k gp , we use the

fitting formulae based on GEANT4 (see Murase &
Nagataki 2006a).
Pions generated through the photomeson production decay

into muons and muon neutrinos. Using the meson production
efficiency, ºg gf t tp p p,cool (which always satisfies <gf 1p in
this definition5), the muon neutrino spectrum produced by pion
decay is estimated to be

»n
n

n
g pm

m

m

( )E
dN

dE
f f E

dN

dE
1
8

, 3p p
p

p

2
sup

2

where »nmE E0.05 p and = - -p p p( )f t t1 expsup ,cool ,dec is the
suppression factor due to the cooling of pions. Here,

g t=p p pt ,dec is the decay time of pions (g e=p p p( )m c2 and
t = ´p

-2.6 10 8 s) and = +p p
- - -t t t,cool

1
,syn
1

dyn
1 is the cooling

time for pions. This cooling makes a spectral break in the

neutrino spectrum around p s t= Gn p p p( )E m c m B3 8 e T,
5 5 2 2 2 .

The muons produced by the pions decay into neutrinos and
positrons. The spectra of these neutrinos (ne and nm) are
estimated to be

» »n
n

n
n

n

n
g p mm

m

m

( )E
dN

dE
E

dN

dE
f f f E

dN

dE
1
8

, 4p p
p

p

2 2
sup sup

2
e

e

e

where » »n nmE E E0.05 pe and mfsup is the suppression factor
for muons. The break for neutrino spectrum by muon cooling

appears around p s t= Gn m m m( )E m c m B3 8 e T,
5 5 2 2 2 . The neu-

trino spectrum measured at the Earth is different from that at
the sources due to neutrino mixing. Using the tri-bimaximal
mixing matrix, the fluences are calculated via(e.g., Harrison
et al. 2002)

f f f f= + +n n n n n n n n+ + + +m m t t
( ) ( )10

18
4

18
, 50 0 0

e e e e

f f f f= + +n n n n n n n n+ + + +m m m m t t
( ) ( )4

18
7

18
, 60 0 0

e e

where f p= ( ) ( )dN dE d4i i i L
0 2 is the neutrino fluence at the

source and dL is the luminosity distance.
We calculate fn from EEs (two cases), a prompt emission, a

flare, and a plateau, whose parameters are tabulated in Table 1.
The observations of SGRBs give us typical values for several
parameters (see, e.g., Nava et al. 2011; Fong et al. 2015; Lien
et al. 2016 for prompt emissions, Sakamoto et al. 2011;
Kagawa et al. 2015; Kaneko et al. 2015; Kisaka et al. 2017 for
EEs, Chincarini et al. 2010; Margutti et al. 2011 for flares, and
Evans et al. 2009; Rowlinson et al. 2013; Kisaka et al. 2017 for
plateaus), but we should note the substantial uncertainties. The
parameters that are not tabulated in the table are set to a = 0.5,
b = 2.0, x = 10p , x = 0.1B , and dL=300Mpc. This dL
corresponds to the declination-averaged design sensitivity
range of aLIGO for NS–NS mergers in face-on inclina-
tion(Schutz 2011). In Table 1, we also tabulate the resultant
physical quantities; B, gL ,iso, Eg,iso, Ep M, , n mE , , and n pE , .
Figure 1 shows fnm for the models tabulated in Table 1. We

see that EEs achieve much higher fluences than the others. The
meson production efficiency reaches almost unity at ∼10PeV
(∼10 TeV) for EE-mod (EE-opt), owing to their high photon

5 Note that g[ ]fmin 1, p should be used if the photomeson production optical
depth is given by »g gf t tp pdyn .

2
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7.2 Neutrino interactions, masses and mixing
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Figure 7.3: Production of a superposition of neutrino mass eigenstates νl in pion decay and
subsequent detection of the neutrino flavour via the secondary lepton l′m.

Neutrino oscillations in vacuum

Let us consider e.g. neutrinos produced in charged pion decay. The ratio R of π → eνe and
π → µνµ decay rates is

R =
Γ(π → eνe)

Γ(π → µνµ)
=

m2
e

m2
µ

(m2
π −m2

e)
2

(m2
π −m2

µ)
2
≈ 1.28× 10−4 , (7.17)

since angular momentum conservation in the pion rest frame requires a helicity flip of the
lepton. Similar, in neutron decay and in fusion reactions in stars only νe’s are emitted, because
of energetic reasons. Hence, in many occasions we start with a (nearly) pure flavor state.
The time-evolution between creation of an arbitrary state at t = 0 and detection at t

becomes simplest, if we decompose the weak interaction eigenstate να into mass eigenstates
νi,

|ν(t)⟩ =
∑

i

U (ν)
αi |νi⟩e

−iEt . (7.18)

