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Outline

• Current understandings on ultra-high-energy cosmic rays

• Multi-messenger approaches to UHECRs

• Gamma-ray emission accompanying UHECR acceleration

• Hadronic gamma-ray emission from blazars / AGN
• Cosmic-ray-induced cascades
• Neutron-star-binary mergers -- connection to GW
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Cosmic rays

Bhattacharjee & Sigl (2000), 
originally from S. Swordy

Ultra-high-energy

Highest energy

LHC(CMS) LHC(Lab.)
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UHECR Spectra
Energy Spectrum E > 1017.5 eV

2013 prelim.

5 years

 TA 4-year spectrum 
published ---> updated to 
5 years

 Auger energy scale 
updated by 16~10%, 
energy dependent, within 
prev. uncertainties.

 Auger energy 
uncertainty improved from 
22% to 14%. ICRC2

013

1277 Letessier-Selvon
0928 Verzi, 0769 Schulz
0693 Ravignani
0128 Sagawa, 0221 Bergman

Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

HIGHLIGHTS FROM THE 
PIERRE AUGER OBSERVATORY

1

Antoine Letessier Selvon for the Pierre Auger Collaboration 
(CNRS & University of Paris UPMC)

Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

3

3 com. towers

14 telescopes

12 telescopes
12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)

15Tsunesada, ICRC 2013

• Auger energy-scale updated by (10-16)%

• Auger energy uncertainty improved to 14%

• Marginally consistent between Auger and TA
• Steepening at ~1020 eV

• Dip at ~ 1018.5 eV
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UHECR Composition
Updated Measurement of hX
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FD stereo Xmax

20

Sagawa, ICRC 2013

Ahn, ICRC 2013

Still inconsistent between Auger and TA

Auger

TA
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Anisotropy

Correlations with LSS
E > 10 EeV E > 40 EeV

E > 57 EeV

28

Theta: deflection angle

~3V (pre-trial)

Roth, TeVPA 2013 Sagawa, ICRC 2013

Small-scale

Large-scale: first harmonics

AGN correlation

Far from isotropic sources

6



Hajime Takami | CTA workshop 2013 @ ICRR, the University of Tokyo, Japan, Sep. 3, 2013

Remaining Problems on UHECRs

• What is the maximum energy of UHECRs?

• What is the composition of UHECRs?

What is the sources of UHECRs?
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Possible Highest-energy CR Sources

e.g., Biermann & Stritmatter ‘87, Takahara ‘90, 
Rachen & Biermann ‘93, Farrar & Gruzinov ‘09, 

Dermer et al. ’09, Pe’er et al. ‘09, 
HT & Horiuchi ’11, Murase et al. ‘11

e.g., Waxman ‘95, Vietri ’95, 
Murase et al. ’08, Wang et al. ‘08

e.g., Blasi et al. ’00, Arons ‘03, 
Kotera ‘11, Fang et al. ‘12

e.g., Norman et al. ‘95, Kang et al. 
‘96, Inoue et al. ‘07

Cluster of galaxies

Gamma-ray burstsActive Galactic Nuclei

Neutron stars / Magnetars

Only extreme phenomena in the Universe can produce UHECRs.

JEM-EUSO Purple book
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What we have learned from UHECR measurements

• Some (extreme) composition models have not been favored (spectrum, composition)

• Apparent local source number density

• (>)~ 10-4 Mpc-3 for small deflection (~protons)

• >~ 10-7 Mpc-3 for heavy nuclei (highly dependent on B models)

Objects ns [Mpc-3]
Major galaxies ~ 10-2

Bright galaxies 1.3 x 10-2

Seyfert galaxies 1.25 x 10-2

Dead quasars 5 x 10-4

Fanaroff-Riley I 8 x 10-5

Cluster of galaxies 1 x 10-6

Bright quasars 1.4 x 10-6

Colliding galaxies 7 x 10-7

BL Lac objects 3 x 10-7

Fanaroff-Riley II 3 x 10-8

HT& Sato 2009, Cuoco et al. 2009, Abreu et al. 2013

HT, Inoue, Yamamoto 2012

Allard et al. 2008, Hooper et al. 2009, ...

See Yoshida & Ishihara (2012) for a neutrino constraint 
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Source-identification ability of UHECRs
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Dmax(E)

Occupation

Deflection (extragalactic)

1. Huge statistics at E > 1020 eV
JEM-EUSO, TA2, Auger-next, ...

2. Other messengers
Gamma rays, neutrinos, ...

• 99% cosmic rays included
• Uniform distribution
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B�1/2 ⇠ 0.3 nG Mpc1/2 from Ryu et al. (2008) simulations
HT & Murase 2012
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Transient Sources
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Bursting case <1 source
within Dmax(E)

�s = 1 Gpc-3 yr-1

�s = 102 Gpc-3 yr-1

A stronger anisotropy appears at higher energies .

HT & Murase 2012

Shorter apparent duration

Smaller probability to observe a UHECR burst 

Smaller number of “point source”-like features

Higher energy CRs

+ GZK mechanism

Stronger anisotropy ( smaller ns(E) )

an
iso

tro
py

The dependence of ns(E) is evidence of transient generation of UHECRs.

ns(E) should be estimated in at least two energy ranges.

• ns(E) ~ source number density estimated on the assumption of steady sources
• ρs : UHECR burst rate ( source property instead of ns in steady source cases) 
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PeV neutrinos
Proposed source candidates

•
extragalactic sources:

• relation to the sources of UHE CRs [Kistler, Stanev & Yuksel 1301.1703]
• GZK from low Emax blazars [Kalashev, Kusenko & Essey 1303.0300]
• cores of active galactic nuclei (AGN) [Stecker et al.’91;Stecker 1305.7404]
• low-power �-ray bursts (GRB) [Murase & Ioka 1306.2274]
• starburst galaxies [Loeb&Waxman’06; He et al. 1303.1253; Murase, MA & Lacki 1306.3417]
• galaxy clusters/groups [Berezinksy, Blasi & Ptuskin’97; Murase, MA & Lacki 1306.3417]

•
Galactic sources:

• heavy dark matter decay [Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105]
• peculiar hypernovae [Fox, Kashiyama & Meszaros 1305.6606; MA & Murase (in prep.)]
• diffuse Galactic �-ray emission [e.g. Ingelman & Thunman’96; MA & Murase (in prep.)]

