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outline
1. introduction

- CTA and LSTs
- importance of LSTs in the South

2. cosmic ray (CR) origin
a. Galactic CRs
- supernova remnants (SNRs): CR acceleration and escape
b. ultra-high-energy CRs (UHECRs)
- active galactic nuclei (AGN) jets: role of Centaurus A

3. transient sources
(- short gamma-ray bursts (GRBs) and gravitational waves)
- blazar flares and neutrinos
- radio, optical transients



CTA sensitivity (steady sources)

LSTs

transition regime from space to ground facilities
-> currently some sensitivity gap

20-100 GeV



CTA vs Fermi-LAT for transient/variable sources

- sensitivity for short exposure times (~effective area)
greater than satellites by several orders of magnitude

- rapid slewing for LSTs (180 deg in 20 sec)



extragalactic gamma-ray horizon vs redshiftThe Astrophysical Journal, 768:197 (17pp), 2013 May 10 Inoue et al.
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Figure 12. Gamma-ray horizon energy where τγ γ = 1. The baseline, lower-Pop-III, and upper-Pop-III models are shown by the thick solid, thick dashed, and thick
dotted curves, respectively. The dashed, dotted, dot-dashed, double dot-dashed, triple dot-dashed curves represent the models by Kneiske et al. (2004), Franceschini
et al. (2008), Finke et al. (2010), Gilmore et al. (2012b), and Inoue et al. (2010a), respectively. The thin solid curve shows the case of τγ γ = 5 for the baseline model.
The filled data points are the observed maximum energies of photons from a sample of blazars (Finke & Razzaque 2009) and GRB 080916 C (Abdo et al. 2009). Since
other papers do not cover the opacity at z = 0–10, we do not show the opacity of each model at the outside of the redshift range of each paper. The small panel in the
figure shows the gamma-ray opacity horizon at z = 5–10.
(A color version of this figure is available in the online journal.)
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Figure 13. Spectra of TeV blazars at z ! 0.15 as observed (circle) and inferred before EBL attenuation (triangle) with our baseline model. References for the data
are Mrk 421 (Albert et al. 2007c), Mrk 501 (Albert et al. 2007d), BL Lac (Albert et al. 2007a), PKS 2005-489 (Aharonian et al. 2005a), W Comae (Acciari et al.
2008), PKS 2155-304 (Aharonian et al. 2005b), B3 2247+381 (Aleksić et al. 2012), RGB J0710+591 (Acciari et al. 2010), H 1426+428 (Aharonian et al. 2002),
1ES 0806-524 (Acciari et al. 2009a), 1ES 0229+200 (Aharonian et al. 2007b), and 1RXS J1010−3119 (Abramowski et al. 2012b).
(A color version of this figure is available in the online journal.)

spectra before attenuation by the EBL, assuming our baseline
model. If the TeV emission from these sources originates from
electrons accelerated according to the simplest test-particle
theory of diffusive shock acceleration (Blandford & Eichler

1987), then the hardest spectrum is expected to be that of
photon index Γint = 1.5. Although the intrinsic spectra inferred
here are generally consistent with Γint ! 1.5, some sources
such as 1ES 0229+20 and 1ES 1101−232 show evidence of
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LSTs crucial for high-z extragalactic transients

z~1-6



CTA vs current Cherenkov telescopes for transients
- all-sky coverage with North and South sites
- versatile pointing (sub-arrays, divergent pointing)
- real-time analysis (alerts issued in ~30 sec)

Divergent pointing with CTA Lucie Gérard
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Figure 4: Gamma-ray acceptance after direction and energy reconstruction cuts. The total number of events
passing those cuts are 469051 for the normal mode and 447918 for the divergent mode.
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Figure 5: Integrated sensitivities at different distances to the center of the field of view. Left: 8 hours of
observations with the divergent mode. Right: 2 hours of observations with the normal mode.

3.2 Comparison with the normal pointing mode

In the center of the field of view, the normal pointing mode is bound to perform better than
the divergent pointing mode which has a lower pointing multiplicity of the telescopes. For larger
offset, the performance of the normal pointing degrades as the events are detected at the camera
edge, whereas the performance of the divergent pointing remains of the same order up to offsets of
⇠ 7�. To compare both modes, an effective field of view is defined as the part of the field of view
within which the ratio of sensitivities between different offsets is no more than ⇠ 1.5. The effective
field of view radius is 3.5� and 7� for the normal and divergent pointing modes respectively.

The angular resolution, energy resolution, and the effective area within the effective field of
view are presented in Figure 6 for both modes. As each event is observed with fewer telescopes,
the divergent pointing does not reach event reconstruction performance of the normal pointing.
Between 125 GeV and 10 TeV the angular resolution of the divergent pointing mode is on average
30% worse than that of the normal pointing. The energy resolution degrades by ⇠ 20% up to
3TeV, and by 30�40% between 3 and 10TeV. The difference in effective area between the two
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Figure 4: Gamma-ray acceptance after direction and energy reconstruction cuts. The total number of events
passing those cuts are 469051 for the normal mode and 447918 for the divergent mode.
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3.2 Comparison with the normal pointing mode

In the center of the field of view, the normal pointing mode is bound to perform better than
the divergent pointing mode which has a lower pointing multiplicity of the telescopes. For larger
offset, the performance of the normal pointing degrades as the events are detected at the camera
edge, whereas the performance of the divergent pointing remains of the same order up to offsets of
⇠ 7�. To compare both modes, an effective field of view is defined as the part of the field of view
within which the ratio of sensitivities between different offsets is no more than ⇠ 1.5. The effective
field of view radius is 3.5� and 7� for the normal and divergent pointing modes respectively.