Neutrinos are in all applications ultra-relativistic,

Ei = (p2 +m2
i )

1/2 ≈ p+m2
i /(2p) , (7.19)

where we have assigned also a definite momentum to the states |νi⟩.

|ν(t)⟩ = e−ipt
∑

i

U (ν)
αi |νi⟩e

−im2
i /(2p)t . (7.20)

The probability for a transition from the flavor να to νβ after the distance L = ct is

Pα→β(t) =

∣
∣
∣
∣
∣

n
∑

k=1

U∗
βk exp(−iEt)Uαk

∣
∣
∣
∣
∣

2

, (7.21)

where we introduced also ∆m2
ij = |m2

i −m2
j |.
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Latest News (Neutrino 2018)
• Two double bang candidates

could be CC interaction by ntHigh-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 13	

Double	cascade	Event	#1	
	

Double	cascade	Event	#2	

“Bright”	DOMs	not	used	in	reconstruction	
Direction	and	two	reconstructed	cascades	shown	in	dark	gray	

Poster	#174	Stachurska	et	al.	(IceCube)	
Poster	#176	Meier	et	al.	(IceCube)	

mt=1.77 GeV
tt=2.9×10-13 s



Go to Higher Energies

9-yr EHE analyses >1 PeV
• Neutrino spectrum cannot 

be extended w. s=2 up to 
UHE energies

• UHECR proton 
composition models are 
being constrained
(strong evolution excluded)

9

TABLE II. Characteristics of the detected events found in this analysis. The energy proxy values listed here represent the
estimates of energy deposition that are used for building the binned Poisson likelihood in the present analysis. They are
obtained by the event reconstruction designed to be applicable to the EHE event sample regardless of their event topology. The
best estimated ⌫ energy displays the parent neutrino energy estimates obtained by dedicated event reconstructions optimized
for each event topology.

Energy proxy in the present analysis [PeV] Best estimated ⌫ energy [PeV] Event topology
event 1 2.6 8.7 (median [27]) track
event 2 2.7 5.9 uncontained shower

ses [5, 27], and the newly found event in the additional
two-year sample was detected in December 2016. It ap-
pears as a partially contained shower event. The energy
proxy of this event used in the present analysis (E

proxy

) is
2.7 PeV. Note that the best-estimated energy of this un-
contained shower event is di↵erent from the energy proxy
value. A dedicated energy loss reconstruction algorithm
based on extensive simulations of this type of event es-
timate its energy as 5.9 PeV. Additional details will be
published elsewhere. The characteristics of the observed
events are listed in Table II.

The hypothesis that these two events are backgrounds
of atmospheric origin was tested by the likelihood ratio
test statistic of Eq. (5) with � = 0 and is rejected with
a p-value of 0.024% (3.5�). They are found compati-
ble with a generic astrophysical E�2 power-law flux with
a p-value of 78.8%, whereas they are inconsistent with
the cosmogenic hypothesis with a p-value of 2.5% (2.0�),
calculated using the test statistic of Eq. (7) employing
the GZK neutrino model by Ahlers et al. [23]. The two
observed events are more consistent with neutrinos from
astrophysical power-law flux extending from TeV to PeV
energies than from the cosmogenic flux peaking at ener-
gies in the EeV range.

The systematic uncertainties are the same as in the
previous analysis [5] and each of the sources of system-
atic errors is fully described in Ref. [3]. The upper limits
are weakened primarily by a potential NPE shift due to
uncertainties in the detector’s optical detection e�ciency,
and potential signal reduction due to uncertainties in the
neutrino–nucleon cross-section. Di↵erential limits are de-
rived including the worst-case combinations of these un-
certainties. The e↵ective softening of the limit was by
about 28% below 4 ⇥ 108 GeV and by about 11% at
about 109 GeV and above.

Figure 6 presents the di↵erential upper limit on the
all-flavor neutrino flux using this new method based on
the nine-year sample of IceCube data. The two observed
events weaken the limit below 4 ⇥ 108 GeV, while the
limit becomes more stringent at higher energies as the
astrophysical background completely accounts for the
detected events. In the energy range most relevant to
UHECR emissions, the present limit is stronger than the
previous IceCube limit [5] even though the number of
events remaining in the final data sample has doubled
from one event to two. The new method for calculating
di↵erential upper limits with the nuisance flux strength-
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FIG. 6. All-flavor di↵erential 90% CL upper limit based on
the nine-year sample of IceCube data (solid line). Cosmo-
genic neutrino model predictions (assuming primary protons)
by Kotera et al. [8] and Ahlers et al. [23], and an astrophys-
ical neutrino model by Murase et al. [28] are shown for com-
parison. Di↵erential limits for one-energy-decade E�1