• �-ray association:

• unidentified Galactic TeV �-ray sources [Fox, Kashiyama & Meszaros 1306.6606]
• sub-TeV diffuse Galactic �-ray emission [Neronov, Semikoz & Tchernin 1307.2158]

Markus Ahlers (UW-Madison) Multi-Messenger Tests of the IceCube Excess August 29, 2013 5

“IceCube excess”Skymap: No Significant Clustering

See: talk by Naoko Kurahashi Neilson
N. Whitehorn, UW Madison IPA 2013 - 34

[C.Kopper, N.Kurahashi & N.Whitehorn, IPA’13]

Markus Ahlers (UW-Madison) Multi-Messenger Tests of the IceCube Excess August 29, 2013 2

Markus Ahlers, TeVPA 2013

Ep ~ 20 Eν ~ 1016 - 1017 eV
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• Gamma-ray emission accompanying UHECR acceleration

• Hadronic gamma-ray emission from blazars / AGN
• Cosmic-ray-induced cascades (AGN)
• (Neutron-star-binary mergers if time is allowed)
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Active Galactic Nuclei

http://w3.iaa.es/~jlgomez

• Luminous nucleus comparable with the whole galaxy

• Powered by accretion onto supermassive black holes

• Some AGN (radio galaxies) have jets.

Unification Hypothesis

The diversity of AGN originates from the 
viewing angle of observers. 

Urry & Padovani 1995

Blazars - AGN with jets directed to observers

Relativistic jets
--> Relativistic beaming is essentially important.
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Typical SED and Blazar Sequence

Fossati+ 1998

FSRQ

LBL

HBL

Spectral Energy Distribution

Two humps

• Lower freq. - Electron synchrotron radiation

• Higher freq. - Inverse Compton / Hadronic

Blazar sequence

Empirical relation:

The lower peak frequency is, the higher 
luminosity is.
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Emission Models of Blazars
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SED Modeling of Mrk 421

Abdo+ 2011

• Spectral fit → Physical parameters

• Both models can reproduce the SED.

• Hadronic models usually require UHECRs.

Leptonic model Hadronic model

μ-syn

p-syn
π0

π±
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(Lepto-)Hadronic Model for BL Lac

The Astrophysical Journal, 768:54 (14pp), 2013 May 1 Böttcher et al.
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Figure 8. Hadronic model fits to the four LBLs in our sample. See Table 3 for parameters.
(A color version of this figure is available in the online journal.)
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Figure 9. Hadronic model fits to the two IBLs in our sample. See Table 3 for parameters.
(A color version of this figure is available in the online journal.)

Klein–Nishina effects at the highest γ -ray energies. We confirm
that even intermediate BL Lac objects are more appropriately
fit including an external radiation field as a source for Compton
scattering to produce the observed γ -ray emission. FSRQs are
characterized by systematically more powerful jets, but lower

bulk Lorentz factors and softer electron spectra than BL Lac
objects. If charge neutrality in blazar jets is provided by cold
protons (rather than relativistic positrons), our fits indicate that
those protons are dominating the kinetic power carried by the
jets by about an order of magnitude.
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The Astrophysical Journal, 768:54 (14pp), 2013 May 1 Böttcher et al.
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Figure 5. Leptonic model fits to the four LBLs in our sample. See Table 2 for parameters. Dotted: synchrotron; dashed: accretion disk; dot-dashed: SSC; dot-dash-dashed:
EC (disk); dot-dot-dashed: EC (BLR).
(A color version of this figure is available in the online journal.)
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Figure 6. Leptonic model fits to the two IBLs in our sample. See Table 2 for parameters. Dotted: synchrotron; dashed: accretion disk; dot-dashed: SSC; dot-dash-dashed:
EC (disk); dot-dot-dashed: EC (BLR).
(A color version of this figure is available in the online journal.)

our model, irrespective of the dominant target photon field for
external Compton scattering.

We find that the two IBLs in our sample require systematically
higher Doppler factors than the LBLs and FSRQs. Also, as

expected, BL Lac objects are characterized by less powerful jets
(i.e., lower Le) than FSRQs, and the two IBLs require harder
electron spectra than the LBLs and FSRQs. We do not find a
systematic difference in magnetic field values between BL Lac

10

Böttcher et al. 2013

Leptonic Hadronic
Le [erg/s] 4.4 x 1043 -
Lp [erg/s] 8.7 x 1042 9.8 x 1048

B [G] 2.5 10
δ 15 15
γmin 1.1 x 103 7 x 102

γmax 1 x 105 1.5 x 104

qe 3.2 3.5
Emax - 2 x 1018

qp - 2.4

tvar ~ 1.5 hr

Hadronic model

• Lp = π R2 β c np mp c2 
• μ-synchrotron, π-synchrotron are neglected.

