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CTA vs current IACTs from W. Hofmann 



CTA vs current IACTs 

All-sky Coverage 
-> transients, survey	

Real Time Analysis 
Alerts in 30 sec  

-> transients	

adapted from W. Hofmann 

Versatile Pointing 
(subarrays, divergent) 
-> transients, surveys 



CTA (IACTs) vs Fermi�
for transients/variables �

big advantange over satellites for transients/variables:	

effec. area ~104 x LAT@30GeV �

Funk & Hinton 2013	




divergent pointing �
for transients/variables �

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.

 [TeV]
t

energy E

-210 -110 1 10
210

) 
[C

.U
.]

t
In

te
g

ra
l 
F

lu
x
 S

e
n

s
it

iv
it

y
 (

E
>

E

-210

-110

1

0
!
! 1

!

1
!

! 2
!

2
!

! 3
!

3
!
! 4

!

4
!

! 5
!

5
!
! 6

!

6
!
! 7

!

7
!
! 8

!

8
!
! 9

!

 [TeV]
t

energy E

-210 -110 1 10
210

) 
[C

.U
.]

t
In

te
g

ra
l 
F

lu
x
 S

e
n

s
it

iv
it

y
 (

E
>

E

-210

-110

1

0
!
! 1

!

1
!
! 2

!

2
!
! 3

!

3
!
! 3.5

!

3.5
!
! 4

!

4
!
! 4.5

!

4.5
!
! 5

!

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 7: Left: Integrated sensitivities above the Et . Right Differential sensitivities, within the energy range
(5 bins per energy decade). The sensitivities are calculated within each mode effective fields of views, for 8
hours for the divergent mode and 2 hours for the normal mode, the ratio of the observation times corresponds
to the ratio of the effective field of view areas.
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Figure 8: Ratio of integrated sensitivities (see text for details). Left: SST-only arrays, with 16 (black), 24
(red), 40 (green) and 56 (blue) telescopes. Right: 18 MSTs array without SSTs (black) and with 16 SSTs
(red), 24 SSTs (green), 48 SSTs (blue) and 56 SSTs (pink).

effective field of view of the pointing degrades as the number of telescopes decreases. This shows
in the sensitivities since parts of the field of view which are not as performant are included in the
chosen offset range, degrading the overall sensitivity. The ratio of divergent to normal pointing
mode integrated sensitivities for the different arrays are presented in Figure 8. For the SST-only
array at energies above 1TeV, the divergent pointing performance relative to the normal pointing
mode improves as the number of telescopes increases, with a clear step between 16 and 24 tele-
scopes. With 16 SSTs, the effective field of view becomes too small for the divergent pointing
to be competitive. Adding SSTs to an array of 18 MSTs improves the relative divergent pointing
performance, especially below 1 TeV, with the relative performance improving with the number of
SSTs.

4. Conclusion

Using an array of 18 MSTs and 56 SSTs, homogeneous performance over a 14� field of view
can be achieved with the divergent pointing mode presented here. The angular and energy reso-
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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 " #2:0. However, in our anal-
ysis, we use event weights corresponding to spectra with C " #2:57
for gamma rays and C " #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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- GRBs	

- Galactic transients	

 (microquasars, PWN flares, novae, etc)	

- X-ray/optical/radio transients	

 (TDEs, SN shock breakout events, FRBs, new transients)	

- HE neutrino transients	

- gravitational wave transients	

- serendipitous VHE transients	

- VHE transient survey via divergent pointing	
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2. Gamma-Ray Bursts	
 high photon statistics	

>tens of GeV 	

ESO 

Physics of GRBs 
- Prompt: mechanism, jet properties (central engine: NS/BH?) 
- Early afterglow: mechanism (plateau phase), 
   particle acceleration, B field generation 

Tools to probe the Universe 
- Extragalactic background light (deeper than AGN) 
- Intergalactic magnetic fields 

Tests of UHECR origin, 
fundamental physics 
  Search for signatures of: 
- Accelerated hadrons 
- Lorentz invariance violation 



GRB light curve: Fermi vs CTA	
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MeV �
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Y. Inoue	

Yamazaki	

(for CTA)	


Clarify physics of emission 
Test UHECR origin, LIV 



GRB afterglows	

ultrarelativistic outflow 
+ ext. medium interaction 
-> relativistic blastwave 
+ electron acceleration 
-> synchrotron emission 
radio - opt. - X - ~GeV	

open questions: 
mechanisms of 
- X-ray plateau (shallow) phase	
- chromatic light curve breaks 
- B field generation 
- particle acceleration 
… 
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produced by lepton Compton processes. Syn-
chrotron self-Compton (SSC) g-rays, made when
target synchrotron photons are Compton-scattered
by the same jet electrons that emit the synchro-
tron emission, are unavoidable. SSC emission is
expected to peak at TeV and higher energies
during the prompt phase (although no GRB has
been detected at TeV energies) and would cause
the GeV light curve to flatten and the LAT spec-
trum to harden when the peak of the SSC com-
ponent passes through the LATwaveband (29–31).
Such a feature may be seen in the light curves of
GRB 090902B and GRB 090926A at 15 to 30 s
after T0 (13), but no such hardening or plateau
associated with the SSC component is observed
in the LAT light curve of GRB 130427A, al-
though extreme parameters might still allow an
SSC interpretation [see, e.g., (32)]. Except for the
hard flare at t ! 250 s and a possible softening at
~3000 s [and therefore not associated with a prob-
able beaming break at t ! 0.8 days (7)], neither
the integral photon nor energy-flux light curves
in Fig. 2 show much structure or strong evidence
for temporal or spectral variability from t = 20 s
to t = 1 day. The NuSTAR observations (33) of
the late-time hard x-ray afterglow also suggest that
a single spectral component produces the emis-
sion from optical to multi-GeV energies. If this
emission is indeed synchrotron radiation, then the
standard afterglow shock model must be modi-
fied to account for the highest-energy photons
detected by the LAT.