The angular resolution, energy resolution, and the effective area within the effective field of
view are presented in Figure 6 for both modes. As each event is observed with fewer telescopes,
the divergent pointing does not reach event reconstruction performance of the normal pointing.
Between 125 GeV and 10 TeV the angular resolution of the divergent pointing mode is on average
30% worse than that of the normal pointing. The energy resolution degrades by ⇠ 20% up to
3TeV, and by 30�40% between 3 and 10TeV. The difference in effective area between the two
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normal divergent

H.E.S.S. telescope system [9–11], over a dozen new sources were
detected [12].

For CTA, an improved Galactic plane survey should be a major
objective and it will also be capable of performing an all-sky survey
in unprecedentedly short time at high sensitivity; the scientific
rationale and feasibility of both survey types are thoroughly dis-
cussed in [13]. As also discussed in [13], such surveys can be per-
formed in various modes of observation, in particular, large
number of high-performance IACTs allows for using non-parallel
modes with an enlarged FOV. The proper adaptation of such a
mode for a specific telescope array can be a non-trivial task. The
optimization of the pointing strategy, taking into account numer-
ous characteristics of an array, e.g. distance between telescopes,
FOV, energy threshold etc, can significantly reduce the observation
time needed to achieve a given sensitivity.

In this work we consider the array of Middle Sized Telescopes
(MST) working in various, parallel and non-parallel, modes. By per-
forming high-statistics Monte Carlo (MC) simulations of the sky-
survey observations, we derive for each mode the basic perfor-
mance parameters at both trigger and analysis levels, which then
allow us to compare efficiencies of the modes. Our study is a part
of an intensive work within the CTA Monte Carlo Work Package
aimed at optimizing the CTA observation scheme. Whereas we
consider in detail different modes with the MST array, independent
investigations are currently performed for the divergent mode of
Large Sized Telescopes (LST) sub-array and the full CTA array work-
ing in divergent modes.

2. Sky survey modes

Fig. 1 illustrates possible modes for a large telescope array used
for sky surveys. The parallel and divergent configurations were
considered before in [13]; below we introduce also a novel, conver-
gent mode (note the difference between our terminology and that
of [13], were the parallel mode is referred to as convergent).

The performance of a telescope system operating in the sky sur-
vey mode depends on the FOV of the system and the time of obser-
vation needed to achieve a given significance level, i.e. its
sensitivity.

In the simplest approach, sky surveys may be performed with
telescopes pointed parallely into the same direction of the sky
(Fig. 1a), however, in such a case the FOV of the telescope system
is highly limited by the FOVs of individual telescopes. The FOV of
a telescope array can be significantly enlarged by slightly deviating
the pointing direction of each telescope. In the divergent mode,
telescopes are inclined into the outward direction, see Fig. 1b, by
an angle increasing with the telescope distance from the array cen-
ter. As explained below, a performance improvement for such a
configuration can be expected primarily at high energies of pri-
mary photons.

For the divergent configuration, images of gamma rays imping-
ing close the array center are shifted toward the camera edge,
which leads to a leakage1 or complete loss of an event. While the
larger loss of events is mostly pronounced for the lower-energy
gamma rays, the leakage effect concerns mainly events with higher
energies. As a result even if an event is registered it is poorly recon-
structed. On the other hand, orientation of telescopes in the diver-
gent mode is suitable for efficient detection of events with large
impact parameter and/or arriving from directions further from the
FOV center (in both cases mainly with high energies).

Qualitatively, one can expect that those negative effects can be
reduced for the opposite orientation, i.e. with outer telescopes
inclined toward the array center, see Fig. 1c. A quantitative com-

parison of the performance of the three modes and a related issue,
i.e. an optimal value of the offset angle (giving the amount of the
difference of the pointing directions, as defined below), appears
crucial for planning the most efficient survey strategy.

3. MC simulations

For all three modes, we simulate the response of the telescope
array to the Extensive Air Showers (EAS) induced by gamma rays
and proton background. To simulate the development of EAS we
use CORSIKA 6.99 code [14,15], used as a standard in CTA. We sim-
ulated 2:1! 107 gamma rays and 3:8! 108 proton events2 – both
with energies between 30 GeV and 10 TeV generated from differen-
tial spectra with the spectral index C ¼ #2:0. However, in our anal-
ysis, we use event weights corresponding to spectra with C ¼ #2:57
for gamma rays and C ¼ #2:73 for protons. Gamma rays are simu-
lated from a point-like test source with the direction defined by
the Zenith angle Za = 20$ and the Azimuth Az = 180$ measured with
respect to the magnetic North. The background proton showers are
simulated isotropically with directions within a 10$ half-angle cone
(larger than the FOV of all considered modes) centered on the direc-
tion of the gamma-ray source. We set the maximum impact param-
eter for gamma rays to 1000 m and for protons to 1500 m. The
detector array is assumed to be located at the Namibian (H.E.S.S.)
site at the altitude of 1800 m a.s.l.