• Simpler semi-analytical method --- parameter fits
• Only available cases are considered

• Cascade in the emission region

Leptonic model

Hadronic model

18
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UHECR Acceleration in SSC blobs

Dermer, Murase, HT, Migliori 2012

Hadronic scenarios --> hint of unknown UHECR sources

The highest energy CRs are difficult to be accelerated in the SSC blobs 
of BL Lac objects / FR I galaxies.
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Extreme HBL

Aharonian et al. 2007

Aharonian et al. 2007Aharonian et al. 2007

1ES 0229+200 (z = 0.14)
Γ = 2.50 ± 0.19stat ± 0.10sys
(500 GeV - 15 TeV)

• Very hard TeV spectra beyond ~10 TeV
• No significant variability
• Faint in the Fermi range

1ES 1101-232 (z = 0.186)
Γ = 2.94 ± 0.20
(> 225 GeV)

1ES 0347-121 (z = 0.188)
Γ = 3.10 ± 0.23stat ± 0.10sys
(250 GeV - 3 TeV)

Highest-frequency-end of the blazar sequence

z ~ 0.2
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Mean free path and optical depth of gamma rays

rived, despite the uncertainties in the DEBRA. We summarize
our results in § 4.

2. VHE PHOTON PROPAGATION THROUGH THE COSMIC
BACKGROUND RADIATION

The distance a VHE photon propagates in the universe is
determined by the intensity of the intervening DEBRA. For
small emission redshifts, the photon propagation length at
energy E is l(E) 2 2.5essT

21 [esUe(es)]21, where es(E) 2
0.25(Ey1 TeV)21 eV, esUe(es) is the DEBRA energy density at
es(E), and sT is Thomson cross section (e.g., Herterich 1974).
Hence, there is a rough mapping between l(E) and the
background intensity at es(E). Measuring l(E) via the detec-
tion of cutoffs in VHE spectra thus measures the DEBRA at
es(E) [and only es(E)!], a possibility that has aroused much
interest. Conversely, to model VHE photon propagation and
cascading, we need to understand the DEBRA, especially at
IRyO energies. Unfortunately, direct measurements (Puget et
al. 1996) are at best preliminary, while theoretical estimates
(e.g., Franceschini et al. 1994) vary considerably. Thus, esti-
mates for the propagation lengths of VHE photons emitted
today are actually quite uncertain (see Fig. 1). To calculate
how far a VHE photon emitted at higher redshifts propagates,
we need the DEBRA intensity over a range of energies and
also redshifts. A common approximation assumes the entire
DEBRA was produced in a burst at zburst 5 E so that, like the
MBR, the DEBRA photon density at redshift z scales from its
value today as n(e, z) 5 (1 1 z)3n[ey(1 1 z), 0]. However,
galaxy emission, the likely origin of the IRyO DEBRA respon-

sible for TeV g-ray absorption, evolves continually in time, and
galaxies still emit strongly today.

The exact epoch of galaxy formation is highly controversial,
but formation redshifts as low as zform 1 1–3 are commonly
considered, i.e., the IRyO DEBRA’s evolution could differ
significantly from that of the MBR. Hence, the impact of
DEBRA uncertainties is actually greater than implied by
Figure 1. We show this in Figure 2 by plotting as a function of
redshift and for several DEBRA evolutionary scenarios the
characteristic energy, Ecut, at which an observed VHE spec-
trum cuts off due to pair production. To model DEBRA
evolution more realistically, we follow Mazzei, Xu, & De Zotti
(1992) and assume galaxy emission has two characteristic
spectral components: opticalyUV light from stars and IR
emission from dust. We fix the spectral shapes of the compo-
nents, but allow their luminosities to vary with redshift. While
simple, this prescription can reproduce fairly well more de-
tailed calculations. (For examples of such calculations and a
discussion of the issues involved, see MacMinn & Primack
1995; Franceschini et al. 1994; Madau & Phinney 1996). As
emphasized by MacMinn & Primack (1995) and as can be seen
in Figure 2, the range of possibilities is large. One should be
wary of, say, extrapolating a determination of Ecut at one

FIG. 1.—Local pair-production mean free path, l, for VHE photons of
energy, E, at redshift z 5 0 (no cosmological effects included). Below 1014 eV,
VHE photons interact primarily with IRyO photons; above 1019 eV, they
interact with radio photons; between 1014 and 1019 eV, they interact with MBR
photons. Curves a, b, and c, respectively, show l for the IRyO backgrounds of
curves (i), (iv), and (vi) in Fig. 2. Curves 1, 2, and 3 show, respectively, l for the
extragalactic radio background estimate of Sironi et al. (1990) (see also Simon
1977) with a low-frequency cutoff at 5, 2, and 1 MHz. The triangles give the
lower limit on l obtained assuming the total observed radio background (e.g.,
Ressell & Turner 1991) is extragalactic. The heavy dotted line shows the
energy-loss mean free path for energetic protons.

FIG. 2.—The cutoff energy, Ecut, as a function of source redshift, z, for
different IRyO DEBRAs in an V 5 1 universe with H0 5 75 km s21 Mpc21. Ecut
is given by tgg[(1 1 z) Ecut, z] 5 1, where tgg is the optical depth for photon
absorption via pair production. Curves (i) and (vi) show Ecut for roughly the
minimum (Tyson 1995) and maximum (Dwek & Slavin 1994) allowed IRyO
levels today: e2n(e, 0) 5 1 3 1023 eV cm23 for (i) and e 2 n (e, 0) 5 1 3 1022

eV cm23 for (vi). The DEBRA evolves as n(e, z) 5 (1 1 z)3n[ey(1 1 z), 0],
and n(e, 0) has no opticalyUV cutoff. Curve (v) is the same as (vi), except
the IRyO DEBRA is formed in a burst at z 5 5 with no photons emitted
above the Lyman limit (13.6 eV). Curves (ii)–(iv) show Ecut for more
realistic DEBRA scenarios: (ii) late galaxy formation at zform = 1, (iii)
continuous galaxy formation at intermediate redshifts 1 = zform = 3, and (iv)
early galaxy formation at zform 1 5. The galaxy emission components (see
text) were adjusted to match, respectively, the HCDM and CDM calcula-
tions of MacMinn & Primack (1995) and those of Franceschini et al. (1994).

L10 COPPI & AHARONIAN Vol. 487

Coppi & Aharonian 1997

Very-high-energy photons (>100 GeV) are absorbed via pair creation, depending on 
source redshift, by extragalactic background light.