These considerations suggest that other ex-
treme high-energy radiation mechanisms may be
operative, such as external Compton processes.
The most intense source of target photons is the

powerful engine emissions, as revealed by the
GBM and XRT prompt emission. A cocoon or
remnant shell is also a possible source of soft
photons, but unless the target photon source is
extended and radiant, it would be difficult to
model the nearly structureless LAT light curve
over a long period of time. Given the similarity
between the XRT and LAT light curves (Fig. 2),
afterglow synchrotron radiation made by elec-
trons accelerated at an external shock would also
be the favored explanation for the LATemission,
but this is inconsistent with the detection of high-
energy photons at late times.

The photon index of GRB 130427A, ~ –2, is
similar to those found in calculations of electro-
magnetic cascades created when the g-ray opacity
of ultrahigh energy (UHE, >100 TeV) photons in
the jet plasma is large (34). An electromagnetic
cascade induced by ultrarelativistic hadrons
would be confirmed by coincident detection of
neutrinos, but even for GRB 130427A with its
extraordinary fluence, only a marginal detection
of neutrinos is expected with IceCube, and none
has been reported (35). Because the UHE g-ray
photons induce cascades both inside the radiating
plasma and when they travel through interga-
lactic space [e.g., (36, 37)], a leptonic or hadronic
cascade component in GRBs, which is a natural
extension of colliding shell and blast wave mod-
els, might be required to explain the high-energy
emission of GRB 130427A provided that the re-
quired energies are not excessive. The observa-
tions described above demonstrate nonsynchrotron
emission in the afterglow phase of the bright
GRB 130427A, contrary to the hitherto standard
model of GRB afterglows.
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Fig. 4. Curves of maxi-
mum synchrotron pho-
ton energy. The black dots
showtheLATdetection times
of photons with energies
greater than 1 GeV and
>90% probability of as-
sociationwithGRB130427A.
Adiabatic and radiative pre-
dictions for maximum syn-
chrotron photon energy in
uniform interstellarmedium
(ISM) and wind environ-
ments are plotted using
the relations described in
(17). Red and blue curves
refer to the ISM and wind
cases, respectively. The sol-
id and dashed lines refer
to the adiabatic and radia-
tive cases with G0 = 1000,
and the dot-dashed and
double dot-dashed lines represent the adiabatic case with G0 = 500 and G0 = 2000, respectively. The
dotted lines show an extreme possibility where acceleration takes place on the inverse of the Larmor
angular frequency, in the case of an adiabatic blast wave with G0 = 1000. For cases with uniform external
medium, Eiso(1055 erg)/n0(cm–3) = 1. The wind normalization was chosen to give the same value of td for
both wind and ISM cases. The vertical dotted lines show periods of Earth avoidance when the LAT could not
observe GRB 130427A.
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RESEARCH ARTICLES

afterglows at VHE: beyond the synchrotron burnoff	


Ackermann+ 2013	

Kouveliotou+ 2013	

BUT	

broadband late-time spectra including NuSTAR obs. show no evidence	

of separate spectral component -> non-standard particle acceleration?	

GRB 130427A	

Fermi LAT	

maximum synchrotron photon energy for electrons	

dominated by synchrotron cooling	

τaccel∝ γe B-1, τsyn∝ γe

-1B-1	


τaccel=τsyn -> γe,max∝ B-1/2	

νsyn,max∝ Bγe,max

2	

Esyn,max~23/2[27/(16παf)]mec2	


                      x Γ(t)(1+z)-1	


            ~106 Γ(t)(1+z)-1 MeV	

GRB afterglows	

Γ<Γmax~1000 (Γ~10 at t~1d)	

-> E >100 GeV surely	

beyond synchrotron	

(SSC, EC, hadronic…)	


Kouveliotou+ 2013 still argue	

for synchrotron extension	

	



GRB afterglows at HE:���
emerging evidence of second hard component	


10/24 well-monitored LAT afterglows	

better described by broken power-law at 1-3σ CL ->	

suggestive of hard component above ~0.5 GeV-5 GeV	
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FIG. 1.— Comparison of light-curves (left column) and spectra (right column) for the GRB afterglow 130427A obtained with TRANSIENT-class and SOURCE-class
photons (upper row) and for a SOURCE REGION of 5 deg and 10 deg (lower row). Light-curves dN/dt for photons above 100 MeV are fit with a single power-law
t!! over the time-range 20–600s, the best-fit decay exponent !! and its uncertainty being indicated. At 600-3000s, the afterglow is behind by the Earth. After 10 ks,
most LAT photons are the celestial background, consistent with the factor four difference between the 5 deg and 10 deg photon fluxes shown in the lower-left panel.
(The Galactic and extragalactic backgrounds have a comparable flux and fairly flat power-per-decade spectrum). Spectra E2(dN/dE) are fit with single power-laws,
" t1!" , with the best-fit exponent 1 ! " indicated. Transient-class photons contain more detector background than source-class photons, but that does not change
significantly the light-curve decay index ! (upper-left panel). Because most instrument background photons are at low energy, their removal leads to source-class
spectra (blue symbols and line in the upper-right panel) that are harder than transient-class spectra (red): !" = !0.17±0.08. Increasing the source-region size from
PSF (100MeV ) = 5o to 2PSF (100MeV ) = 10o increases slightly the photon flux dN/dt, leaving unchanged the flux decay index ! (lower-left panel), and
leads to a softer spectrum (lower-right panel): !" = 0.16± 0.11. The reduction in #2 of the power-law fit to source-class photon spectrum shown in the upper-right
panel (blue) to that of the broken power-law fit to source-class photon spectrum shown in the lower-right panel (blue) is significant: the probability that #2 is reduced
by !#2 = 5 to #2

# = 0.45 by chance when a second power-law is added at higher energies is 1.2 percent. Tam et al (2013) has also reported the existence of this
hard component in the LAT spectrum of 130427.