The response of the telescope array is simulated with the CTA
sim_telarray code [15,16]. We use the MST subarray of the CTA
array E from the so-called production-1; the subarray includes 23
telescopes with positions shown in Fig. 2. The direction of the cen-
tral telescope No. 5 is always approximately in the center of the
FOV of the array (a slight displacement may occur due to the pres-
ence of telescopes No. 12 and 15, which break the symmetry);
then, this direction is used to define various configurations and

Fig. 1. Three modes of configuration of the telescope system used in the sky-survey
scans: (a) normal (parallel) mode; (b) divergent mode; (c) convergent mode.

1 The effect of cutting off an image at the camera edge. 2 including the number of re-used showers.
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divergent pointing
for MSTs/SSTs

FoV ~20 deg dia.
wider FoV at expense of angular/energy resolution
- fast scanning of large regions, e.g. GW follow-up
- transient survey?



importance of Southern sky / all-sky coverage
unique targets in Southern sky
- Galactic Center
- inner Galactic plane (majority of Galactic objects )
- Magellanic Clouds
- Centaurus A (nearest active galaxy + radio galaxy)

unique facilities (transient factories) in Southern hemisphere 
- radio: SKA and its pathfinders (ASKAP, MWA, MeerKAT...)
- optical: LSST
- neutrinos at extremely high energy: IceCube

all sky coverage
- potentially unique transients (“Rosetta Stone” events)

c.f. SN 1987A, GW170817...



observed spectrum of cosmic rays

knee

ankle

toe

up to knee (<1015-16 eV)
Galactic SNRs?
likely, but not yet definitive

above ankle (>1018 eV)
extragalactic: AGNs?

GRBs?

knee-ankle (1015-16-1018 eV)
Galactic? no new source?

Gaisser 05

2. cosmic ray origin 



Galactic CRs: supernova remnant (SNR) paradigm

GeV(-TeV): proton acceleration

- consistent energetics

- observational evidence
radio+X-ray: electron acceleration

- plausible theory of
diffusive shock acceleration

LGCR~1041 erg/s~0.1xESN/tSN

(~1 × 103 M◉ and ~5 × 103 M◉ for IC 443 and
W44, respectively, where M◉ is the mass of the
Sun) is large enough to explain the observed
gamma-ray luminosity. Because the “crushed
cloud” is geometrically thin, multi-GeV particles
are prone to escape from the dense gas, which
may explain the break pbr.

Escaped cosmic rays reaching the unshocked
molecular clouds ahead of the SNR shock can
also produce p0-decay gamma rays (27, 28). In-
deed, the gamma rays emitted by the escaped
cosmic rays in the large molecular complex that
surrounds W44 (total extent of 100 pc) have
been identified with three close-by sources (20),
which led us to remove them from the model in
the maximum likelihood analysis, as mentioned
above. With this treatment, the measured fluxes
below 1 GeV contain small contributions from
the escaped cosmic rays, but this does not affect
our conclusions. The escaped cosmic rays may
significantly contribute to the measured TeV fluxes
from IC 443 (29, 30). Emission models could be
more complicated. For example, the cosmic-ray

precursor with a scale of ~0.1R at the highest en-
ergy could interact with the adjacent unshocked
molecular gas, producing hard gamma-ray emis-
sion. This effect is expected to become impor-
tant above the LAT energy range.

We should emphasize that radiation by relativ-
istic electrons cannot account for the gamma-ray
spectra of the SNRs as naturally as radiation by
relativistic protons can (23). An inverse-Compton
origin of the emission was not plausible on en-
ergetic grounds (11). The most important seed
photon population for scattering is the infrared
radiation produced locally by the SNR itself,
with an energy density of ~1 eV cm−3, but this is
not large enough to explain the observed gamma-
ray emission. Unless we introduce in an ad hoc
way an additional abrupt break in the electron
spectrum at 300 MeV c−1 (Fig. 2, dash-dotted
lines), the bremsstrahlung models do not fit the
observed gamma-ray spectra. If we assume that
the same electrons are responsible for the ob-
served synchrotron radiation in the radio band,
a low-energy break is not expected to be very

strong in the radio spectrum, and thus the ex-
isting data do not rule out this scenario. The
introduction of the low-energy break introduces
additional complexity, and therefore a brems-
strahlung origin is not preferred. Although most
of the gamma-ray emission from these SNRs
is due to p0 decay, electron bremsstrahlung may
still contribute at a lower level. The Fermi LAT
data allow an electron-to-proton ratio Kep of
~0.01 or less, where Kep is defined as the ratio
of dNe/dp and dNp/dp at p = 1 GeV c−1 (figs. S2
and S3).

Finding evidence for the acceleration of pro-
tons has long been a key issue in attempts to
elucidate the origin of cosmic rays. Our spectral
measurements down to 60 MeV enable identi-
fication of the p0-decay feature, thus providing
direct evidence for the acceleration of protons in
SNRs. The proton momentum distributions, well
constrained by the observed gamma-ray spectra,
are yet to be understood in terms of acceleration
and escape processes of high-energy particles.
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Table 1. Spectral parameters in the energy range of 60 MeV to 2 GeV for power-law (PL) and
broken power-law (BPL) models. TS = 2 ln(L1/L0) is the test-statistic value.

Model K (cm2 s−1 MeV−1) G1 G2 ebr (MeV) TS

IC 443
PL 11.7 (T0.2) × 10−10 1.76 T 0.02 — — 21,651
BPL 11.9 (T0.6) × 10−10 0.57 T 0.25 1.95+0.02−0.02 245+16−15 22,010

W44
PL 13.0 (T0.4) × 10−10 1.71 T 0.03 — — 6,920
BPL 15.8 (T1.0) × 10−10 0.07 T 0.4 2.08+0.03−0.03 253+11−11 7,351
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Fig. 3. Proton and gamma-ray spectra determined for IC 443 and W44. Also shown are the broadband
spectral flux points derived in this study, along with TeV spectral data points for IC 443 from MAGIC
(29) and VERITAS (30). The curvature evident in the proton distribution at ~2 GeV is a consequence of
the display in energy space (rather than momentum space). Gamma-ray spectra from the protons were
computed using the energy-dependent cross section parameterized by (32). We took into account
accelerated nuclei (heavier than protons) as well as nuclei in the target gas by applying an enhance-
ment factor of 1.85 (33). Note that models of the gamma-ray production via pp interactions have some
uncertainty. Relative to the model adopted here, an alternative model of (6) predicts ~30% less photon
flux near 70 MeV; the two models agree with each other to better than 15% above 200 MeV. The
proton spectra assume average gas densities of n = 20 cm−3 (IC 443) and n = 100 cm−3 (W44) and
distances of 1.5 kpc (IC 443) and 2.9 kpc (W44).
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from S. Funk

young

mid-age

issues for the SNR paradigm:
acceleration to PeV, CR escape

from Uchiyama

- no evidence yet for accelerators up to knee energy (Pevatrons)
non-SNR sources (black holes, pulsars, ...)?
-> search featuring SSTs

- potential evidence for time- and energy-dependent CR escape
-> clarify including South LSTs



UHECR sources: acceleration

GRBs

AGN jets

clusters

adapted from
Yoshida & Dai 98

R

B

B~∝R-1

“Hillas plot” E ≦ Ze B R (v/c)
confinement

acceleration vs:Emax
escape
source lifetime
adiab. expansion loss
radiative loss

magnetars

old favorite: AGN jets
leading contender: GRBs
dark horse: magnetars

clusters, etc.



AGN: acceleration sites

inner jet (blazar)

from Chandra webpage

Emax~Epg~<1020eV

low power (FR 1) radio galaxy
near-nucleus
highest E not expected

accel./escape nontrivial
e.g. Mannheim 93

e.g. Szabo & Protheroe 94

diffuse lobe?
c.f. diffuse GeV from

Cen A, Fermi bubble 



Centaurus A

Morganti+ 99

1kpc

- nearest AGN by far (D~3-5 Mpc)
- low power (P2.7~2x1024 W/Hz)
- inner lobes (~10 kpc); active
- outer lobes (650 kpc); “inactive”?
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1D-projection of the event map

Projection along the radio jets
• Minor axis: no extension 
• Major axis: PSF folded with the 

best-fit width from the 2D fit

PreliminaryCen A
VLA

H.E.S.S. 
Preliminary

is known to have a steep g-ray spectrum (6).
For further details pertaining to the analysis of
the lobe emission, see the SOM.

It is well-established that radio galaxy lobes
are filled with magnetized plasma containing
ultra-relativistic electrons emitting synchrotron
radiation in the radio band (observed frequencies:
n ~ 107 to 1011 Hz). These electrons also up-
scatter ambient photons to higher energies via the
inverse Compton (IC) process. At the observed
distances far from the parent galaxy (>100-kpc
scale), the dominant soft-photon field surround-
ing the extended lobes is the pervading radiation
from the cosmic microwave background (CMB)
(11). Because IC/CMB scattered emission in the
lobes of more distant radio galaxies is generally
well observed in the x-ray band (12–14), the IC
spectrum can be expected to extend to even higher
energies (9, 15), as demonstrated by the LAT
detection of the Cen A giant lobes.

Fig. 1. (A and B) Fermi-
LAT g-ray (>200 MeV)
counts maps centered
on Cen A, displayed with
square-root scaling. In
both (A) and (B), models
of the galactic and iso-
tropic emission compo-
nents were subtracted
from the data (in con-
trast to the observed
counts profile presented
in Fig. 2). The images
are shown before (A)
and after (B) addition-
al subtraction of field
point sources (SOM) and
are shown adaptively
smoothed with a mini-
mum signal-to-noise ratio
of 10. In (B), the white
circle with a diameter of
1° is approximately the
scale of the LAT point-spread function width. (C) For comparison, the 22-GHz radio map
from the 5-year WMAP data set (8) with a resolution of 0°.83 is shown. J2000, equinox; h,
hour; m, minutes.

Fig. 2. Observed intensi-
ty profiles of Cen A along
the north-south axis in
g-rays (top) and in the
radio band (bottom). In
the bottom panel, the lobe
regions 1 and 2 (northern
lobe) and regions 4 and
5 (southern lobe) are in-
dicated as in (9), where
region 3 (not displayed
here) is the core. The red
curve overlaid onto the
LAT data indicates the
emission model for all
fitted points sources, plus
the isotropic and Galactic
diffuse (brighter to the
south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset =
−4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess
counts are coincident with the northern and southern giant lobes. arb, arbitrary units.
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Cen A in gamma-rays
- diffuse GeV associated with outer lobe
- 2 component GeV+TeV associated

with “core” (includes inner lobe)
- spatial extension of “core” TeV

along jet direction?
-> need South LSTs

A&A 619, A71 (2018)

calculate a full-band energy flux of (4.59 ± 0.14stat
+0.17
�0.13sys,Ae↵

) ⇥
10�5 MeV cm�2 s�1. The best-fit broken power-law prefactor6 is
(3.64±0.15)⇥10�13 cm�2 s�1 MeV�1. In the lower-energy band,
we find a photon index of 2.70 ± 0.02stat

+0.05
�0.03sys,Ae↵

, and in the
higher band, 2.31 ± 0.07stat

+0.01
�0.04sys,Ae↵

. This provides corroborat-
ing evidence for a spectral hardening by �� ⇠ 0.4 above the
break energy. Comparisons of these results to the Cen A core
spectrum from the 3FGL catalogue (Acero et al. 2015) are not
meaningful, since their analysis did not include modelling of the
Cen A core spectrum as a broken power law. Using the mod-
ified WMAP template we observe a consistent photon index
in the lower and upper bands, respectively, of 2.68 ± 0.03 and
2.26 ± 0.07, and using the Parkes template, 2.67 ± 0.03 and
2.29 ± 0.07. We also tested for a log-parabola spectral shape
using a likelihood ratio test, analogous to Signif_Curve in
the 3FGL catalogue, which Acero et al. (2015) calculated as
2.3�, and found a TScurve = 4.5, or ⇠2.1�. The power-law
index that we observe above the spectral break is consistent
with the index above 10 GeV found in the 3FHL catalogue
(Ajello et al. 2017).

Finally, we tested for variability of the Cen A core both
above and below the break energy (2.8 GeV) by calculating
light curves using a single power-law spectral model for each.
Below the break, we divided the data into 64 45 day bins
and calculated flux variability using the method described in
Nolan et al. (2012) Sect. 3.6, with systematic correction factor
f = 0.02. Keeping the power-law index fixed to 2.70, we cal-
culate 0.09� ( �2 = 47.3 with 63 d.o.f.) significance for flux
variability. Above the break, we divided the data into nine-
month bins. Keeping the power-law index fixed to 2.31, we
do not see evidence for flux variability (1.9�, �2 = 16.6 with
9 d.o.f.).

4. Discussion

4.1. Beyond a single-zone SSC description of the �-ray core
SED of Cen A

The proximity and the diversity of the radio structures asso-
ciated with the activity of its core make Cen A an ideal lab-
oratory to investigate radiative processes and jet physics. In
this regard, an improved characterisation of its SED is impor-
tant in distinguishing which emission component is likely to
dominate the observed radiation. Earlier investigations (e.g.
Chiaberge et al. 2001) suggested that the SED of the core of Cen
A (i.e. the central source unresolved with radio, infrared, hard
X-ray, and �-ray instruments) up to sub-GeV energies appears
remarkably similar to that of blazars. In a ⌫–⌫F⌫ plot, the SED
seems well represented by two broad peaks, one located in
the far-infrared band and the other in the �-ray band at ener-
gies ⇠0.1 MeV. The SED as known prior to 2009 was satis-
factorily described by a single zone, homogeneous SSC model
assuming the jet to be misaligned (i.e. lower Doppler boosting
compared to blazars). The detection of VHE and HE � rays
from Cen A by H.E.S.S. and Fermi-LAT has started to compli-
cate this simple picture. If the available (non-contemporaneous)
H.E.S.S. and Fermi-LAT data are added, a single zone SSC
model is no longer able to adequately account for the overall
core SED of Cen A (see also Roustazadeh & Böttcher 2011;
Petropoulou et al. 2014; Abdo et al. 2010a). The SSC spectral
component introduced earlier (Chiaberge et al. 2001) appears

6
https://fermi.gsfc.nasa.gov/ssc/data/analysis/

scitools/source_models.html#BrokenPowerLaw

Fig. 3. SED of Cen A core with model fits as described in text. The
red curve corresponds to an SSC component designed to fit the radio
to sub-GeV data. The blue curve corresponds to a second SSC com-
ponent added to account for the highest energy data. The black curve
corresponds to the sum of the two components. SED points as derived
from H.E.S.S. and Fermi-LAT data in this paper are shown with open
circles. Observations from the radio band to the MeV �-ray band are
from TANAMI (⇧), SEST (N), JCMT (.), MIDI (O), NAOS/CONICA
(/), NICMOS (⇤), WFPC2 (⌥), Suzaku (4), OSSE/COMPTEL (⌅). The
acronyms are described in Appendix B.

to work well only for the radio band to the MeV �-ray
band.