10 DOMÍNGUEZ ET AL.
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Fig. 2.— Estimation of the CGRH from every blazar in our sample plotted with blue circles. The statistical uncertainties are shown with
darker blue lines and the statistical plus 20% of systematic uncertainties are shown with lighter blue lines. The CGRH calculated from
the EBL model described in Domı́nguez et al. (2011a) is plotted with a red-thick line. The shaded regions show the uncertainties from the
EBL modeling, which were derived from observed data.

on the blazar spectra since it allows us a wider range of
spectral indices (i.e., this results in a rather conservative
hypothesis for our analysis). For this same reason, we
prefer to use as conservative upper limits the results by
Mazin & Raue (2007) rather than the newer results by
Meyer et al. (2012) that are based on a more constrain-
ing spectral condition. The EBL evolution is expected to
affect the optical depth calculated at higher redshifts. To
account for this effect we evolve conservatively the EBL
upper limits at all wavelengths as (1 + z)5 (in the co-
moving frame) when calculating the optical depths from
these EBL limits from Mazin & Raue (2007). We note
that this is a robust limit given the fact that the maxi-
mum evolution (which is dependent on the wavelength) is
(1+z)2.5 in a realistic model such as D11 for 0 ≤ z ≤ 0.6
(the redshift range of our blazar catalog).
The third constraint that we apply for our fits is to re-

quire only monotonically increasing functions for log10(τ)
as a function of log10(E). This condition is also expected
for any realistic EBL spectral intensity, which comes from
galaxy emission, given the increasing behavior of the
pair-production interaction with energy. Interestingly,
we see in Figure 1 that in most cases the IACT obser-
vations are indeed detecting the flux decrement given by
the CGRH feature (i.e., the Cherenkov observations span
from negative to positive values of log10(τ)).
We find that the CGRH derived from 9 out of 11

blazars where our maximum likelihood methodology can
be applied, is compatible with the expected value from
the D11 model. The estimations from other EBL mod-
els such as Franceschini, Rodighiero & Vaccari (2008),
Finke, Razzaque & Dermer (2010) (model C), and
Somerville et al. (2012) are in agreement within uncer-
tainties with the EBL model by D11. We note that
the fit of 1ES 1101−232 has only one degree of free-

dom, see Table 1. The uncertainties of the two lowest
redshift blazars (Mkn 501 and Mkn 421) are systemati-
cally higher because the optical depth for these cases be-
comes unity at energies larger than the energies observed
by the Cherenkov telescopes. Therefore, in these cases
τ = 1 is given by an extrapolation of the polynomials
rather than an interpolation between observed energies
(see Fig. 1) leading to greater uncertainty. For the case of
1ES 2344+514 with fast flux variability timescale, a value
of E0 in agreement with the estimation by the D11 EBL
model is derived. However, for this case the uncertainties
are larger than E0 and therefore no useful constraint can
be derived. For the case of 1ES 2344+514 with slow flux
variability timescale, the SSC predicted flux is lower than
the flux given IACT data. For H 1426+428, both flux
variability timescales give uncertainties in the measure-
ment of E0 larger thanE0 and therefore no constraint can
be derived. In both cases the synchrotron/SSC model
does not seem to correctly fit the multiwavelength data.
Our maximum likelihood procedure cannot be applied to
any flux state on four blazars (1ES 1959+650, W Comae,
H 2356−309 and 1ES 1011+496). There are different ex-
planations for this fact. Some blazars have shown flux
variability on the scale of minutes (e.g., Aharonian et
al. 2007; Albert et al. 2008; Aleksić et al. 2011b; Arlen
et al. 2013) and the IACTs tend to detect the sources
in higher-flux states. In most cases, the LAT data are
not simultaneous with the IACT and other multiwave-
length data. We have tried to alleviate this problem
by choosing SEDs that are based on a low, non flar-
ing state, where the variability seems to be small. In
this way the effects of variability from epoch to epoch
have been minimized. We compare the long-term light
curves in X-rays using the quick-look results from the
All Sky Monitor (ASM) aboard the Rossi X-Ray Timing

Dominguez et al. 2013

Mean free path Attenuation energy [ τ(E,z)=1 ]

z = 0
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Gamma-ray-induced Cascade

γ

CMB / EBL

γ

CMB / EBL

Pair creation
�� ! e+e�

Created pairs are affected by intergalactic magnetic magnetic fields if they are strong enough.

• Pair-halo : image spread (e.g., Aharonian Coppi, Völk 1994, Elyiv et al. 2009)
• Pair-echo : delayed secondary gamma rays (e.g., Plaga 1995, Murase et al. 2008, Ichiki et al. 2008)

• IGMF study : gamma rays from deflected pairs do not reach the earth if IGMF is sufficiently strong 
(e.g., Neronov et al. 2009, Dermer et al. 2011, Dolag et al. 2011), but possible plasma instability 
causes the deflection (under debate; e.g., Schlickeiser et al. 2013 for a recent discussion)
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Gamma-ray-induced Cascade
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Murase, Dermer, HT, Migliori 2012

Vovk et al. 2012

1ES 0229+200

• The cascaded spectra are strongly attenuated above 
energies defined from τγγ(E,z) = 1. 

• A spectral shape at around the characteristic EBL 
absorption energy is essentially determined by the 
spectral shape of EBL. 

• The hard spectra of extreme HBLs can be well 
reproduced even after strong EBL absorption.

• A lot of >10 TeV photons are required to compensate 
the absorption.
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CMB / EBL

CMB / EBL

Cosmic-ray-induced Cascade

Photomeson production Bethe-Heitler Pair Creation

E > 6 x 1019 eV for CMB E > 6 x 1016 eV for CMB

Higher energy photons than EBL attenuation 
remain because of e± supply even near observers.