E2(dN/dE)pl:

!(sp) = E2

!

Cpl

!EA!t
= E

"

E2
(dN/dE)pl
!EA!t

(2)

Cpl = (dN/dE)!EA!t being the model photon count in
channel of energy E, !E the width of that channel,!t the spec-
trum integration time, and A the detector effective area (A!t is
the full-exposure calculated by the GTEXPOSURE tool).

The reason for using the model flux uncertainty instead of
the measurement uncertainty calculated by the GTBIN tool is
that the latter is calculated by summing over weighted Poisson
distributions1 of all possible peak (or average) fluxes C with a
weight equal to the Poisson probability of measuring a flux Cobs

if the true (i.e. average) flux were C. Consequently, for lower-

energy channels (below 1 GeV), which often have Cobs
>!

few/several, the weighted-Poisson uncertainty calculated by
GTBIN is !gtbin(Cobs) "

#
Cobs and Poisson statistics for the

power-law model counts Cpl, which is equal with the measured
counts Cobs when the best-fit is reached, is good enough for es-
timating the measurement uncertainty and for use in the "2 cal-
culation. However, for higher-energy channels (above 1 GeV),
which always have Cobs

<! few, !gtbin(Cobs) >
#
Cobs and

the use of measurement errors calculated by GTBIN would give
little weight to the low statistics high-energy channels in deter-
mining the best-fit power-law. In that case, the use of model
count uncertainty yields a more correct calculation of "2 and
leads to a more accurate determination of the best-fit power-law
index.

1One reason for why GTBIN calculates the measurement uncertainty in that way is that, for a non-detection Cobs = 0, the Poisson distribution of average C = 0
is a $ function, whose dispersion % = 0 is not useful. Best reason is that LAT measuring Cobs photons does not imply that that measurement was drawn only from a
Poisson distribution of most-likely value Cobs.

GRB 130427A	

Panaitescu arXiv:1605.09367	

Of 24 LAT afterglows monitored over a decade in time:  	

The spectra of 10 afterglows (080916C, 090328, 090510, 091003, 
100414, 110721, 110731, 130427, 131231, 140619B) are better 
described with a broken power-law than a single power-law, indicating 
the existence of a hard component above a dip energy that ranges from 
0.5 GeV to 5 GeV, and at a 1-3σ confidence level.	




blazars before EGRET (-1991)	
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prominent GeV-TeV	

components totally	

unknown and unexpected	

for GRB afterglows,	

analogous situation now:	

- missing (possibly more	

  than) half the picture	

- possible surprises 



3. Fast Radio Bursts �
FRBs:	

- new class of radio transients	

- ms duration, very frequent: ~<10000/sky/day	

- likely extragalactic, extreme brightness temp.-> coherent	

- multiple subclasses? 1 repeating, rest non-repeating (so far)	

- origin mysterious! no. of models >> no. of known FRBs	

- new cosmological probe	


- fast radio bursts: 正体不明の新種突発電波源	

��redshiftが測定できるようになれば電離ガスの	

  ユニークなプローブ	


VHE prospects:	

IF magnetar flare-like, correlated VHE bursts?	

  -> simultaneous campaign with radio of repeating FRBs	

  -> search for serendipitous events	

IF NS merger-like, short GRB-like prompt or afterglow, etc	

  -> follow-up of FRB alerts	


Can VHE kill the radio star? �

optical bursts?	


more from Aoki, Totani	

Any multi-wavelength/messenger counterpart important!	




FRBs: new class of transients	
 Thornton+ 13 Science	


signal-to-noise ratios (SNRs) to yield astrophysi-
cally interesting constraints for either parameter
and show no evidence of scattering.

Our FRBs were detected with DMs in the
range from553 to 1103 cm!3 pc. Their highGalactic
latitudes (jbj > 41!, Table 1) correspond to lines
of sight through the low column density Galactic
ISM corresponding to just 3 to 6% of the DM
measured (10). These small Galactic DM con-
tributions are highly supportive of an extragalac-
tic origin and are substantially smaller fractions
than those of previously reported bursts, which
were 15% of DM= 375 cm!3 pc for FRB 010724
(4) and 70% of DM = 746 cm!3 pc for FRB
010621 (5).

The non-Galactic DM contribution, DME, is
the sum of two components: the intergalactic
medium (IGM; DMIGM) and a possible host gal-
axy (DMHost). The intervening medium could be
purely intergalactic and could also include a con-
tribution from an intervening galaxy. Two op-
tions are considered according to the proximity
of the source to the center of a host galaxy.

If located at the center of a galaxy, this may be
a highly dispersive region; for example, lines
of sight passing through the central regions of
Milky Way–like galaxies could lead to DMs in
excess of 700 cm!3 pc in the central ~100 pc (11),
independent of the line-of-sight inclination. In
this case, DME is dominated by DMHost and re-
quires FRBs to be emitted by an unknownmecha-
nism in the central region, possibly associated
with the supermassive black hole located there.

If outside a central region, then elliptical host
galaxies (which are expected to have a low electron
density) will not contribute to DME substantially,
and DMHost for a spiral galaxy will only contrib-
ute substantially to DME if viewed close to edge-
on [inclination, i > 87! for DM > 700cm!3pc;
probability!i > 87!" " 0:05]. The chance of all
four FRBs coming from edge-on spiral galaxies
is therefore negligible (10!6). Consequently, if the
sources are not located in a galactic center, DMHost

would likely be small, and DMIGM dominates.
Assuming an IGM free-electron distribution, which
takes into account cosmological redshift and as-
sumes a universal ionization fraction of 1 (12, 13),
the sources are inferred to be at redshifts z = 0.45
to 0.96, corresponding to comoving distances of
1.7 to 3.2 Gpc (Table 1).