⌫ flux
by other experiments are also shown for Auger (2015) [4],
(ICRC2017) [29], and ANITA-II [30] with appropriate nor-
malization by considering the energy bin width and neutrino
flavor. The previous IceCube limit from the analysis of seven
years of data [5] with the similar likelihood ratio framework
but without a nuisance astrophysical background flux param-
eter is also shown for reference (dashed line).

ens the limit by ⇠ 45 % in the energy region around
109 GeV in addition to the statistical improvements by
adding two years of data. The limit applies to the con-
straints of the EHE cosmic neutrino flux on top of a
power-law flux of astrophysical neutrinos. Any depar-
ture from ↵ = 2 in the nuisance �

↵

model has a very
minimal impact on the obtained limit, especially at en-
ergies of 3 ⇥ 108 GeV or higher, the main energy region
of interest for this study. The presented limit is also in-
sensitive to systematic uncertainties in the energy proxy
and topology of the detected events.
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Glashow Search
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FIG. 3. EdN/dE for neutrino-induced cascade spectra. The left panel is for the ideal case or “theorist’s approach,” and the
right is for the realistic case using the e↵ective area from Ref. [2]. These results are for the 615.9 days of exposure that included
the two PeV events. The power-law fluxes are normalized in Fig. 2. The thin vertical line denotes the boundary between our
two bins. The y-axis has a large logarithmic range to show several spectra. The number of events in a region is proportional
to the integrated area, i.e., to the height times the logarithmic energy range, so curves with low heights have very few events.

C. Atmospheric conventional fluxes: very unlikely

Because atmospheric conventional neutrinos definitely
exist, it is important to ask if they could produce these
events. We show the ⌫

µ

+ ⌫̄

µ

and ⌫

e

+ ⌫̄

e

fluxes from
Ref. [39] in Fig. 1. The ⌫

⌧

+ ⌫̄

⌧

flux is much smaller,
because both direct production and neutrino oscillations
at these energies are suppressed, and it is not shown.

In the muon track channel, the atmospheric conven-
tional ⌫

µ

+ ⌫̄

µ

flux is a significant background to new

TABLE I. Expected numbers of cascade events in the two
energy bins, obtained by integrating the curves in the right
panel (the realistic approach using the e↵ective area) of Fig. 3.
These numbers are typically a factor of ⇠ 10 below those for
the left panel (the ideal case or “theorist’s approach”).

Possible Source N(1� 2 PeV) N(2� 10 PeV)

Atm. Conv. [39] 0.0002 0.0001

Cosmogenic–Takami [41] 0.006 0.09

Cosmogenic–Ahlers [42] 0.001 0.03

Atm. Prompt [40] 0.01 0.01

Astrophysical E�2 0.1 0.5

Astrophysical E�2.5 0.04 0.1

Astrophysical E�3 0.02 0.03

signals even at high energies. However, as shown in
Ref. [34], the atmospheric conventional backgrounds for
⌫

e

+⌫̄

e

are significantly less, which means that new signals
can emerge at lower energies. To see this, it is necessary
to plot predicted event spectra in terms of detectable cas-
cade energy instead of neutrino energy. For ⌫

e

+ ⌫̄

e

CC
events, these are the same. For NC ⌫

µ

+ ⌫̄

µ

events, which
have a small energy deposition, it is a big di↵erence. Go-
ing from Fig. 1 to the left panel of Fig. 3, the importance
of atmospheric conventional neutrinos relative to other
sources (e.g., the E�2 spectrum) is greatly reduced. This
is what makes cascade searches so powerful [34].

The complete (CC + NC) ⌫

e

+ ⌫̄

e

cascade spectrum
from atmospheric conventional neutrinos is shown in
Fig. 3, with the integrated numbers of events for the real-
istic case given in Table I. If we also include muon tracks
(see below), the total number of events above 1 PeV in-
creases to 0.004, which is consistent within uncertainties
with the 0.012 of Ref. [2]. As these expected numbers
are negligible, it is very unlikely that they can yield the
PeV events.

Most downgoing atmospheric muons are easily identi-
fied as such. In some rare cases, which are important
because the muon flux is large, these initiate events that
look like neutrino-induced cascades. The expected num-
ber of such events is 0.04 [2], larger than the background
from neutrinos. All together, these conventional back-
grounds have a ⇠ 10�3 probability of producing at least
two observed events. These backgrounds can be studied
further at lower energies, where they are larger.

Laha, Beacom, Dasgupta, 
Horiuchi & KM 2013 PRD

The neutrino spectrum is soft or has a cutoff due to the absence of GR

Glashow resonance

at En=6.3 PeV
Why    and not    ? 