γ

γ

~100 Mpc

~1 Gpc

p
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Gamma rays induced by cosmic rays

-15

-14

-13

-12

-11

-10

-9

-8

-7

 2  2.5  3  3.5  4  4.5  5  5.5  6

lo
g(

E2  F
E 

[G
eV

 c
m

-2
 s

-1
])

log(E [GeV])

z=0.05
z=0.1
z=0.3
z=0.5
z=0.7

-15

-14

-13

-12

-11

-10

-9

-8

-7

 2  2.5  3  3.5  4  4.5  5  5.5  6

lo
g(

E2  F
E 

[G
eV

 c
m

-2
 s

-1
])

log(E [GeV])

z=0.05
z=0.1
z=0.3
z=0.5
z=0.7

Cosmic-ray-induced cascade Gamma-ray-induced cascade

• dN/dE ∝ E-2; 1018 < E < 1019 eV
• No IGMF is assumed. 

• Gamma-rays with 1019 eV induces the cascades.
• No IGMF is assumed. 

Hard spectra are predicted above energies defined from τγγ(E,z) = 1 from cosmic-ray-
induced cascade due to the long energy-loss length of Bethe-Heitler pair creation.

Murase, Dermer, HT, Migliori 2012
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γ-rays from Line-of-sight Cascade

Essey et al. 2011

• The observed spectra are well reproduced.

• Intergalactic magnetic field reduces γ-ray flux at the 
Fermi energy range.
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SED Modeling of a Extreme HBL
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1ES 0229+200

Murase, Dermer, HT, Migliori 2012

• Spectral shape is essentially determined by the 
spectral shape of EBL.

• 100 TeV γ-ray emitter can also reproduce the 
observed spectrum. 

• Difference between hadronic cascade scenarios 
and leptonic cascade scenarios appears above 20 
TeV

• CTA and HAWK have a potential to distinguish 
these scenarios. 

Liso ~ 1045 erg s-1
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Gamma rays induced by cosmic rays
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Cosmic-ray-induced cascade Gamma-ray-induced cascade

• dN/dE ∝ E-2; 1018 < E < 1019 eV
• No IGMF is assumed. 

• Gamma-rays with 1019 eV induces the cascades.
• No IGMF is assumed. 

Hard spectra are predicted above energies defined from τγγ(E,z) = 1 from cosmic-ray-
induced cascade due to the long energy-loss length of Bethe-Heitler pair creation.

Distant hard gamma-ray spectrum blazars may result from cosmic-ray-induced cascades, 
which become evidence for ultra-high-energy cosmic-ray sources.

Murase, Dermer, HT, Migliori 2012
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List of distant VHE gamma-ray emitters

A. Neronov, D.Semikoz, A.M.Taylor and Ie.Vovk: Very-high-energy gamma-ray emission from high-redshift blazars

Name RA DEC Type z N30�100 N0.1 N0.2 E

max

L/LMrk421 P

1 TXS 0138-097 25.3576 -9.4788 BL 0.733 2 1f 0 138 44.5 1.1e-3
2 PKS 0426-380 67.1685 -37.9388 BL 1.11 13 1f 0 134 151 0.9e-3
3 B2 0912+29 138.9683 29.5567 BL 1.521 5 1f 0 126 405 0.7e-3
4 Ton 116 190.8031 36.4622 BL 1.065 11 1b 0 114 133 0.7e-3
5 PG 1246+586 192.0783 58.3413 BL 0.847 9 1b 0 104 67.5 1.2e-3
6 B3 1307+433 197.3563 43.0849 BL 0.69 4 1f 0 104 37.5 0.8e-3
7 4C +55.17 149.4091 55.3827 FSRQ 0.8955 14 1b 0 141 84.0 1.6e-3
8 TXS 1720+102 260.6857 10.2266 FSRQ 0.732 0 1f 0 168 46.8 1.9e-3
9 PKS 1958-179 300.2379 -17.8160 FSRQ 0.65 2 1b 0 118 33.5 2.3e-3
10 PKS 2142-75 326.8030 -75.6037 FSRQ 1.139 1 1f 0 135 173 1.5e-3
11 KUV 00311-1938 8.3933 -19.3594 BL 0.61 11 0 2b 152 53.2 8e-6
12 RGB J0250+172 42.6567 17.2067 BL 1.1 3 0 1b 358 147 7.6e-3
13 PKS 1130+008 173.190067 0.5744 BL 1.223 1 0 1f 140 204 4.4e-3

Table 1. List of high-redshift blazars emitting in the energy band E > 100 GeV. Columns N0.1 and N0.2 give the numbers of VHE
photons within an angular distance of 0.1� and 0.2� from the source position. P is the chance coincidence probability for the VHE
photons to be found within the 0.1� or 0.2� circles from the source labels ”f” and ”b” mark photons pair converted in the front-
and back- layers of the LAT detector. Column N30�100 gives the number of photons associated to the source in the lower energy
band 30 � 100 GeV. E

max

is the maximal energy of photon associated to the source. L/L
Mrk 421 is the source luminosity in units of

Mrk 421 luminosity at E > 100 GeV.

high-energies through absorption on the EBL. The model spec-
trum shown in Fig. 1 is calculated assuming a source redshift of
0.733 and using the EBL model of Franceschini et al. (2008).
The 100-200 GeV band source flux is consistent with the expec-
tation based on the Franceschini et al. model.