In principle, pulse scatter-broadening mea-
surements can constrain the location and strength
of an intervening scattering screen (14). FRBs
110627, 110703, and 120127 are too weak to
enable the determination of any scattering; how-
ever, FRB 110220 exhibits an exponential scat-
tering tail (Fig. 1). There are at least two possible
sources and locations for the responsible scatter-
ing screens: a host galaxy or the IGM. It is pos-
sible that both contribute to varying degrees.

For screen-source, Dsrc, and screen-observer,
Dobs, distances, themagnitude of the pulse broad-
ening resulting from scattering is multiplied by
the factor DsrcDobs=!Dsrc + Dobs"2. For a screen
and source located in a distant galaxy, this effect

probably requires the source to be in a high-
scattering region, for example, a galactic center.

The second possibility is scattering because
of turbulence in the ionized IGM, unassociated
with any galaxy. There is a weakly constrained
empirical relationship betweenDM andmeasured
scattering for pulsars in the MW. If applicable to
the IGM, then the observed scattering implies
DMIGM > 100cm!3 pc (2, 15). With use of the
aforementioned model of the ionized IGM, this
DM equates to z > 0:11 (2, 12, 13). The prob-
ability of an intervening galaxy located along the
line of sight within z " 1 is #0.05 (16). Such a
galaxy could be a source of scattering and dis-
persion, but the magnitude would be subject to
the same inclination dependence as described for
a source located in the disk of a spiral galaxy.

It is important to be sure that FRBs are not a
terrestrial source of interference. Observations at
Parkes have previously shown swept frequency
pulses of terrestrial origin, dubbed “perytons.”
These are symmetric W > 20 ms pulses, which
imperfectly mimic a dispersive sweep (2, 8). Al-
though perytons peak in apparent DM near
375 cm!3 pc (range from ~200 to 420 cm–3 pc),

close to that of FRB 010724, the FRBs presented
here have much higher and randomly distributed
DMs. Three of these FRBs are factors of >3
narrower than any documented peryton. Last, the
characteristic scattering shape and strong disper-
sion delay adherence of FRB 110220 make a
case for cold plasma propagation.

The Sun is known to emit frequency-swept
radio bursts at 1 to 3GHz [typeIIIdm (17)]. These
bursts have typical widths of 0.2 to 10 s and
positive frequency sweeps, entirely inconsistent
with measurements of W and a for the FRBs.
Whereas FRB 110220 was separated from the
Sun by 5.6°, FRB 110703 was detected at night
and the others so far from the Sun that any
solar radiation should have appeared in multi-
ple beams. These FRBs were only detected in a
single beam; it is therefore unlikely they are of
solar origin.

Uncertainty in the true position of the FRBs
within the frequency-dependent gain pattern of
the telescope makes inferring a spectral index, and
hence flux densities outside the observing band,
difficult. A likely off-axis position changes the in-
trinsic spectral index substantially. The spectral

Fig. 1. The frequency-integrated flux densities for the four FRBs. The time resolutions match the
level of dispersive smearing in the central frequency channel (0.8, 0.6, 0.9, and 0.5 ms, respectively).
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energy distribution across the band in FRB 110220
is characterized by bright bands ~100 MHz wide
(Fig. 2); the SNRs are too low in the other three
FRBs to quantify this behavior (2). Similar spec-
tral characteristics are commonly observed in the
emission of high-|b| pulsars.

With four FRBs, it is possible to calculate an
approximate event rate. The high-latitude HTRU
survey region is 24% complete, resulting in 4500
square degrees observed for 270 s. This cor-
responds to an FRB rate ofRFRB!F e 3 Jy ms" #
1:0$0:6

!0:5 % 104sky!1day!1, where the 1-s uncer-
tainty assumes Poissonian statistics. The MW
foreground would reduce this rate, with increased
sky temperature, scattering, and dispersion for
surveys close to the Galactic plane. In the ab-
sence of these conditions, our rate implies that
17$9

!7 , 7
$4
!3 , and 12$6

!5 FRBs should be found in
the completed high- and medium-latitude parts
of the HTRU (1) and Parkes multibeam pulsar
(PMPS) surveys (18).

One candidate FRB with DM > DMMW has
been detected in the PMPS [ jbj < 5! (5, 19)].
This burst could be explained by neutron star
emission, given a small scale-height error;
however, observations have not detected any
repetition. No excess-DM FRBs were detected in
a burst search of the first 23% of the medium-
latitude HTRU survey [jbj < 15! (20)].

The event rate originally suggested for
FRB 010724, R010724 # 225 sky!1 day!1 (4), is
consistent with our event rate given a Euclid-
ean universe and a population with distance-
independent intrinsic luminosities (source
count, NºF!3=2) yielding RFRB !F e 3 Jy ms"
e 102RFRB!F010724 e 150 Jy ms".

There are no known transients detected at
gamma-ray, x-ray, or optical wavelengths or
gravitational wave triggers that can be temporally
associated with any FRBs. In particular there is

Fig. 2. A dynamic spectrum showing the frequency-
dependent delay of FRB 110220. Time is measured relative
to the time of arrival in the highest frequency channel. For clarity
we have integrated 30 time samples, corresponding to the dis-
persion smearing in the lowest frequency channel. (Inset) The
top, middle, and bottom 25-MHz-wide dedispersed subband used
in the pulse-fitting analysis (2); the peaks of the pulses are
aligned to time = 0. The data are shown as solid gray lines and
the best-fit profiles by dashed black lines.