The search near 1 PeV is most sensitive to 

Ranjan!Laha!

⌫e ⌫µ

/GeVi E
10

log
5 6 7 8 9 10

]2
ne

ut
ri

no
 e

ffe
ct

iv
e 

ar
ea

 [m

0.01

0.1

1

10

100

1000

10000

ei
µi

oi

IceCube  collaboration 
1304.5356 

⌫e

The signal cuts in 
this analysis are 
such that the 
exposure to muon 
neutrinos is lower 
than electron 
neutrinos around a 
PeV  
 
Above ~10 PeV, the 
detection 
probability of muon 
neutrinos is 
enhanced  
!
!



Latest News in 2017-2018
• 5.9 PeV event (deposited)

in PEPE (PeV Energy Partially-contained Events) 
• Finally we could detect a Glashow event at E=6.3 PeV?

A	5.9	PeV	event	in	IceCube	

Potential	hadronic	nature	of	this	event	under	study	

Resonance:	Eν	=	6.3	PeV	
Typical	visible	energy	is	93%	

Event	identified	in	a	partially-contained	PeV	
search	(PEPE)	
Deposited	energy:	5.9±0.18	PeV	(stat	only)	
ICRC	2017	arXiv:1710.01191	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 20	

Work	in	progress	
BRIEF ARTICLE
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Table 1. default

Reaction ⇥ [cm

2
]

�µe ! �µe 5.86⇥ 10

�36

�̄µe ! �̄µe 5.16⇥ 10

�36

�µe ! µ�e 5.42⇥ 10

�35

�ee ! �ee 3.10⇥ 10

�35

�̄ee ! �̄ee 5.38⇥ 10

�32

�̄ee ! �̄µµ 5.38⇥ 10

�32

�̄ee ! �̄�⇤ 5.38⇥ 10

�32

�̄ee ! hadrons 3.41⇥ 10

�31

�̄ee ! anything 5.02⇥ 10

�31

�µN ! µ�
+ anything 1.43⇥ 10

�33

�µN ! �µ + anything 6.04⇥ 10

�34

�̄µN ! µ+
+ anything 1.41⇥ 10

�33

�̄µN ! �̄µ + anything 5.98⇥ 10

�34

1

The Glashow Resonance........Relevant 
Cross-sections

RG, Quigg, Reno and 
Sarcevic ’95

Thursday 23 June 2011

resonant



Hunting Neutrino Sources

0 source
in time-integrated search  

from Higgs-tan

!19

IceCube’s high-energy neutrinos

IceCube collaboration, ICRC 2017

▶︎ Compatible with an isotropic distribution
◆ points to extragalactic origin of cosmic neutrinos

▶︎ No significant clustering of high-energy events

IceCube high-energy events > 30 TeV (2010 - 2016)

compatible w. isotropic distribution
no significant clustering

tentative 1 source 
in time-dependent search



What Can We Learn from the Neutrino Sky?

BL Lac objects: ntot~(1-3)x10-7 Mpc-3 w. weak redshift evolution
implying that blazars are subdominant sources in the diffuse neutrino intensity
#model-dependence (e.g., cosmic evolution, luminosity weight, spectrum)

For powerful neutrino sources, searches for event clustering is powerful
1. Non-detection of n event clustering (absence of n “multiplet” sources)
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[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

2. IceCube flux (En
2Fn ~ 3x10-8 GeV cm-2 s-1 sr-1) tells us the n energy generation rate

“lower” limits

“upper” limits

dlim: detectable distance for a source with L
bm,L: depends on analysis details

(powerful for placing “upper limits”)

n0 > 10-5-10-6 Mpc-3

n0 < 10-7-10-6 Mpc-3 (Ln/1042 erg/s)-3/2

n0 Ln ~ 1044 erg Mpc-3 yr-1

3. Lower limits can be placed from the information 1+2

(for no redshift evolution)



Open Questions in HE Neutrino Astrophysics

• Origin of cosmic neutrinos?
• production mechanism: pp or pg? 
• connection to UHECRs? 
• connection to g rays? 
• Galactic contribution?
• transients?
• flavors?
• new physics?



Neutrinos & g rays: Summary
Gamma-ray background?
main sources above 10 GeV are blazars
~15-30% (above 50 GeV) or more may come from non-blazars
intra-source cascades & intergalactic cascades
- leptonic sceanrio = self-Compton or external inverse-Compton
- hadronic scenario = p-induced cascade or p-synchrotron
- UHECR-induced intergalactic cascade

Neutrino background?
origins are unknown: spectrum may not be a power law
flavor ratios are consistent w. the standard model expectation 
bulk of the neutrinos seems to come from some abundant sources

Theoretical implications will be discussed on the 3rd day