Of course, the statistics of the Fermi signal is largely insu�-
cient for a sensible study of the details of the shape of the spec-
trum in the 100 GeV band, which is determined by the e↵ects
of propagation through the EBL. Such a study would be possi-
ble only with a ground-based �-ray telescope, which provides a
much larger collection area for �-rays and, consequently, much
higher source signal statistics. The lower panel of Fig. 1 shows
a comparison of the measured source spectrum with the sensi-
tivity limits of di↵erent existing and future ground-based �-ray
telescopes. Unfortunately, the model source flux is below the
sensitivity limit of the HESS-II telescope, which will start op-
eration in 2012. The estimate of the HESS-II sensitivity shown
in this plot has been taken from Masbou (2010). The sensitiv-
ity curve found in Masbou (2010) is given in terms of the inte-
gral flux. Conversion of the sensitivity into the di↵erential flux
sensitivity depends on the slope of the source spectrum. Fig. 1
shows three di↵erent di↵erential sensitivity curves correspond-
ing to three di↵erent values of the slope of the source spectrum.
One can see that within the energy range covered by HESS-II,
the spectrum is steep, with a slope close to � = 4, so that the
source flux is below the HESS-II sensitivity level such that the
source is not expected to be detectable.

The expected performance of the next-generation ground-
based �-ray telescope CTA is not better than that of HESS-II
for energies below 100 GeV. Because of this, the prospects for
the source detection with CTA are also not promising. Contrary
to this, however, the sensitivity of a ground-based �-ray tele-
scope optimized for the 10 GeV energy band, 5@5 (Aharonian
et al., 2000) is su�cient for the source detection in the energy
range above 10 GeV and up to the sharp EBL-induced cut-o↵ at
100 GeV. The di↵erence in the performance of 5@5 and CTA in
the 10-100 GeV energy band turns out to be crucially important
for the possibility of the study of VHE �-ray emission from this
high-redshift source.

3.1.2. PKS 0426-380

This bright BL Lac is situated at a redshift of z = 1.11 (Heidt
et al., 2004). The source is strongly variable in the GeV energy
band, see upper panel of Fig. 2. Several active episodes, during
which the flux increased by up to an order of magnitude, have
been observed during the four years of Fermi’s operation.

The source spectrum averaged over the whole observation
period extends as a soft powerlaw with � > 2 well into the
100 GeV energy band at the level of ⇠ 10�11 erg/cm2s, see lower
panel of Fig. 2. At this flux level, the source should be readily
detectable in the 30-100 GeV energy range with the HESS-II
telescope and, in the future, with CTA.

We have verified that the source flux did increase by a fac-
tor of ⇠ 2 � 3 during the flaring activities, without any sig-
nificant change in its spectral shape. This implies that the de-
tectability of the source from the ground should be facilitated if
the next ground-based observations are triggered during the next
increased activity episode (which could be traced based on the
Fermi monitoring of the source).

3.1.3. B2 0912+29

The SIMBAD database ascribes a redshift z = 1.521 to the
source, with a reference to the SDSS photometric survey (SDSS
Data release 7, 2009), but stating that the redshift is spectro-
scopic. At the same time, the NED database does not ascribe a
redshift to the source.

The source spectrum can be described by a relatively hard
powerlaw with slope � ' 2 up to ⇠ 200 GeV energy, showing no
sign of suppression by the EBL. Such an unabsorbed powerlaw
shape of the spectrum would pose a problem for modeling of the
source if it is indeed at a redshift of z = 1.5. At this redshift,
the suppression of the flux due to absorption on the EBL should
start already below 100 GeV, so that the flux measurements in
both 50-100 GeV and 100-200 GeV bands would be in tension
with the model, see Fig. 3.

The bottom panel of Fig. 3 shows a comparison of the sensi-
tivity of the MAGIC telescope in stereo operation mode (Colin et
al., 2009) with the level of the source flux for di↵erent assumed
values of the slope of the powerlaw spectrum �. One can see that
if the source flux is indeed at the level measured by Fermi, rather

3

Neronov et al. 2012

Index
2.033
1.946
1.875
1.698
1.949
1.839
Log PB
2.23
2.38
2.517
1.758
1.836
2.178

(The 1FHL catalog may include 
   more sources with VHE photons.)

Fermi sources associated with VHE photons, but not identified by IACTs (z>0.5)

• They have rather hard spectra. 

• The hard spectra motivates possible hadronic origin.
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Example: KUV 00311-1938
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Becherini et al. (2012)

HT, Murase, Dermer 2013

• Distant hard-source in the Fermi-LAT

• Recently detected by H.E.S.S.

• z=0.61 is quoted, but recent optical spectroscopy 
indicates only z>0.506.

• Both models reproduce the Fermi spectrum. 
- The sources in the sample except PKS 0426-380 
and 2142 are also reproduced.

• These models are distinguishable above ~500 GeV even 
considering the uncertainty of EBL models.

• The hadronic model is favored if z = 0.61 is correct.
- Redshift measurement is important for confirmation.

KUV 00311-1938

• dN/dE ∝ E-2.6 exp (-E/Ec); E > 1018 eV, Ec = 1019 eV
• No suppression from IGMF (B < 10-14 G for protons) 

Leptonic model

• dN/dE ∝ E-s; E > 109.75 eV, Emax = 1014 eV
• No suppression from IGMF (10-20 G < B < 10-15 G) 

Pita et al. 2012

Becherini et al. 2012

z = 0.61

Models

Hadronic model

EBL: Kneiske et al. (2004) for low and best-fit EBL
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Example: KUV 00311-1938 ~ integral flux ~
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HT, Murase, Dermer 2013

Integral flux is sensitive to the hard component in the hadronic model.

• Integral flux above ~500 GeV can clearly distinguish these two scenarios.

• The light curve (with ~3 month bins) is consistent with constant flux (χ2/d.o.f. = 0.94)

z = 0.61
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Example: PG 1246+586 (z=0.847)
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HT, Murase, Dermer 2013

• Even for z~0.85 sources, hadronic origin can be investigated by CTA.