Table 1. Parameters for the four FRBs. The position given is the center of the gain pattern of the beam
in which the FRB was detected (half-power beam width ~ 14 arc min). The UTC corresponds to the arrival
time at 1581.804688MHz. The DM uncertainties depend not only on SNR but also on whether a and b are
assumed (a # !2; no scattering) or fit for; where fitted, a and b are given. The comoving distance was
calculated by using DMHost = 100 cm!3 pc (in the rest frame of the host) and a standard, flat-universe
LCDM cosmology, which describes the expansion of the universe with baryonic and dark matter and dark
energy [H0 = 71 km s!1Mpc!1,WM=0.27,WL =0.73;H0 is the Hubble constant andWM andWL are fractions
of the critical density of matter and dark energy, respectively (29)]. a and b are from a series of fits using
intrinsic pulse widths of 0.87 to 3.5ms; the uncertainties reflect the spread of values obtained (2). The observed
widths are shown; FRBs 110627, 110703, and 120127 are limited by the temporal resolution due to dis-
persion smearing. The energy released is calculated for the observing band in the rest frame of the source (2).

FRB 110220 FRB 110627 FRB 110703 FRB 120127

Beam right
ascension ( J2000)

22h 34m 21h 03m 23h 30m 23h 15m

Beam declination
( J2000)

!12° 24! !44° 44! !02° 52! !18° 25!

Galactic latitude,
b (°)

!54.7 !41.7 !59.0 !66.2

Galactic longitude,
l (°)

+50.8 +355.8 +81.0 +49.2

UTC (dd/mm/yyyy
hh:mm:ss.sss)

20/02/2011
01:55:48.957

27/06/2011
21:33:17.474

03/07/2011
18:59:40.591

27/01/2012
08:11:21.723

DM (cm!3 pc) 944.38 T 0.05 723.0 T 0.3 1103.6 T 0.7 553.3 T 0.3
DME (cm

!3 pc) 910 677 1072 521
Redshift, z (DMHost =

100 cm!3 pc)
0.81 0.61 0.96 0.45

Co-moving distance,
D (Gpc) at z

2.8 2.2 3.2 1.7

Dispersion index, a !2.003 T 0.006 – !2.000 T 0.006 –
Scattering index, b !4.0 T 0.4 – – –
Observed width

at 1.3 GHz, W (ms)
5.6 T 0.1 <1.4 <4.3 <1.1

SNR 49 11 16 11
Minimum peak

flux density Sn(Jy)
1.3 0.4 0.5 0.5

Fluence at 1.3 GHz,
F (Jy ms)

8.0 0.7 1.8 0.6

SnD2 (! 1012 Jy kpc2) 10.2 1.9 5.1 1.4
Energy released, E (J) ~1039 ~1037 ~1038 ~1037
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Sν~0.4-1.3 Jy @1.28-1.52 GHz	

Δt~<5 ms	

DM~550-1100 pc cm-3	


-> D~1.7-3.2 Gpc (z~<0.5-1.0)	

-> Erad~1037-1039 erg	


RFRB~104 d-1~0.1RSN,1000RGRB! �

see also Kulkarni+	

arXiv:1402.4766	
Parkes High Time Resolution Universe survey	

Lorimer+ 07 �

(Etot possibly much higher, cf. pulsars)	




6

Figure 2. Dynamic spectra for each of the bursts detected in 2015 November and December using GUPPI (bursts 12� 16) and PUPPI
(burst 17) dedispersed at DM=559 pc cm�3. For each burst, total intensity is shown in grayscale, the top panels show the burst time series
summed over frequency, and the side panels show bandpass-corrected burst spectra summed over a 10-ms window centered on the burst.
The on-burst spectrum is shown as a black line and an o↵-burst spectrum is shown as a gray line to show the noise level. Note that some
frequency channels are masked due to RFI.

FRB 121102+:���
first (and so far only) repeater�

Spitler+ 16, Nature; Scholz+ 1603.08880�

- discovered by Arecibo in 2012	

  17 FRBs until June 2015,	

   inc. GBT, Effelsberg	
	

- near Galactic anti-center	

  DM~559 pc cm-3 >> DMMW~200 pc cm-3	


  -> likely extragalactic, z~0.2?	
	

- average 3 FRBs/hr, but strongly	

  time-clustered, no periodicity	
	

- large variations in profile, spectra	

  similar to Crab GRPs	

  -> extragalactic pulsar super-GRPs?	
	

- comparison with other FRBs:	

  Arecibo sensitivity >10x Parkes	

  -> fainter repetition in other FRBs?	

  duration ~3-9ms, significantly longer	

  -> separate class?	




2 K. Murase et al.

and references therein). Among them, extragalactic
young neutron stars (NSs) including strongly magne-
tized NSs (so-called magnetars) have been considered as
promising candidates (Popov & Postnov 2010; Lyubarsky
2014; Falcke & Rezzolla 2014; Cordes & Wasserman 2016;
Connor, Sievers & Pen 2016). NSs are expected to form as
compact remnants of core collapse supernova (SN) explo-
sions, and a significant fraction of the magnetic energy
and/or rotation energy can be extracted from the young
NSs whose magnetic fields have not decayed yet. Com-
pact merger models are also often discussed, where ei-
ther NS or white dwarf (WD) or black hole (BH) are in-
volved in the merger system (Totani 2013; Zhang 2014;
Kashiyama, Ioka & Mészáros 2013). For NS-NS, NS-BH,
and WD-WD mergers, baryonic ejecta with ! 10!5 "
10!2 M" are expected to move with a fast velocity of
! 0.05 " 0.3 c.