Moreover, the detection of VHE � rays compatible with a
power law up to ⇠5 TeV raises the principal challenge of avoid-
ing internal (i.e. on co-spatially produced synchrotron photons)
�� absorption in a one-zone SSC approach. Interferometric
observations with the MID-infrared Interferometeric instru-
ment (MIDI) at the Very Large Telescope Interferometer array
(Meisenheimer et al. 2007) showed that the mid-infrared (MIR)
emission from the core of Cen A is dominated by an unre-
solved point source <10 mas (or <0.2 pc). Abdo et al. (2010a)
have argued that the MIR and VHE emission cannot originate
in the same region, since the VHE emission would be strongly
attenuated due to �� interaction with mid-infrared (soft) pho-
tons. The strength of this argument depends on how well pos-
sible Doppler boosting e↵ects can be constrained, that is, on
inferences with respect to the inclination and the bulk flow
Lorentz factor of the sub-parsec scale jet in Cen A. It could
be shown by extending the argumentation from Section 5.2 of
Abdo et al. (2010a) that the ��-attenuation problem might be
alleviated if the sub-parsec jet were inclined at 11�, that is,
slightly below the lower limit of the angular range ✓ ⇠ 12��45�
allowed by recent Tracking Active Galactic Nuclei with Aus-
tral Milliarcsecond Interferometry (TANAMI) monitoring con-
straints on the sub-parsec scale jet (Müller et al. 2014). Motions
with the Doppler factors required to avoid �� attenuation
(�D > 5.3), however, have not yet been observed on sub-parsec
scales.

The previously mentioned considerations, along with the evi-
dence for a clear hardening of the HE spectrum of Cen A,
make a single-zone SSC interpretation for its overall SED
very unlikely. Alternative scenarios, where the TeV emis-
sion from the high energy Cen A core is associated with
the presence of an additional emission component is instead
favoured.

A71, page 6 of 10

Fermi Col. 10

2-zone SSC fit
HESS Col. 18

hadronic modeling also possible
Cerruti+ 1610.00255 Sanchez+ (HESS), TeVPA 2018



Cen A in UHECRs?
Moskalenko+
09- potential correlation with

Auger “warm” spot

van Velzen+ 12all radio galaxies z<0.03
circle area proportional to radio flux

vs other nearby radio galaxies

name               D[Mpc]
Cen A 3.6
M87 18
For A 21
UGC 7360 32
NGC 4696 42
NGC 5090 47
I 4296 51
NGC 6328 59
NGC 11294 67
2MASX 69



Gamma-Ray Bursts

Clarify physics of GRBs
- mechanisms of prompt and early afterglow radiation,

particle acceleration, jet formation
Probe the Universe
- extragalactic background light (deeper than AGN)
- intergalactic magnetic fields
Test UHECR origin,
fundamental physics

search for
signatures of:

- accelerated hadrons
- Lorentz invariance

violation

Most luminous explosions
in the Universe,
largely unexplored at VHE

via VHE observations:

Piran 03

3. Transient Sources:



first clear detection of a GRB in VHE gamma rays:
GRB 190114C by MAGIC

Papers in preparation, please stay tuned! 

>20s above 300 GeV



high-energy neutrinos

- clear indicators of VHE/UHE cosmic ray production
- being detected by IceCube, but no correlation with

promising sources (bright GRBs, bright blazars) until recently

New window onto the Universe,
turned new mystery

VHE g follow-up
identify via co-produced g rays (either leptonic or hadronic):
- neutrino sources (if g-rays escape + propagate)
- VHE/UHECR sources (if g-rays + CRs escape+propagate)



n / EM observations of IC-170922A / TXS 0506+056

IceCube, Fermi, MAGIC+, 2018, Science 361, eaat1378 

石原・林田氏講演参照

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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IceCube
- 56.5% probability of

being astrophysical n
- alert after 43s
- well localized, <<1 deg
- En~290 TeV
(183 TeV - 4.3 PeV 90% C.L.
assuming -2.13 spectrum)
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今回のフェルミ衛星によるガンマ線観測結果

Fermi-LAT

Fermi-LAT
- coincident with blazar TXS 0506+056

in bright state (0.5 yr-long)
- significance of association ~3s

-> possible source of possible
astrophysical high-energy neutrino

MAGIC
~6s detection >~100 GeV



VHE observations of TXS 0506+056

- <day timescale flaring -> constraints on size of emission region

- prominent steepening of 
g-ray spectrum at ~100 GeV
-> consistent with internal
gg absorption with UV-X-rays 
= main targets for pg

neutrino production

MAGIC Col. arXiv:1807.04300

IC-170922A

time

energy

energy flux

flux

Fermi-LAT
G~-2.0

MAGIC
G~-3.5 - -4.0

crucial contraints on physical conditions of source



issues for high-energy neutrino origin
questions
- plausibility of 1-zone interpretation of EM data + IC-170922A
- origin of 2014-2015 neutrino flare during low gamma-ray state (if real)
- relation to other blazars: why TXS 0506+056 and not others?

high-frequency BL Lac objects, e.g. Mrk 421
flat spectrum radio quasars, e.g. 3C279

- contribution to diffuse IceCube flux -> likely minor
- origin of dominant source(s) of diffuse IceCube flux

…

outlook
more neutrino+EM observations necessary
- X-rays for constraining cascade emission
- VHE for constraining pg target density via gg absorption -> CTA
- extremely high-energy neutrinos for clarifying UHECR origin



IceCube sensitivity: North vs South

3.1. Neutrino Point-source Sensitivity

Figure 5 shows the 5σ discovery potential of the unbinned
likelihood analysis versus neutrino energy for point sources at
various declinations.56 A ¯n n+m m neutrino signal with half-
decade width is used for signal injection, using an E−2

spectrum within the energy range indicated by the step
function. The discovery potential shows a strong variation
with declination. In the up-going region (δ�−5°), atmospheric
muon background is efficiently removed and a large effective
area with good angular resolution is achieved above TeV
energies; compare Figures 1 and 2. This yields a discovery
potential reaching from TeV to EeV energies at the horizon
(δ= 0°, blue). For vertically up-going events (δ= 60°, red),
neutrinos at energies above 100 TeV begin to be absorbed in
Earth, hence reducing the discovery potential compared to the
horizon.

In the down-going region (southern sky, δ<−5°), large
backgrounds of atmospheric muons result in a higher energy
threshold of ∼100 TeV. Moreover, muon bundles imitate
single muons at very high energies, resulting in a high-energy
background. This diminishes the performance compared to the
northern sky. At δ=−60° (yellow), the discovery potential is
most effective above energies of 100 TeV; in fact, in between
100 TeV and PeV energies, starting tracks described in
Section 2.3 dominate the sensitivity compared with through-
going muons (Section 2.2). Even though the effective area is of
the same order in this energy regime, starting tracks have
significantly less background and thus a ∼170× higher purity
(0.09 d−1 sr−1 background events for starting tracks compared
to 15.5 d−1 sr−1 for through-going tracks). Including starting
tracks gives a factor of ∼8 improvement in discovery potential
at 100 TeV compared to only using through-going events
(dashed yellow in Figure 5). In the southern sky, similar
searches of Adrian-Martinez et al. (2014) test much lower
energies, resulting in complementary results combined in
Adrian-Martinez et al. (2015).

3.2. Full-sky Search

To find the most significant clustering in the sky, the
unbinned likelihood maximization is performed on the entire
sky. This is done iteratively using a grid with isotropically
spaced points(Gorski et al. 2005) finer than the typical event
reconstruction uncertainty that enters the likelihood description
in Equation (3).
Thus, for any point in the sky, the best-fitting n̂S, ĝ , and the

test statistic ,+ are obtained. The direction with the smallest p-
value defines a hot spot showing the biggest deviation from
background expectation. This is done for northern and southern
sky separately, as they differ in atmospheric backgrounds and
energy reach. Thus, two positions in the sky will be reported in
the full-sky scan. The significance is trial corrected, accounting
for the chance of background fluctuations occurring at any
position in the sky. The probability to observe no pre-trial

plog10 that is smaller than the one at the hot spot for N
independent trials is given by

( ) ( )( = - -d N p dp1 . 5N 1

For both northern and southern sky, the effective number of
independent trials N in the sky is fitted to ∼190,000 by
repeating the analysis on scrambled data maps. Regions close
to the poles (5°) are excluded from the scan because no large
off-source regions are available for scrambling. Accounting for
the trial factor, a pre-trial significance of 5.67σ (p-value
7.13× 10−9) is needed for a hot spot to be detected at 3σ
significance in the scan of the full sky.

3.3. Hot Spot Population Analysis

The large trial factor of the full-sky scan requires very strong
sources that overcome the trial factor. Thus, in addition to
looking at only the most significant spot in the sky, the entire
sky can be tested for an accumulation of multiple spots at
intermediate significance that exceeds the number expected by
background.
From the scan of the full sky, the positions of all the local

maxima exceeding - plog10 �3 are selected. The number of
spots observed above a threshold of- plog10 min is compared to
the background expectation from repeating the analysis on
scrambled data maps. The threshold value is optimized to give
the most significant excess over the mean background
expectation ( )l - plog10 min with Poisson statistics. The p-value
of the observation of at least n spots, given this expectation, is

!
( )( å l

= l-

=

¥

e
m

6
m n

m

and defines the test statistic of this test. Due to the optimization
of the threshold - plog10 min to minimize ( , the final result is
trial corrected using scrambled experimental data. This is done
separately for northern and southern sky. In addition, parts of
the sky coinciding with the Galactic plane± 15° are analyzed
as well for a Galactic contribution.

3.4. Source List Searches

In addition to the previously explained searches that did not
make any prior assumptions regarding directions in the sky,
sources of high-energy γ-rays can be used to search for
neutrino emission. Thus, the trial factor of the unbiased full-sky
scan can be effectively reduced by probing 74 promising

Figure 5. Discovery potential (5σ) for this analysis in different bins of neutrino
energy Eν with half-decade width. Within this energy range, an n

-E 2 spectrum
is used. Three different declinations are shown: up-going (red, δ = 60°),
horizontal (blue, δ = 0°), and down-going (yellow, δ = −60°) events. For
down-going events, the dashed line shows the discovery potential not using the
starting track sample described in Section 2.3.

56 The discovery potential is defined as a false-positive rate of 5σ or
2.87×10−7 with false-negative of 50%. The sensitivity is defined as a false-
positive rate of 50% with false-negative of 10%.
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- sub-PeV sensitivity: North > South
- PeV-EeV sensitivity: North < South, horizontal

-> South LSTs for follow-up of EHE neutrinos

IceCube Col.
2017
ApJ 835, 151 

horizontal

upgoing

downgoing



radio transients Pietka+ 15, Macquart+ 15
Fast Radio Burst Science Jean-Pierre Macquart
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Figure 3: Transient parameter space of specific luminosity versus the product of observing frequency and
transient duration. All the known sources of transient radio emission are shown. Overplotted are 1 kpc and
1 Gpc sensitivity curves for Parkes (black), SKA1-LOW (pink) and SKA1-MID (grey). This figure illustrates
the depth to which SKA1 can probe the transient radio sky. For example the published FRBs are all just above
the Parkes 1 Gpc sensitivity limit (black line). These sensitivity limit curves are for beamformed searches.
Fast imaging transient searches extend the RHS boundary of these curves all the way to the far right extent
of the plot. This Figure is based on a representation of parameter space originally made by Cordes, Lazio &
McLaughlin (2004).

3. Science-driven Telescope Requirements

The basic requirements resulting from the science cases mentioned above are as follows:-

• For the missing baryon science we need to detect of order 102 events per redshift bin. This
translates to requiring the detection of order 104 events in total (depending on their redshift
distribution.)

• It is estimated that the cosmic ruler science requires at least 103 events. The exact number
greatly depends on the dispersion of FRBDM values about the mean as a function of redshift.
It also depends on the contribution of the host galaxy to the overall DM which is, as yet,
undetermined.

• The science depends crucially on our ability to determine FRB redshifts, requiring event
localization to within ∼0.1-0.5′′ for events at z ! 1. The Dark Energy Survey (DES) and
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obs. frequency x duration

- Parkes
- SKA1-LOW
- SKA1-MID

kpc

Gpc

- e.g. fast radio bursts: extragal. (z~0.2-3), otherwise mysterious
some predictions for GeV-TeV emission 

- South LSTs for synergy with SKA and its pathfinders
e.g. Murase+ 16



58 S. R. Kulkarni

Figure 2. Theoretical and physically plausible possibilities are marked in the explosive transient
phase space. The original figure is from Rau et al. (2009). The updated figure (to show the
unexplored sub-day phase space) is from the LSST Science Book (v2.0).

CFH12K 96 Megapixel CCD mosaic, and the latter with a single 4 Megapixel CCD. The
clarity afforded by the singular focus allowed us to optimize PTF for transient studies.
Specifically, unlike some projects such as SDSS SN search, PS-1 and SkyMapper, we
undertake the search for transients in a single band (R band during most of the month
and g band during the darkest period). This simplification alone gives us a factor of five
more target throughput.

Next, we adopted a “No Transient Left Behind” strategy. Specifically, a transient
without any additional information (such as low-resolution spectroscopy) does not in
most instances represent a meaningful advance. After all, it is relatively easy to discover
ageing supernovæ, the occasional flare from the numerous dwarf stars, a burp from an
accreting system and so on. To address this important issue we employ the P60 to obtain
3-colour photometry to classify crudely the transient and use a variety of criteria for
relatively prompt low-resolution spectroscopy on an armada of larger telescopes (the
Palomar 200-inch, the KPNO 4-m, the WHT 4.2-m and the Lick 3-m). As a result we
have amassed a set of nearly 1500 spectroscopically classified supernovæ of which a good
fraction was detected prior to maximum.

Given that follow-up is at premium, having a small sample of transients with desired
properties is more valuable than a large sample of transients with a pot-pourri of prop-
erties. Thus, the choice of pointings and cadence control are critical. We have scoured
around the sky for regions with large local over-densities (d ! 200Mpc). The special hun-
dred PTF pointings contain 4 times more light than randomly chosen pointings (Kasliwal
2011). Cadence control is even more important. For instance, the logistics of obtaining
UV spectra of Type Ia supernovæ require that the supernovæ be identified 10 to 14
days prior to peak. In 2010 we focused on finding such supernovæ, and we now have
three dozen HST UV spectra of nearby Type Ia’s—an order of magnitude increase in

optical transients
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- e.g. supernova shock breakout events
some predictions for GeV-TeV, n emission

- South LSTs for synergy with LSST
e.g. Kashiyama+ 13



summary
- LSTs crucial for studying:

- extragalactic transients 
- GeV-TeV crossover regime of space and ground instruments

- necessary in South for studying:
- Galactic CR sources, promising UHECR source
- all-sky coverage of transients

- Galactic CR origin: SNR paradigm working
except for Pevatrons, CR escape process -> S-LSTs

- UHECR origin: mysterious
Cen A: unique g-ray source, promising UHECR source
-> study including S-LSTs

- transients
- GRBs: great prospects
- neutrinos: search initiated but still mysterious

-> S-LSTs to follow-up EHE neutrinos (~UHECR accel.)
- radio, optical -> S-LSTs for synergy with premier facilities