• The light curve (with ~3 month bins) is consistent with constant flux (χ2/d.o.f. = 0.40)
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Ejecta - ISM Shock from NS Binary Mergers
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of a significant fraction of SGRBs has been inferred to be
<∼ 0.01–0.1 cm−3 (e.g., [86–89]). Also, there is no obser-
vational information on the ISM density around BH-NS
merger. Thus, it is useful to give the scaling laws of SED
on the ISM density n.
When electrons are in the slow cooling regime and are

predominantly cooled by synchrotron radiation, the fre-
quency of the synchrotron peak νp,syn is moved following
∝ n−5/6 (see Eq. 21) and the flux of synchrotron ra-
diation at the peak is scaled proportional to n(2s−3)/3.
The flux becomes lower in a lower ISM density environ-
ment. We can estimate or constrain the ISM density in
the vicinity of the NSBs through these dependence. This
also allows us to test the NSB hypothesis of the SGRB
origin by comparing the inferred density with the circum-
burst density of SGRBs.

B. SED dependence on ejecta properties

According to simulations, the parameters of ejecta, i.e.,
M and β, depend on the equation of state of NSs which is
uncertain [15]. The mass of ejecta M may be larger than
∼ 10−4M" up to ∼ 10−2M" and β is distributed from
∼ 0.1 to ∼ 0.3 for NS-NS mergers [15]. The ejected mass
may be more for BH-NS mergers [27]. A recent observa-
tion of GRB 130603B implies M ∼ 10−2M" and β ∼ 0.1
if the post-burst radiation is interpreted as a macronova.
When the synchrotron cooling of electrons is dominant in
the slow cooling regime, the frequency of the synchrotron
peak νp,syn is scaled according to ∝ M−2/3β−1 (Eq. 21)
and its flux at ν = νp,syn is proportional to Ms/3β3s−3.
Here, we can learn that the flux of NSBMRs is very sen-
sitive to β.

C. Cosmic-ray acceleration and hadronic
gamma-rays

An analogy with SNRs indicates that a forward shock
in NSBMRs can accelerate cosmic rays as well as elec-
trons. The maximum Lorentz factor of the cosmic rays
with their atomic number Z and nuclear mass number A
is estimated following the same discussion as electrons,

γCR,max = min



3ZeβRdecB

20ξAmpc2
,

[
9πZeA2m2

pβ
2

10ξσTm2
eB

]1/2

 .

(27)
Here, the nuclear mass is approximately Amp and mp

is the proton mass. Regarded as a function of ξ, the
maximum Lorentz factor is numerically represented as

γCR,max =
{

3× 1011ξ−1/2Z1/2Aε−1/4
B,−2n

−1/4
0 β1/2

0.3 (ξ < ξb,CR)

1× 108ξ−1ZA−1ε1/2B,−2M
1/3
−2 n1/6

0 β2
0.3 (ξ ≥ ξb,CR),

(28)

where

ξb,CR = 2× 10−7ZA−4ε3/2B,−2M
2/3
−2 n5/6

0 β3
0.3. (29)

Since the value of ξ is more than unity by definition, the
dynamical time scale always limits the maximum Lorentz
factor of cosmic rays under our choice of parameters. The
maximum Lorentz factor corresponds to 1× 1017 eV for
protons and 3×1018 eV for irons, respectively. Therefore,
NSBMRs can be sources of ultra-high-energy cosmic rays
above the knee up to the ankle in the cosmic-ray spec-
trum.

Since cosmic rays are accelerated, gamma-ray emis-
sion with the hadronic origin is an interesting possibil-
ity as in the cases of SNRs. Here, let us estimate the
flux of hadronic gamma-ray emission through the inter-
action of accelerated protons with the strongly shocked
ISM. Since the protons travel a distance of ∼ ctdec at
t = tdec, the optical depth of pp interactions down-
stream of the forward shock is τpp ∼ 4nσppctdec =

9 × 10−7M1/3
−2 n2/3

0 β−1
0.3 , where σpp ≈ 5 × 10−26 cm−2 is

the cross section of an inelastic pp collision. The maxi-
mally achievable bolometric flux is τppξγεpE/4πD2tdec ∼
4×10−20εp,−1ξγ,−1εp,−1M−2n0D

−2
2 erg cm−2 s−1, where

εp,−1 = εp/10−1 is the energy fraction of accelerated pro-
tons to the total kinetic energy of ejecta and ξγ,−1 =
ξγ/10−1 is the energy conversion efficiency of protons to
gamma rays in a pp collision. Thus, gamma rays from pp
collisions do not compete with the leptonic gamma rays
at t = tdec. The relative contribution of gamma rays
from pp collisions increases at later time because τpp is
proportional to the time of the system as long as protons
are confined in the system while high-energy electrons
are cooled. Also, we expect that the flux of high-energy
neutrinos is similar to that of the hadronic gamma rays.

VI. SUMMARY

We have shown that electrons accelerated at forward
shocks in NSBMRs can produce high energy emission
in X-rays and gamma-ray bands. The X-rays are de-
tectable even by the current generation X-ray telescopes
at t = tdec under the fiducial parameter set (see Table I).
The detection of the high-energy radiation reveals the
acceleration of high-energy particles in NSBMRs. Also,
the observation of the radiation allows us to test the NSB
merger hypothesis of SGRBs through the comparison be-
tween the estimated ISM density surrounding the merg-
ers and the circumburst density inferred by the observa-
tions of SGRB afterglows.

We also suggest that NSBMRs are the accelerators of
ultra-high-energy cosmic rays beyond the knee up to the
ankle in the cosmic-ray spectrum. We find that the flux
of gamma rays originating from these cosmic rays is much
lower than that of the leptonic gamma rays at t = tdec.

Nearby NSBMRs (<∼ 20 Mpc) may be also detected
by the Fermi -LAT and CTA if the radiative efficiency of
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of a significant fraction of SGRBs has been inferred to be
<∼ 0.01–0.1 cm−3 (e.g., [86–89]). Also, there is no obser-
vational information on the ISM density around BH-NS
merger. Thus, it is useful to give the scaling laws of SED
on the ISM density n.
When electrons are in the slow cooling regime and are

predominantly cooled by synchrotron radiation, the fre-
quency of the synchrotron peak νp,syn is moved following
∝ n−5/6 (see Eq. 21) and the flux of synchrotron ra-
diation at the peak is scaled proportional to n(2s−3)/3.
The flux becomes lower in a lower ISM density environ-
ment. We can estimate or constrain the ISM density in
the vicinity of the NSBs through these dependence. This
also allows us to test the NSB hypothesis of the SGRB
origin by comparing the inferred density with the circum-
burst density of SGRBs.

B. SED dependence on ejecta properties

According to simulations, the parameters of ejecta, i.e.,
M and β, depend on the equation of state of NSs which is
uncertain [15]. The mass of ejecta M may be larger than
∼ 10−4M" up to ∼ 10−2M" and β is distributed from
∼ 0.1 to ∼ 0.3 for NS-NS mergers [15]. The ejected mass
may be more for BH-NS mergers [27]. A recent observa-
tion of GRB 130603B implies M ∼ 10−2M" and β ∼ 0.1
if the post-burst radiation is interpreted as a macronova.
When the synchrotron cooling of electrons is dominant in
the slow cooling regime, the frequency of the synchrotron
peak νp,syn is scaled according to ∝ M−2/3β−1 (Eq. 21)
and its flux at ν = νp,syn is proportional to Ms/3β3s−3.
Here, we can learn that the flux of NSBMRs is very sen-
sitive to β.

C. Cosmic-ray acceleration and hadronic
gamma-rays

An analogy with SNRs indicates that a forward shock
in NSBMRs can accelerate cosmic rays as well as elec-
trons. The maximum Lorentz factor of the cosmic rays
with their atomic number Z and nuclear mass number A
is estimated following the same discussion as electrons,

γCR,max = min



3ZeβRdecB

20ξAmpc2
,

[
9πZeA2m2

pβ
2

10ξσTm2
eB

]1/2

 .

(27)
Here, the nuclear mass is approximately Amp and mp

is the proton mass. Regarded as a function of ξ, the
maximum Lorentz factor is numerically represented as

γCR,max =
{

3× 1011ξ−1/2Z1/2Aε−1/4
B,−2n

−1/4
0 β1/2

0.3 (ξ < ξb,CR)

1× 108ξ−1ZA−1ε1/2B,−2M
1/3
−2 n1/6

0 β2
0.3 (ξ ≥ ξb,CR),

(28)

where

ξb,CR = 2× 10−7ZA−4ε3/2B,−2M
2/3
−2 n5/6

0 β3
0.3. (29)

Since the value of ξ is more than unity by definition, the
dynamical time scale always limits the maximum Lorentz
factor of cosmic rays under our choice of parameters. The
maximum Lorentz factor corresponds to 1× 1017 eV for
protons and 3×1018 eV for irons, respectively. Therefore,
NSBMRs can be sources of ultra-high-energy cosmic rays
above the knee up to the ankle in the cosmic-ray spec-
trum.

Since cosmic rays are accelerated, gamma-ray emis-
sion with the hadronic origin is an interesting possibil-
ity as in the cases of SNRs. Here, let us estimate the
flux of hadronic gamma-ray emission through the inter-
action of accelerated protons with the strongly shocked
ISM. Since the protons travel a distance of ∼ ctdec at
t = tdec, the optical depth of pp interactions down-
stream of the forward shock is τpp ∼ 4nσppctdec =

9 × 10−7M1/3
−2 n2/3

0 β−1
0.3 , where σpp ≈ 5 × 10−26 cm−2 is

the cross section of an inelastic pp collision. The maxi-
mally achievable bolometric flux is τppξγεpE/4πD2tdec ∼
4×10−20εp,−1ξγ,−1εp,−1M−2n0D

−2
2 erg cm−2 s−1, where

εp,−1 = εp/10−1 is the energy fraction of accelerated pro-
tons to the total kinetic energy of ejecta and ξγ,−1 =
ξγ/10−1 is the energy conversion efficiency of protons to
gamma rays in a pp collision. Thus, gamma rays from pp
collisions do not compete with the leptonic gamma rays
at t = tdec. The relative contribution of gamma rays
from pp collisions increases at later time because τpp is
proportional to the time of the system as long as protons
are confined in the system while high-energy electrons
are cooled. Also, we expect that the flux of high-energy
neutrinos is similar to that of the hadronic gamma rays.

VI. SUMMARY

We have shown that electrons accelerated at forward
shocks in NSBMRs can produce high energy emission
in X-rays and gamma-ray bands. The X-rays are de-
tectable even by the current generation X-ray telescopes
at t = tdec under the fiducial parameter set (see Table I).
The detection of the high-energy radiation reveals the
acceleration of high-energy particles in NSBMRs. Also,
the observation of the radiation allows us to test the NSB
merger hypothesis of SGRBs through the comparison be-
tween the estimated ISM density surrounding the merg-
ers and the circumburst density inferred by the observa-
tions of SGRB afterglows.

We also suggest that NSBMRs are the accelerators of
ultra-high-energy cosmic rays beyond the knee up to the
ankle in the cosmic-ray spectrum. We find that the flux
of gamma rays originating from these cosmic rays is much
lower than that of the leptonic gamma rays at t = tdec.

Nearby NSBMRs (<∼ 20 Mpc) may be also detected
by the Fermi -LAT and CTA if the radiative efficiency of
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Summary

• The origin of UHECRs are still under debate, although some essential constraints 
have been obtained from UHECR and neutrino experiments.

• Towards source identification
• Huge statistics above 1020 eV --- JEM-EUSO, TA2, AugerNext, ...
• Multi-messenger approaches --- CTA, IceCube, ARA, ...

• Gamma-ray connection to UHECRs

• Hadronic gamma-ray emission
• Cosmic-ray-induced cascade
• (Inference from physical parameters constrained by leptonic emission)
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