In either case, one naturally expects the formation
of a tenuous wind bubble embedded in the baryonic
ejecta, and the relativistic wind is driven by the spin-down
activity of the NSs or WDs. It has been thought that
pulsar winds that are initially Poynting-dominated become
relativistic by the time they reach the light cylinder, and
may further be accelerated in the wind zone via magnetic
dissipation processes (e.g., Komissarov 2013, and references
therein). Studies of Galactic pulsar wind nebulae (often
referred to as plerions) suggest that a significant fraction
of the spin-down energy is dissipated at the termination
shock, where it converts into the non-thermal energy of
accelerated particles, which are primarily electrons and
positrons (Rees & Gunn 1974; Kennel & Coroniti 1984).
Embryonic nebular emission has also been of interest in
the literature of gamma-ray bursts (GRBs) (e.g., Usov
1992; Thompson 1994; Blackman & Yi 1998; Dai & Lu
1998; Zhang & Mészáros 2001) including the “supranova”
model (e.g., Vietri & Stella 1998; Inoue, Guetta & Pacini
2003), energetic SNe such as super-luminous SNe
(SLSNe) (e.g., Thompson, Chang & Quataert 2004;
Maeda et al. 2007; Kasen & Bildsten 2010; Woosley 2010;
Murase et al. 2015; Kashiyama et al. 2016), and kilo-
novae/macronovae (e.g., Kisaka, Ioka & Takami 2015;
Gao et al. 2015; Kisaka, Ioka & Nakar 2016). An e!cient
conversion of the rotation energy into particle energy is
required for the pulsar-driven SN model to explain these
energetic SNe.

In this work, we study the consequences of an impulsive
burst that occurs inside a wind bubble and SN ejecta. Multi-
wavelength observations are crucial for distinguishing among
the various models, and here we show that the existence of
wind bubbles leads to interesting implications for the ob-
servations. We investigate three representative cases as ex-
amples, (a) the magnetar scenario, (b) the rapidly-rotating
neutron star (RNS) scenario, and (c) the magnetized white
dwarf (MWD) scenario. In Section 2 we outline our goals
and we set up a model of the nebula emission based on the
theoretical modeling of Galactic pulsar wind nebulae. Then,
independently of the details of the emission mechanisms, we
consider the fate of high-energy gamma-rays and radio waves
propagating in the nebula and in the baryonic ejecta, and

Figure 1. Schematic picture of the burst-in-bubble model.

show that the escape of gamma-rays and radio waves is pos-
sible for NSs with ages of T ! 10" 100 yr. In Section 3, we
discuss the impact of a highly relativistic outflow that origi-
nates from an impulsive magnetic dissipation event. The de-
celerating relativistic flow may boost the pre-existing non-
thermal particles in the nebula, and high-energy gamma-
ray flashes (HEGFs) are expected in the GeV-TeV range.
We also argue that possible dissipation at the reverse shock
leads to lower-energy gamma-ray emission in the MeV-GeV
range. In Section 4, we discuss the possibility of a subse-
quent afterglow emission, and show that interactions with
the dense baryonic ejecta may lead to detectable radio emis-
sion for nearby bursts, especially in the magnetar scenario.
In Section 5, we discuss possible constraints on the mag-
netar giant flare scenario, as well as some issues arising in
merger scenarios. Throughout this work, we use the notation
Q = 10xQx in CGS unit unless noted otherwise.

2 SETUP: PROPERTIES OF WIND BUBBLES

2.1 Simplified nebula dynamics

We consider young nebulae that are formed by the
spin-down activity of NSs (or WDs) embedded in the
SN ejecta (or merger ejecta). Such a scenario is nat-
urally expected in many models involving nascent pul-
sars and MWDs 1, for not only FRBs but also SLSNe,
GRBs, kilonovae/macronovae, high-energy neutrino emit-
ters (e.g., Murase, Mészáros & Zhang 2009; Fang et al.
2014), and even TeV cosmic-ray electron-positron facto-
ries (Kashiyama, Ioka & Kawanaka 2011), although refer-
ence parameters vary among the scenarios (see Fig. 6). The
nebular emission is powered by the rotation energy, whose

1 Of course, there are exceptions. For example, if NSs or magne-
tars are formed by the accretion-induced collapse, we do not have
to expect the existence of the dense SN ejecta.

c! 2016 RAS, MNRAS 000, 1–15

-> search for serendipitous events �
~1 FRB/4 days in 4.5 deg FOV	


VHE prospects for FRBs 1�
- pulsar/magnetar-like progenitor	

  hyper-flare driven pulse/outflow	

  + nebula interaction	


e.g. model of Lyubarsky 14 �
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3 MA S E R E M I S S I O N F RO M T H E FO RWA R D
S H O C K

Taking into account that the magnetization of the plasma within
the nebula is not small and only increases at the shock front, let
us assume for simplicity that in the shocked plasma the magnetic
field is in equipartition, which means that the magnetic field is
B = 2!1/2Bpulse. In the downstream plasma, the inverse population
is formed at the particle energies less than mec

2!cd. In this case, the
maser emission predominantly occurs at the rotation frequency of
these particles,1 " " = #"

B/2! = eB "/(2!mec!cd), where the quanti-
ties in the downstream frame are marked by prime. In the observer’s
frame, the main radiation frequency is estimated as

"0 = 1#
2

eBpulse

2!mec!cd
= 42

$ 1/4b1/2p
1/2
!8

#
MHz. (8)

This frequency is lower than the observed one but simulations show
that the emitted spectrum extends to higher frequencies (Gallant
et al. 1992). This is presumably because the particles radiate away
their energy and become to rotate faster.

If a fraction % of the particle energy is radiated away, the observed
luminosity is estimated as

L = %Ṅmec
2!2

cd, (9)

where Ṅ is the number of particles entering the shock per unit time,

Ṅ = 4!r2
s cn, (10)

n the particle density in the nebula.
The radiation power reaches a few per cent of the upstream energy

(Gallant et al. 1992); however, most of the energy is emitted at the
basic frequency (equation 8). The fraction of the energy emitted
at the observation frequency, $1 GHz, is smaller therefore, we
normalize % by 10!3. The pulse penetrates into the nebula only the
distance &r given by equation (7). Therefore, the total isotropic
energy of the maser radio emission is estimated as

Eradio = %4!r2
s mec

2n!2
cd&r = 2 % 1046%!3b

2B2
&15l6$

!1n erg.

(11)

The energies of the observed radio bursts, $1040 erg, could be
achieved at the particle densities in the nebula n $ 10!6 cm!3. Note
that this is comparable with the particle density in the Crab nebula.
Taking into account the transit time effects, the observed duration
of the burst is

't = 2
c!2

cd
&r = 1.3 % 10!4l6 s. (12)

4 V E RY H I G H EN E R G Y E M I S S I O N F RO M T H E
F O RWA R D S H O C K

In PWNe, the energy density and the pressure is determined by
high-energy particles with the Lorentz factors ( E $ 104–106. At
( < ( E, the particle spectrum is a power law, '( !) , with a rather
shallow slope, ) = 1–1.5. With such a slope, most of particles find
themselves at low energies whereas the plasma pressure and the
energy density are determined by a small fraction of high-energy

1 More exactly, the emission peaks at the frequency #"
B if * > 1. In the oppo-

site case, the radiation peak occurs at a larger frequency, + = 0.5*!1/4#"
B

(Lyubarsky 2006). Taking into account that in our case, * $ 1, I neglect this
difference in rough estimates.

particles. Normalizing by the plasma pressure, p, one can write the
particle spectrum as

dnHE

d(
= 3(2 ! ))p

mec2( 2
E

!
(E

(

")

. (13)

Downstream of the forward shock, these particles rotate in the mag-
netic field. In the downstream frame, the particle Lorentz factor is
( " = 2(!cd and the particle momentum is transferred to the down-
stream medium, if it completes at least a quarter of the Larmor
rotation before it loses the energy to the synchrotron emission. The
corresponding condition is

4
9
+"

B( "2 < mec
3/e2, (14)

where +"
B = eBpulse/(

#
2mec!cd) is the Larmor frequency in the

downstream frame. This condition means that the maximal energy
of synchrotron photons detected by an observer at rest is

,1 $ !mec
3

e2
!cd = 1.3

b1/2

$ 1/4#
TeV. (15)

Substituting the estimates (4) and (6) into equation (14), one finds
that only particles with the Lorentz factors

( < (1 = 9.2 % 104 $ 1/8#3/2

b3/4p
1/4
!8

(16)

transfer their momenta to the downstream medium.
The coefficient $ was introduced in equation (5) in order to take

into account that because the most energetic particles lose their
energy before completing a Larmor turn, only a fraction $ < 1 of
the total bulk pressure is really exerted on the piston. The coefficient
$ is in fact the ratio of the energy contained in the particles with the
Lorentz factors ( < ( 1 to the total plasma energy. For the particle
distribution function (13), one can write

$ = 1
3p

# (1

1
mec

2(
dnHE

d(
d( =

$
%
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1 (1 > (E
'

(1
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(1 < (E.
(17)

Substituting equation (16), one gets an equation for $ . At ) = 1,
this yields

$ = min

)
1;

0.9#12/7

(
8/7
E5 b6/7p

2/7
!8

*
. (18)

For ) = 1.5, one gets

$ = min

)
1;

#4/5

(
8/15
E5 b2/5p

2/15
!8

*
. (19)

In any case, the total available energy

Etotal = B2
pulser

2l = 1048b2B2
&15l6 (20)

is emitted in the ultrahigh-energy band (15) as a pulse with the
duration (12). Such a pulse could be observed from the distance
$100 Mpc.

5 MASER EMISSION FROM THE R EVERSE
S H O C K

Let us now consider the maser emission from the reverse shock.
Let the plasma within the magnetic pulse move with the Lorentz
factor (estimated below) !pulse. Downstream of the reverse shock,
the particles rotate in the magnetic field with the Lorentz factor

( " = !pulse/(2!cd). (21)
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Taking into account that the magnetization of the plasma within
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et al. 1992). This is presumably because the particles radiate away
their energy and become to rotate faster.
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n the particle density in the nebula.
The radiation power reaches a few per cent of the upstream energy

(Gallant et al. 1992); however, most of the energy is emitted at the
basic frequency (equation 8). The fraction of the energy emitted
at the observation frequency, $1 GHz, is smaller therefore, we
normalize % by 10!3. The pulse penetrates into the nebula only the
distance &r given by equation (7). Therefore, the total isotropic
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The energies of the observed radio bursts, $1040 erg, could be
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that this is comparable with the particle density in the Crab nebula.
Taking into account the transit time effects, the observed duration
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( < ( E, the particle spectrum is a power law, '( !) , with a rather
shallow slope, ) = 1–1.5. With such a slope, most of particles find
themselves at low energies whereas the plasma pressure and the
energy density are determined by a small fraction of high-energy
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site case, the radiation peak occurs at a larger frequency, + = 0.5*!1/4#"
B

(Lyubarsky 2006). Taking into account that in our case, * $ 1, I neglect this
difference in rough estimates.

particles. Normalizing by the plasma pressure, p, one can write the
particle spectrum as

dnHE

d(
= 3(2 ! ))p

mec2( 2
E

!
(E

(

")

. (13)

Downstream of the forward shock, these particles rotate in the mag-
netic field. In the downstream frame, the particle Lorentz factor is
( " = 2(!cd and the particle momentum is transferred to the down-
stream medium, if it completes at least a quarter of the Larmor
rotation before it loses the energy to the synchrotron emission. The
corresponding condition is

4
9
+"

B( "2 < mec
3/e2, (14)

where +"
B = eBpulse/(

#
2mec!cd) is the Larmor frequency in the

downstream frame. This condition means that the maximal energy
of synchrotron photons detected by an observer at rest is

,1 $ !mec
3

e2
!cd = 1.3

b1/2

$ 1/4#
TeV. (15)

Substituting the estimates (4) and (6) into equation (14), one finds
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In any case, the total available energy
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is emitted in the ultrahigh-energy band (15) as a pulse with the
duration (12). Such a pulse could be observed from the distance
$100 Mpc.
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Let us now consider the maser emission from the reverse shock.
Let the plasma within the magnetic pulse move with the Lorentz
factor (estimated below) !pulse. Downstream of the reverse shock,
the particles rotate in the magnetic field with the Lorentz factor
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Taking into account that the magnetization of the plasma within
the nebula is not small and only increases at the shock front, let
us assume for simplicity that in the shocked plasma the magnetic
field is in equipartition, which means that the magnetic field is
B = 2!1/2Bpulse. In the downstream plasma, the inverse population
is formed at the particle energies less than mec

2!cd. In this case, the
maser emission predominantly occurs at the rotation frequency of
these particles,1 " " = #"
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This frequency is lower than the observed one but simulations show
that the emitted spectrum extends to higher frequencies (Gallant
et al. 1992). This is presumably because the particles radiate away
their energy and become to rotate faster.

If a fraction % of the particle energy is radiated away, the observed
luminosity is estimated as
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where Ṅ is the number of particles entering the shock per unit time,
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n the particle density in the nebula.
The radiation power reaches a few per cent of the upstream energy

(Gallant et al. 1992); however, most of the energy is emitted at the
basic frequency (equation 8). The fraction of the energy emitted
at the observation frequency, $1 GHz, is smaller therefore, we
normalize % by 10!3. The pulse penetrates into the nebula only the
distance &r given by equation (7). Therefore, the total isotropic
energy of the maser radio emission is estimated as
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The energies of the observed radio bursts, $1040 erg, could be
achieved at the particle densities in the nebula n $ 10!6 cm!3. Note
that this is comparable with the particle density in the Crab nebula.
Taking into account the transit time effects, the observed duration
of the burst is

't = 2
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&r = 1.3 % 10!4l6 s. (12)
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In PWNe, the energy density and the pressure is determined by
high-energy particles with the Lorentz factors ( E $ 104–106. At
( < ( E, the particle spectrum is a power law, '( !) , with a rather
shallow slope, ) = 1–1.5. With such a slope, most of particles find
themselves at low energies whereas the plasma pressure and the
energy density are determined by a small fraction of high-energy

1 More exactly, the emission peaks at the frequency #"
B if * > 1. In the oppo-

site case, the radiation peak occurs at a larger frequency, + = 0.5*!1/4#"
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(Lyubarsky 2006). Taking into account that in our case, * $ 1, I neglect this
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The coefficient $ was introduced in equation (5) in order to take

into account that because the most energetic particles lose their
energy before completing a Larmor turn, only a fraction $ < 1 of
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is emitted in the ultrahigh-energy band (15) as a pulse with the
duration (12). Such a pulse could be observed from the distance
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Let the plasma within the magnetic pulse move with the Lorentz
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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
! hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor !104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L" (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is !400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r # 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
!obs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with !obs ! !j , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ! days–weeks by observers with viewing angles
of !obs ! 2!j (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting !few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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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 " #2:0. However, in our anal-
ysis, we use event weights corresponding to spectra with C " #2:57
for gamma rays and C " #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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summary	

crucial advantages over Fermi, current IACTs	

- large effective area	

- all sky coverage, versatile pointing, real-time analysis…	


Transients with CTA	


GRBの絶ゆ光�諸行無常の兆しあり…	

Transients are most valuable for CTA Japan! 	

Exciting new prospects for:	

- GRBs: prompt - detailed spectra, light curves…	

              afterglow - new components beyond sync.	

- FRBs: test of origin(s)	

- GW: localization, SGRB/FRB connection, merger physics…	

- unbiased transient search via divergent pointing 	

- others: neutrinos, Galactic transients, etc…	




Figure 1

Phases of a neutron star merger as a function of time, showing the associated observational signatures and underlying
physical phenomena. Coalescence inset courtesy of D. Price and S. Rosswog [see also (15)].

forms. Obtaining an accurate source position is multiplicative, as it enables a much larger
range of electromagnetic facilities (often more sensitive, but with narrower fields of view,

e.g. the Hubble Space Telescope) to obtain complementary observations.
Due to their transient nature, discovering the EM counterparts of NSNS/NSBH merg-

ers requires follow-up observations with time-sensitive facilities. NASA’s Swift and Fermi

satellites provide nearly continuous coverage of the sky at hard X-ray and gamma-ray wave-
lengths. Several optical/IR transient surveys have been in operation over the last several

years, with more coming online in the next several years, culminating in the Large Syn-

optic Survey Telescope (9). Wide-field radio arrays, such as LOFAR (10), provide nearly
continuous coverage of the northern hemisphere sky in the hundreds of MHz radio band.

NSNS/NSBH mergers also represent an important topic in Nuclear Astrophysics. The
neutron star equation of state (EOS) plays an important role in the GW signal, both

during the late inspiral phase and in the fate of the post-merger remnant. The ejecta

from NS mergers are an astrophysical source of rapid neutron-capture (r-process) nuclei,
the origin of which has remained a mystery for almost 70 years (11, 12). The short-lived,

neutron-rich nuclei produced during the r-process serve as probes of the nuclear force in

asymmetric conditions and of the limits of nuclear stability (13). Significant e!orts are
underway to improve experimental capabilities to measure the masses and lifetimes of these

nuclei, including the Facility for Rare Isotope Beams (14).
This review summarizes the state-of-the art in the predicted EM emission from NSNS

and NSBH mergers. The structure of the paper follows the time evolution of the merger
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VHE prospects for FRBs 2�
- NS merger progenitor   -> similar to prospects for GWs	

  FRB: quasi-isotropic coherent emission from NS magnetosphere, etc	

            e.g. Totani 13, Falcke & Rezzolla 13	

  VHE: short GRB on-beam prompt+afterglow   cf. GRB 090510	

            short GRB off-beam “orphan” afterglow?	

            merger ejecta + ext. medium interaction?	

  -> follow-up of FRB alerts (currently Parkes, future CHIME, FAST…)	


from	

Fernandez &	

Metzger 16	


FRB?� VHE?�VHE�


