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「ニュートリノ・重力波時代のマルチメッセンジャー天文学の展望」

MAGIC・CTA実験による 
γ線追尾観測の展望
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CTA LST



大気チェレンコフ望遠鏡
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MAGIC・CTA LST
• MAGIC望遠鏡


• 17m口径2台、視野3.5度、1039画素（0.1度）


• 2004年から1台、2009年から2台観測開始 
2012年カメラアップグレード、2013年から 
ほぼ現在と同じ感度で観測中


• Cherenkov Telescope Array（CTA）大口径望遠鏡（LST）
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2The MAGIC Telescopes

Credit: MAGIC Outreach Team
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（GTC）

• CTA実験の一部（詳細は14日の講演参照）


• 23m口径、視野4.5度、1855画素（0.1度）


• 北半球サイト：2018年1号基完成、観測中 
2024年にLST4台完成、アレイ観測開始予定

• 共にスペイン・カナリア諸島ラパルマ島　同じ天体を追尾可能



MAGIC特長 → LST改善点
• エネルギー閾値: 30-50 GeV  

(MAGIC) → 20 GeV（LST）　 
宇宙赤外放射の吸収が減り 
より遠くの天体が観測可 

• 感度: <0.7% Crab ＠ 220  
GeV in 50 h → 1桁改善 

• E分解能: 15% → <10%＠TeV 
角度分解能: 0.06度 → 0.05度 ＠TeV 


• 重量: 70 t → 100 t　高速回転: 7度/秒 → 9度/秒（180度/20秒） 
GRBなどの突発天体を発生1分以内に観測開始
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両方とも設計時から（遠方の）突発天体を重要視

LST MST



1st LST Transients call - 2021/02/24

Status

3Alessandro Carosi LST Collaboration Meeting - 2021/04/26

AAS / Transient Handler

• 専用のアラート受信、フィルタ、観測開始・制御システムが必要 
MAGIC：Automatic Alert System (AAS)、LST：Transient Handler


• MAGIC AAS開発者がLST THにも主体的に貢献。既に運用中
5

外部アラート（GCN, AMON, etc.）

Eメール

（観測不可でも）

観測開始

Webモニタ

オペレータGUI

フィルタ

観測作成 観測可能 不可

(Credit: A. Carosi)



ニュートリノ追尾観測
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γ線源追尾（2012～）
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Elisa Bernardini — MAGIC Transient Pre-Meeting — 10/6/2021

Follow-up programs

● Single neutrino events (GOLD/BRONZE): all IACTs 
● Low energy flares from pre-defined source list (Gamma-ray Follow-Up, GFU):  

○ H.E.S.S. (since 2019), MAGIC & VERITAS (since 2012) 
○ 339 sources from 3LAC/3FHL and TeVCAT catalogs (mostly AGN) 
○ Selected according to variability, distance and potential visibility for IACTs  

● All-sky flares

＃ IACT実験ごとに 
観測条件に応じて 
異なるリストを用意

• Gamma Follow Up （GFU）：数秒～180日間で来た複数事象
（multiplet）、ガンマ線点源（TeVCat、Fermiカタログ）と相関 
&& z<1 && 変動 && IACTごとの観測可能性と外挿flux > 100GeV 

• 2012～（MAGIC & VERITAS）・2019～（HESS）。MAGICでは 
現在までに10天体以上観測。メールでのprivate alertをTarget of 
Opportunityで通常観測。詳細はK. Satalecka+, PoS(ICRC2021)960



νアラート追尾（2015～）
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• HESE/EHE：単一（singlet）、2015～、相関条件なし、公開


• MAGICでは2015年以前のHESEとTrack 3事象を2016年初頭に観測


• その後GCN/AMONの自動受信・観測システムを整備（GRB同様） 
2016年後半からonline alertを継続的に観測（6事象/3年）


• GOLD/BRONZE：2019年HESE/EHEを再編、信号確率だけで分類


• 2年弱で10事象を観測。Bronzeは南極で上向きが多い＝北半球が有利
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All-sky alert (PMN J035-1843): MAGIC 

• MAGIC observations:
• Delay: ~5 days after passing the alert threshold
• Exposure of 2h, with zenith angle 47-52 deg
• Pointed to the nearest (~0.35 deg away) source PMN J035-1843, a blazar with unknown redshift
• No detection, integral flux upper limit: FUL (> 250 GeV) = 5.16 x 10-11 cm-2 s-1

• Differential flux ULs calculated using the Rolke method at 95% C.L. and assuming a spectral index of 2.5

• Neutrino flare:
• Found using the all-sky multiplet 

search algorithm
• FAR for this alert channel < 1/yr 
• Duration:  ~3.7 days

• Significance: 5.1! (pre-trial)

• Alert issued with delay of 1 day, 
channel was in test phase

PRELIMINARY

16HESE & EHE alerts + HET

Gora et al. Neutrino 2016; Satalecka et al. Gamma 2016; Noda et al. TeVPA 2016; Santander et al. ICRC 2017
) all-IACT nu-track observation paper in preparation

HESE/EHE-160731A (ATel #9315)

• 1.3 h data starting at ⇠ t0 + 16 h
• zd 45�÷ 65�

• Ethr ⇠ 800 GeV (due to calima)
• No signal found (no excess at

AGL J1418+0008 position)

HESE-160427A

• 2 h data starting at ⇠ t0 + 42 h
• zd 18�÷ 26�

• Ethr ⇠ 120 GeV (due to moon)
• Hotspot (3.6�, 2.1� after trials) 0.3�

away from center

2 PeV track (ATel #7856)

• 11.6 h in March/December 2016
• zd 16�÷ 38�

• Ethr ⇠ 120 GeV
• Flux UL at 95% C.L.:

(0.6 ÷ 2) ⇥ 10�11 cm�1 s�2

(⇠ 2 ÷ 7% C.U.)

Alessio Berti | The MAGIC Transient Program | 30th Rencontres de Blois | 6th June 2018

Efforts  
for many  

ULs...

Results from the observations in 2016 Targets

Ra[h], Dec[deg] Ang. res. [deg] Deposited E [TeV]

HESE-37 11.15, 20.70 <1.0 (50%) 30.8 (+3.3 -3.5)
6.6 hr good data with Zd 8-32 deg

HESE-38 6.22, 13.98 <1.0 (50%) 200 (+/-16)
5.9 hr good data with Zd 15-32 deg

HET 7.36, 11.48 0.27 (50%) 2600 (+/-300)
4.3 hr good data with Zd 21-32 deg

160427A 16.04, 9.34 0.6 (90%) ~140* 
2.0 hr observation with Zd 18-26 deg

Motivation

MAGIC searches for IceCube  
HESE track directions

Koji Noda (Max-Planck-Institute for Physics, Munich; knoda@mppmu.mpg.de)  
E. Bernardini, D. Gora, G. Pedaletti, K. Satalecka (DESY, Zeuthen), for the MAGIC Collaboration 

IceCube reported first astrophysical neutrinos in 2013 [1]. No ν point sources established so far.   
• 54 High Energy Starting Events (HESE) reported (as of 2015 [2]):> 30 TeV events that interact 

inside the detector volume. From Apr 2016 IceCube issues alerts regularly followed by instruments.   
• 1 High Energy Track (HET) muon event reported [3].  
• No clear correlation with known astrophysical sources, nor with Galactic plane. Extragalactic origin?  
What are (can be) the sources of these neutrinos? Are they transient or steady? 

Hadronic emission should be happening, but how? Any hint by other messengers? 
VHE γ-ray observations have a high potential to answer these questions.  
MAGIC is involved in several ν follow-up obs programs with IceCube 

HESE sky map [2], Colour scale shows the test statistics  
(TS) for the point-source clustering test at each location.

Discussions & prospects

Similar campaign by VERITAS [4], based on an older list including HESEs until event 37 [5]. 
A result by H.E.S.S. (for the southern hemisphere) was recently reported [12]. 

References:
[1] M. G. Aartsen et al. (IceCube Collaboration), Science 342, 1242856 (2013). 
[2] M. G. Aartsen et al. (IceCube Collaboration), arXiv:1510.05223 (Proc. of ICRC 2015). 
[3] S, Schönen and L, Rädel on behalf of the IceCube Collaboration, ATel #7856 (2015).  
[4] M. Santander for VERITAS and IceCube Coll., arXiv:1509.00517 (Proc. of ICRC 2015). 
[5] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev. Lett. 113, 101101 (2014). 
[6] GCN/AMON notice 67093193_127853; GCN Circular #19363 (2016).  
[7] GCN/AMON notice 6888376_128290 (2016).  
[8] R. Mirzoyan on behalf of MAGIC Coll., ATel #9315 (2016).  
[9] M. G. Aartsen et al. (IceCube Collaboration), ApJ 809, 98 (2015).  
[10] A. Dominguez et al., MNRAS 410, 2556 (2011).  
[11] K. Murase et al., PRD 88, 121301 (2013).  
[12] F. Schüssler, a poster contribution (ID 88) in Gamma2016 (2016). 

Track-like events: 14 out of 54 offline HESEs  
Selection for MAGIC:  
angular resolution < 1.6 deg, northern hemisphere, 
visible by MAGIC with Zenith distance (Zd) < 30 deg  
3 HESEs, HET and 1 new HESE online alert 

Differential γ-ray flux derived from the diffuse astrophysical ν flux measured by IceCube [9], after application of the EBL attenuation 
computed for several redshifts (z<1.0). 
• extrapolated down to subTeV (power-law index -2.50 +/- 0.09 determined in a range of 25 TeV - 2.8 PeV) 
• p-p interaction at sources assumed, and ν-γ flux ratio is 1:1 
• Assumed 1000 steady sources equally contributing to the diffuse flux (Fpoint source = 4 π  Fdiffuse /1000) 
• EBL absorption model by [10] (though the model dependence in this result is small)  

The obtained ULs appear to exclude the above-estimated γ-ray flux up to z~1.0, implying the assumptions are partially inapplicable:   
• The sources would be more distant (z > 1.0). Or, >1000 sources in z<1.0 but they would be faint and/or transient.   
• p-p would not be dominating (like in galaxy clusters, SFGs), but p-γ as the 2nd component, or even dominating (like in AGN, 

GRB). For p-γ, the target γ field is much model-dependent. More complex ν spectrum? 
• At least, a simple extrapolation with index -2.5 may not be realistic, as already discussed in [9,11]. 

* Not officially confirmed in [6] 

↑ Pre-trial significance maps   Larger circles: angular resolution of each ν event, smaller circles: MAGIC PSF.  
All consistent with background. Highest excess in HESE-160427A is 3.6 sigma (pre-trial), 2.1 sigma (post-trial).  
↓ Upper-limit maps   UL (95% C.L.) estimated for E >120 GeV assuming a power-law spectrum with index -2.3. 
No. of excess is bound to >0, to obtain conservative flux ULs. Stay tuned for HESE-160427 UL map! 

Max UL: 3.9 10-11 [cm-2 s-1] Max UL: 3.5 10-11 [cm-2 s-1]

— Integral UL:  
    4 10-11 [cm-2 s-1]

We should and will continue the follow-up observations ! 
Next: refine estimations, deeper obs. of down-selected (well-localized?) sources, rapid follow-ups,,, 

Max UL: 4.0 10-11 [cm-2 s-1]

0.27 deg  
radiusNotes for other events not in this table:  

- Another selected offline HESE has not been observed yet.  
- A preliminary report on EHE event 160731A [7] can be 
found in [8]. 

Archival HESE 
Noda+ TeVPA 2016

Online HESE/EHE  
Berti+ Blois 2018

GFU (PMN J035-1843)  
Satalecka+ ICRC 2021

limits, limits, limits,,,,



TXS 0506+056

• Online alert EHE 170922A（Singlet、290 TeV、~1 deg error）の方向  
0.1 degにあるブレーザーTXS 0506+056が可視、Fermi/LATで増光


• MAGIC：直後は悪天候、数日後にToO観測 → >100GeV γ線検出


• 詳細は2018年春の学会＠理科大のシンポ（Bernardini / Foffano）


• しかし、、、この天体のν放射は単純なモデルで説明できない。同様の
ガンマ線フレア検出はまだ1例。このようなν放射を足し上げても
IceCubeのν全ては説明できなさそう　まだあまりはっきりしない
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• IceCube点源探索：2015年まで7年のデータ 
γ線源リスト中で最高の有意度はブレーザー  
1ES1959+650、それでもBG確率54%


• 10年データでγ線源に依らない探索 
2.9σのhotspotから0.35 degにNGC 1068 

• TeV未検出（2, 3番目はTeV検出済）の 
近傍Sayfert2銀河。LATでは検出済


• MAGICはGFUではないプロポーザルで 
2016～2019年まで計125時間観測 

AGN wind モデルを強く制限（？）

Non-blazar ν?

the observed gamma-ray flux and upper limits. In this model a
maximum Lorentz factor of jet leptons of γmax=106 is
assumed in order to produce the sharp cutoff at ∼100 GeV. In
contrast, the AGN wind model predicts a hard spectrum
extending to the VHE band that is strongly constrained by
the MAGIC observations presented in this paper. Finally, the
starburst model by Eichmann & Becker Tjus (2016), where the
gamma-ray emission is produced within the inner ∼180 pc of
the galaxy, is compatible with the VHE limits but cannot
describe the Fermi-LAT spectrum; the gamma-ray flux at
1 GeV is higher than the model by about a factor of two.

The constrained part of the spectrum predicted by the AGN
wind model is the hadronic component that originates from the
decay of neutral pions produced in inelastic collisions between
protons accelerated by the AGN-driven outflow observed in the
molecular disk on a ∼100 pc scale and ambient protons. The
leptonic gamma-ray emission predicted by the AGN wind
model, as well as that predicted by the AGN jet model, do not
extend at TeV energies, owing to the effect of the transition of
IC cooling from the Thomson regime to the Klein–Nishina
regime. Thus, the limits on the VHE emission can be used to
effectively constrain only the hadronic gamma-ray emission of
the AGN wind and starburst models.

To derive constraints on the CR proton population of stellar
and AGN origin, we compare the gamma-ray spectra predicted
by the starburst and AGN wind models with the spectrum
measured in the HE band and with the upper limits derived in
the VHE band. In both the starburst and AGN wind models,
protons are assumed to be accelerated by diffusive shocks with
an energy distribution N(E)=AE− p exp(−E/Ecut), where the
normalization constant A is determined by the total energy
supplied to relativistic protons at the shock, p;2 is the
spectral index, and Ecut is the maximum energy of accelerated
protons. The latter has a physical maximum limit determined
by the Hillas criterion: Emax=1018Z(R/kpc)(B/μG)eV, where
Z is the atomic charge number, R is the physical extent of the
acceleration region, and B is the magnetic field (Hillas 1985),
while the minimum energy of accelerated protons is the proton
rest mass.

With regard to the the energy input from star formation,
because Fermi-LAT does not spatially resolve the gamma-ray-

emitting region, we consider the total star formation of the
galaxy. The kinetic input from star formation is calculated as

n=L Ekin
SF

SN SN, where νSN is the supernovae rate, and
ESN;1051 erg is the typical kinetic energy from a supernova
explosion. We estimated νSN=0.43 yr−1 from the total
infrared luminosity of the galaxy LIR;1045 erg s−1 (between
8 and 1000 μm, Ackermann et al. 2012), and assuming a
Kroupa initial mass function (Kroupa 2001; Kennicutt &
Evans 2012), yielding Lkin

SF=1.4×1043 erg s−1. We find that
the kinetic luminosity provided by the star formation through-
out the galaxy can produce the gamma-ray emission measured
in the Fermi-LAT band.
For the AGN wind model, we derived the kinetic

luminosity provided by the AGN from the kinetic luminosity
of the molecular outflow, which is observed by millimeter
interferometers on a ∼100 pc scale, yielding =Lkin

AGN

( – ) ´0.5 1.5 1042 erg s−1 (Krips et al. 2011; García-Burillo
et al. 2014; Lamastra et al. 2016). This molecular outflow is
likely produced by the interaction of the molecular gas with

Figure 1. Distribution of the square of the difference between the nominal
position of the source and the reconstructed direction in camera coordinates for
both the gamma-like events (blue crosses) and background events (gray
histogram). The vertical dashed line marks the limit of the signal region.

Figure 2. Gamma-ray spectrum of NGC 1068 in the HE and VHE bands. The
Fermi-LAT data points are from Lamastra et al. (2016; P8), and from Ajello
et al. (2017; 3FHL). The purple arrows indicate upper limits at the 95%
confidence level derived from the analysis of MAGIC data (∼125 hr) presented
in this paper. The green and orange lines show the gamma-ray spectra predicted
by the AGN jet (Lenain et al. 2010) and starburst (p=2.5, Ecut=108 GeV,
and ξ=0.04, Eichmann & Becker Tjus 2016) models, respectively. The
shaded gray band indicates the upper (p=2, Ecut=6×106 GeV, and
ξ=0.25) and lower (p=2, Ecut=3×105 GeV, and ξ=0.2) bounds of the
gamma-ray emission predicted by the AGN wind model as proposed by
Lamastra et al. (2016). For the sake of clarity, the predictions of the revised
AGN wind model (Lamastra et al. 2019) are not shown, as they do not differ
from that by Lamastra et al. (2016) at energies smaller than 10 TeV. For
comparison, the spectrum predicted by the AGN wind model that is obtained
by assuming one of the combinations of CR proton spectral parameters
compatible with the MAGIC upper limits (p=2, Ecut=8×103 GeV, and
ξ=0.2, see Figure 3), is shown with the dark gray line.

Table 1
Spectral Energy Distribution in the VHE Band

log E νFν

(GeV) (erg cm−2 s−1)

2.25 <1.1×10−12

2.75 <2.8×10−13

3.25 <1.1×10−13

3.75 <2.9×10−13
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The Astrophysical Journal, 883:135 (8pp), 2019 October 1 Acciari et al.IceCube 10-yr data Aartsen+ (2020)

a ∼30% improvement in sensitivity to sources with a softer
spectrum, such as E−3. This difference is due to the
more general nature of this work which assumes an E−γ

power-law energy spectrum, where 1 ≤ γ ≤ 4, whereas the
eight-year study targets the sources responsible for the
diffuse astrophysical neutrino flux seen in [31] by applying
a strict Gaussian prior on the spectral index, γ, centered
at 2.19! 0.1.
All-sky scan.—The brightest sources of astrophysical

neutrinos may differ from the brightest sources observed in
the electromagnetic (EM) spectrum. For example, cosmic
accelerators can be surrounded by a dense medium which
attenuates photon emission while neutrinos could be further
generated by cosmic-ray interactions in the medium. For
this reason, a general all-sky search for the brightest single
pointlike neutrino source in each hemisphere is conducted,
and is unbiased by EM observations. This involves maxi-
mizing the signal-over-background likelihood-ratio at a
grid of points across the entire sky with a finer spacing
(∼0.1° × ∼0.1°) than the typical event angular uncertainty.
The points within 8° of the celestial poles are excluded due
to poor statistics and limitations in the background esti-
mation technique.
At each position on the grid, the likelihood-ratio function

is maximized resulting in a maximum test-statistic (TS), a
best fit number of astrophysical neutrino events (n̂s), and
the spectral index (γ̂) for an assumed power-law energy
spectrum. The local pretrial probability (p-value) of
obtaining the given or larger TS value at a certain location
from only background is estimated at every grid point by
fitting the TS distribution from many background trials
with a χ2 function. Each background trial is obtained from
the data themselves by scrambling the right ascension of
each event, thereby removing any clustering of the signal.
The location of the most significant p-value in each
hemisphere is defined to be the hottest spot. The post-trial
probability is estimated by comparing the p-value of the
hottest spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.
The most significant point in the northern hemisphere is

found at equatorial coordinates (J2000) right ascension
40.9°, declination −0.3° with a local p-value of 3.5 × 10−7.
The best fit parameters at this spot are n̂s ¼ 61.5 and
γ̂ ¼ 3.4. Considering the trials from examining the entire
hemisphere increases the p-value to 9.9 × 10−2 post-trial.
The probability skymap in a 3° by 3° window around the
most significant point in the northern hemisphere is plotted
in Fig. 2. This point is found 0.35° from the active galaxy
NGC 1068, which is independently included as a source in
the northern source catalog. To study whether the 0.35°
offset between the all-sky hotspot and NGC 1068 is typical
of the reconstruction uncertainty of a neutrino source, we
inject a soft-spectrum source according to the best-fit E−3.2

flux at the Fermi-LAT coordinates for NGC 1068 into our

background samples. Scanning in a 5° window around the
injection point, we find that the median separation between
the most significant hotspot and the injection point is 0.35°.
Thus, if the excess is due to an astrophysical signal from
NGC 1068, the offset between the all-sky hotspot and
Fermi-LAT’s coordinates is consistent with the IceCube
angular resolution for such a source.
The most significant hotspot in the southern hemi-

sphere, at right ascension 350.2° and declination-56.5°,
is less significant with a pretrial p-value of 4.3 × 10−6 and
fit parameters n̂s ¼ 17.8, and γ̂ ¼ 3.3. The p-value of this
hotspot becomes 0.75 post-trial. Both hotspots alone are
consistent with a background-only hypothesis.
Source catalog searches.—The motivation of this search

is to improve sensitivity to detect possible neutrino sources
already observed in γ rays. A new catalog composed of 110
sources has been constructed which updates the catalog
used in previous sources searches [14]. The new catalog
uses the latest γ ray observations and is based on rigorous
application of a few simple criteria, described below. The
size of the catalog was chosen to limit the trials factor
applied to the most significant source in the catalog such
that a 5σ significance before trials would remain above 4σ
after trials. These 110 sources are composed of Galactic
and extragalactic sources, which are selected separately.
The extragalactic sources are selected from the Fermi-

LAT 4FGL catalog [32] since it provides the highest-energy
unbiased measurements of γ-ray sources over the full sky.
Sources from 4FGL are weighted according to the integral
Fermi-LAT flux above 1 GeV divided by the sensitivity
flux for this analysis at the respective source declination.
The 5% highest-weighted BL Lacs and flat spectrum radio
quasars (FSRQs) are each selected. The minimumweighted
integral flux from the combined selection of BL Lac and
FSRQs is used as a flux threshold to include sources
marked as unidentified blazars and AGN. Eight 4FGL
sources are identified as starburst galaxies. Since these
types of objects are thought to host hadronic emission

FIG. 2. Local pre-trial p-value map around the most significant
point in the Northern hemisphere. The black cross marks the
coordinates of the galaxy NGC 1068 taken from Fermi-4FGL.

PHYSICAL REVIEW LETTERS 124, 051103 (2020)

051103-5

既知TeVγ線源かどうかにかかわらず 
手広く観測した方がよさそう MAGIC Coll.+, ApJ 883 135 (2019) 



ν観測：CTA/LST展望
• GOLD/BRONZE（singlet）を継続「>11事象/年が宇宙から」  

MAGIC 5事象/年（実績）、LSTでも～2ヶ月ごとの観測が期待


• γ線源追尾：multiplet GFUをLSTでも


• MAGIC実績～2/年 → LST用にリスト改変 
<～100GeV、より遠方、アラート数増 

• private alert、IceCubeとのMoU（進行中）


• TeV γ線にバイアスしない観測がより重要 

• non-blazar AGNをより重視（上記リスト改変）


• その他：近傍超新星（進行中）、中性子星連星（重力波＆GRBでカバー）


• NEW (2020.8～) カスケード事象アラート：～8事象/年、エラー大（3-30 
deg、typ. 10 deg） ソース選定かタイル観測が必要 → 重力波観測と共通
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4. Galactic transients

observations, as soon as 30 s after the data has been recorded. While preliminary studies have been
performed in [24], the CTA GW follow-up program is currently being defined and implemented [25].

3 High-energy neutrinos

High-energy neutrinos and gamma rays should be jointly produced in astrophysical sources through the
hadronic interactions of cosmic rays (CR), charged particles such as protons and atomic nuclei that
reach Earth with energies up to ⇠ 1021 eV. While the origin of CRs remains largely unknown, sources
such as AGN, star-forming galaxies, supernova remnants, or GRBs that are also VHE gamma-ray emit-
ters are among the leading CR source candidates. The VHE gamma rays from these objects can be
produced leptonically, but a coincident observation of neutrinos would clearly identify them as CR accel-
erators. The observation of astrophysical neutrinos in the TeV-PeV range by IceCube [26, 27], followed
by the identification of first evidence for a candidate neutrino source due to the correlated observation
of a high-energy neutrino from the direction of the flaring gamma-ray blazar TXS 0506+056 [28] are
important steps forward in the search for neutrino emission from gamma-ray sources.

While current-generation IACTs operate active neutrino follow-up programs [29, 30, 28, 31, 32, 33] the
sensitivity of these studies is limited as VHE gamma rays may be absorbed or down-scattered while
they escape their source or during propagating over cosmological distances due to the effect of the
extragalactic background light (EBL, [34, 35]). CTA, with its fast reaction time and lower energy thresh-
old, will enable sensitive searches for VHE counterparts to well-localized, likely astrophysical neutrino
events [36] up to much higher redshifts (Fig. 3.1) enabling counterpart detections or the placing of strong
constraints on source opacities.

Figure 3.1 – The energy spectra of potential neutrino sources (without and with the EBL attenuation) overlaid on the CTA
differential sensitivity for the undetected (left) and detected (right) sources.

Recent studies [37] indicate that for neutrino flares from blazars, CTA will detect a counterpart for about
one third of the cases after only 10 mins of observations, with lower detection probabilities for steady
neutrino sources. These detections could be performed through dedicated follow up observations of
neutrino alerts, or while CTA performs its extragalactic sky survey or the long-term monitoring of flar-
ing AGN. The study of sources that could be linked with neutrino emission, such as tidal disruption
events [38], or that are potential hadronic emitters (specially those extending to PeV gamma-ray ener-
gies in our galaxy) will also benefit from joint neutrino studies involving CTA. The sensitivity of these
multi-messenger observations will be greatly enhanced by the operation of next generation neutrino
telescopes (IceCube-Gen2 [39], KM3NeT [40], Baikal-GVD [41] and P-ONE [42]).

4 Galactic transients

A wide range of sources in our Galaxy exhibit transient emission via accretion/ejection processes and
interactions between, e.g. jets, outflows and/or strong winds. These events can accelerate particles
up to relativistic energies, leading to the production of high-energy radiation. Some of these Galactic
transient sources include flares from pulsar wind nebulae (PWNe), where relativistic outflows are driven

CTA Consortium
Multi-messenger and transient astrophysics with CTA

Page 5 of 11 | Issue 0 | Rev. 1

(Bošnjak+ 2021)

LST MST



重力波追尾観測

13



GW追尾TeVγ線観測
• No TeVγ from BBH/BHNS/BNS？


• BNS: GRB170817A/GW170817は未検出  
（HESS & MAGIC）、ただし>5時間後


• Short GRB 160821B ＠ z=0.16  
24秒後からMAGICで観測、悪条件ながら 
検出兆候（3.1 sigma）>0.5 TeV 


• 2019年にキロノバ報告 
BNS/GRBからTeVガンマ線？


• 詳細モデル、SSCのTeV放射は 
1桁下。External Compton？


• BNSはTeVガンマ線でもhot topic
14

widely thought to be related to long-lasting activity of the
central engine (either a magnetar or a black hole resulting from
an NS merger; Norris & Bonnell 2006; Lü et al. 2015). Finally,
optical-infrared kilonova emission can occur on timescales of
days, powered by freshly synthesized r-process elements
ejected in NS mergers (Metzger 2019).

All four of the aforementioned components are actually
observed in GRB 160821B. Hereafter, our modeling focuses on
the afterglow component from the external forward shock.
Thus, we only consider the X-ray data at t> 103 s, excluding
the extended emission that can be clearly seen at earlier times
in Figure 1 (see also Zhang et al. 2018). The kilonova emission
has been inferred to dominate the optical/nIR band from 1 day
to 4 days after T0 (Kasliwal et al. 2017; Jin et al. 2018; Lamb
et al. 2019; Troja et al. 2019).

The broadband light curves are shown in Figure 4 (left
panel). We adopt the X-ray light curve from Troja et al. (2019)
and model the broadband emission as synchrotron emission
from the external forward shock, considering the simplest case
of impulsive energy injection. The modeling is performed with
a numerical code that self-consistently solves the evolution of
the electron distribution, accounting for continuous electron
injection with a power-law energy distribution ( g gµ -dN d p),
synchrotron, synchrotron-self-Compton (SSC) and adiabatic
losses, synchrotron self-absorption, and γγ pair production (for
a description of the code, see MAGIC Collaboration et al.
2019b and references therein).

The broadband SED at t∼ T0+ 3 hr is shown in Figure 4
(right panel). The consistency between the X-ray and optical
spectral indices (Fν∝ ν−0.8) suggests that the X-ray and optical
bands are located between the characteristic synchrotron
frequency νm and the cooling frequency νc. The radio data at
6 and 10 GHz together with optical and X-ray data constrain νm
to be located between the radio and optical bands. The radio
emission from the forward shock is then expected to increase
with time (see dashed green curve in the left panel of Figure 4),
implying that the observed radio emission at early times is

dominated by another component, most likely from the reverse
shock (Lamb et al. 2019; Troja et al. 2019; Lamb 2020). To be
consistent with the radio upper limits at later times, νm must
cross the radio band. All together, these observations constrain
its value to be νm 4× 1012 Hz at t∼ 104 s and ~nF 0.03syn

m

mJy. The model parameter space is further constrained by the
requirement νc> νX up to at least 4 days (from the observed
lack of a clear temporal break in X-rays). Order-of-magnitude
estimates for the model parameters can be inferred by solving
the equations
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(see, e.g., Sari et al. 1998; Panaitescu & Kumar 2000; Granot &
Sari 2002), where Ek is the initial, isotropic-equivalent kinetic
energy, n is the density of the surrounding medium, òe and òB are
the fraction of energy dissipated behind the shock in accelerated
electrons and the magnetic field, respectively, and p is the power-
law index of the injected electron energy distribution.
We find good agreement for values of the model parameters

within the following ranges: Log (Ek/erg)= [50–51], Log (òe)=
[− 1;− 0.1], Log (òB)= [− 5.5;− 0.8], Log (n/cm−3)=
[− 4.85;− 0.24], and p= [2.2; 2.35]. The inferred values are very
similar to the values inferred by Troja et al. (2019).
There is degeneracy between the parameters, which can be

understood as follows: since n µ � � Em e
2

B k and µnF m

�E nk B for a fixed value of òe, the other parameters must
satisfy µ -� EB k

1 and µ -n Ek
1. Ek< 1050 erg would imply large

values of òB and n, resulting in νc< νX.
The result of the modeling is compared with observations in

Figure 4. The reverse shock and kilonova components (dotted–
dashed and dotted curves in the left panel) are taken from Troja
et al. (2019).

Figure 4. Multiwavelength data of GRB 160821B compared with afterglow modeling. The forward shock synchrotron and SSC emissions were evaluated using the
following afterglow parameters: Log òe = − 0.1, Log òB = − 5.5, Ek = 1051 erg, n = 0.05 cm−3, and p = 2.2. Left: light curves at different frequencies (see legend),
in terms of photon flux (right axis) for MAGIC, and flux density (left axis) for all other instruments. The modeling is shown with solid curves. The optical/nIR flux is
the sum of the contribution from the forward shock (FS, dashed) and from the kilonova (dotted, from Troja et al. 2019). The radio emission is initially dominated by
the reverse shock (RS, dotted–dashed, from Troja et al. 2019). The X-rays at t > 103 s are always dominated by the forward shock. The red solid curve includes EBL
attenuation, to be compared with the MAGIC data denoting the observed flux. Data in the r band are rescaled for clarity (see the legend). Right: multiwavelength SED
at approximately 3 hr (see legend for the exact times). Shaded areas show the energy ranges covered by the instruments. The thin red box only indicates the flux level
measured with MAGIC and does not represent the spectral shape. Solid black: synchrotron emission; dashed black: intrinsic SSC emission; solid red: SSC emission
after EBL attenuation. LAT upper limits are not shown, as they correspond to fluxes larger than 10−10 erg cm−2 s−1.
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trial) 0.05 deg away from the GRB position. The post-trial
significance of seeing such a hot spot at any place in the sky
map is 3.0σ (1232 trials). Since this hot spot is close to the
GRB position, we discuss whether it can be a possible signal
from the GRB that appears displaced from its actual position.

The systematic error in the telescope pointing is typically
<0°.02 and maximally ∼0°.03 even with strong wind gusts.
Thus the offset of 0°.05 cannot be attributed to the telescope
pointing alone. We also checked in the 4FGL catalog
(Abdollahi et al. 2020) that there are no previously known
GeV gamma-ray sources within 1 deg around the spot that
could be potential TeV emitters.

We considered possible shifts of the reconstructed source
position for a weak source embedded in a background that is
fluctuating at a comparable level. We performed a Monte Carlo
study simulating the sky maps, and found that the centroid
position of the hot spot can be spread over a larger area than
that of the actual signal. The hot spot position is distributed as a
two-dimensional Gaussian with a width 2.6 times larger than
that of the signal. The probability of the reconstructed position
of such weak sources falling outside the original 1σ contour of
the point-spread function (PSF; 0.045 deg in radius) is 24%.
Therefore we conclude that the 0°.05 offset seen in the sky map
is well explained by statistical fluctuations in the case of weak
signals, and that the significance of 3.1σ (pre-trial) conserva-
tively computed at the Swift-XRT position can be regarded as
evidence of a signal from the GRB.

We note that in addition to the trial factor discussed above,
follow-up observations of other GRBs in the MAGIC GRB
program may be considered as further trials. Among the 69 GRBs
followed up by MAGIC in stereoscopic mode since 2009 (Carosi
et al. 2015; MAGIC Collaboration et al. 2021, in preparation), the
only short GRBs other than GRB 160821B observed under
acceptable conditions were 140930B, 160927A, and 180715A, all
with delays longer than 5000 s, and none with measured redshifts.
Properly accounting for such observations as trials is difficult and

not discussed in this paper, as they are subject to hidden
observational and analysis biases, implying unequal trial factors.
In order to estimate flux values, we divided the data into two

sets according to the weather conditions during the observa-
tions. The first 1.7 hr are characterized by low atmospheric
transmission (average ∼60%), while the remaining 2.2 hr had
good weather conditions. The first 1.7 hr are further subdivided
into two time bins, to better represent the results on a
logarithmic timescale. The resulting bins in time since T0 are
24–1216 s, 1258–6098 s, and 6134–14,130 s. The flux is
estimated by integrating the signal above 0.5 TeV, the peak
energy of the reconstructed gamma-rays when assuming a
power-law spectrum with photon index −2, convolved with the
effective area. Because of the low significance in the first two
time bins, we calculated 95% confidence-level flux upper limits
using the method described in Rolke et al. (2005), obtaining
1.1× 10−11 cm−2 s−1 and 5.4× 10−12 cm−2 s−1, respectively.
For the third time bin, we can similarly derive a flux upper limit
of 3.0× 10−12 cm−2 s−1. On the other hand, despite the limited
significance, we can also derive the flux for the last time bin,
assuming that the excess is a real signal, which gives
9.9± 4.8× 10−13 cm−2 s−1.
In order to check for the possibility of an unknown,

unrelated gamma-ray source at the GRB position, we carried
out an additional observation about a year after the GRB (2017
September 11–14, T0+ 3.3× 107 s) and obtained 7.6 hr of
good-quality data. The result is a flux upper limit of
4.4× 10−13 cm−2 s−1 (>0.5 TeV, 95% C.L.), which is about
half of the value discussed above for the putative signal. If a
steady source was present at the position, an observation of 7.6
hr (instead of 2.2 hr) should result in a flux measurement with
a smaller error, 9.9± 2.6× 10−13 cm−2 s−1. The confidence
belts of the flux inferred earlier and the flux upper limit derived
later marginally overlap at the 2σ level on both sides, so the
hypothesis of a steady source is disfavored, although it does not
exclude the possibility of a variable source that is unrelated to
the GRB.
Because of the low significance, an unfolded spectral energy

distribution could not be derived, even for the third time bin
with data obtained during good weather. The error box shown
in the right panel of Figure 4 indicates only the reconstructed
flux for this bin, derived from the photon flux by integrating
over the energy range 0.5–5 TeV and assuming a power-law
spectrum with photon index −2 (horizontal edges of the box).
The height of the box corresponds only to statistical errors for
the photon flux, and does not account for systematic errors
related to the assumed spectral index.

4. Discussion

4.1. Modeling of Observations from Radio to X-Rays

Several distinct components can contribute to the radio to
X-ray emission of short GRBs after their prompt emission. The
main component is synchrotron radiation from electrons
accelerated in external forward shocks, triggered by interac-
tions between the relativistic jet and the ambient medium
(hereafter, simply “afterglow” radiation). In some cases,
another component can arise from a reverse shock propagating
into the jet ejecta. Two additional components are unique to
short GRBs. Often seen in X-rays is “extended emission,”
where a relatively shallow temporal decay during the first tens
to hundreds of seconds is followed by a much steeper decay,

Figure 3. Sky map showing the excess significance (standard deviation, pre-
trial) as measured by MAGIC for events above ∼0.8 TeV. The white cross
marks the position of GRB 160821B according to Swift-XRT. The PSF
corresponding to 68% containment is depicted as a white circle in the left lower
corner, with radius 0.045 deg.
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2004; van der Sluys et al. 2008; Vitale et al. 2014), but this is not expected for
slowly spinning BNS (Farr et al. 2016). Distance information can further aid the
hunt for counterparts, particularly if the localization can be used together with
galaxy catalogs (Abadie et al. 2012c; Nissanke et al. 2013; Hanna et al. 2014; Fan
et al. 2014; Blackburn et al. 2015; Singer et al. 2016a; Del Pozzo et al. 2018).
Table 3 reports the low-latency and refined estimates for the luminosity distance
and the sky localization (90% credible region) of the eleven confident signals
detected during O1 and O2.12

Some GW searches are triggered by electromagnetic observations, and in these
cases initial localization information is typically available a priori. For example, in

Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016h; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated
calibration and final choice of waveform models (Abbott et al. 2018c). Three events (GW151012,
GW170729, GW170818) among the 11 confidetent detections were identified offline, and were not shared
in low-latency. The shaded areas enclose the 90% credible regions of the posterior probability sky areas in
a Mollweide projection. The inner lines enclose regions starting from the 10% credible area with the color
scheme changing with every 10% increase in confidence level. The localization is shown in equatorial
coordinates (right ascension in hours, and declination in degrees). The HLV label indicates events for
which both the LIGO and Virgo data were used to estimate the sky location

12 The initial sky maps are available from dcc.ligo.org/public/0160/P1900170/001/O1_O2_LowLatency_
Skymaps.zip, and the refined sky maps from dcc.ligo.org/LIGO-P1800381/public, respectively.
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MAGIC GW追尾観測

• 2014年から追尾プログラムに参加


• O1：GW151226


• O2：GW170817（解析中）


• アラート受信まではGRBやνと同じ 
しかしGWアラートはエラーが大


• 「面白い天体/方向」の選定が必要 

• MAGICでは電話番シフトでO3に対応 
2事象を観測（解析中）


• 半自動ツールが必要？


• あるいは、タイル観測 →
15

Image Credit:  
Patricelli et al. 2018 

Abbott et al. 2020 



13GWs Counterparts Follow-up by MAGIC: GW151226

De Lotto et al., Proc. New Frontiers in Black Hole Astrophysics, IAU
Symposium 324 (2016)

• t0: 2015-12-26 03:38:53.648 UT (internal GCN
Circular)

• tnotice: 2015-12-27 17:40:00 UT
• 90% (50%) credible region: 1337 deg2 (430 deg2)
• False Alarm Rate: 1/100 year

• Observation by MAGIC started on 2015-12-28
21:00:00 UT

• Four targets pointed
• Selection by hand according to visibility, probability,

EM partners observations and catalogs
• No signal found

Alessio Berti | The MAGIC Transient Program | 30th Rencontres de Blois | 6th June 2018

GW151226 
• 発生 2015-12-26 03:38:54 UT 
アラート   12-27 17:40:00 UT


• False Alarm Rate: 1/100年


• 90% 1337, 50% 430 平方度  
MAGIC視野3.5度 ~= 10 平方度


• MAGICでは4方向(≠天体)選定 
12-28 21:00 UTから観測


• ガンマ線検出なし、上限値 
の2次元マップを作成


• もう少し自動化したい
16

GW3 GW4

PreliminaryPreliminary

Berti+ Blois 2018



方向選定の(半)自動化の例
（M. Artero）

場所情報だけを使うと、絞りきれずに結果が無意味

似たツールも既に世の中にたくさんある

GWアラートをsimulate、 
誤差円内のFermi（4FGL）天体

カタログの変光パラメータで順位付け。数は減ったが、  
場所 × 変光？　過去・長期の変光情報の意味？

よりrealtimeな変光？例）Fermi  
All-sky Variability Analysis (FAVA) 

fermi.gsfc.nasa.gov/ssc/data/access/lat/FAVA/

結局、複数の情報ソースを 
経験に基づいた重みを付けて 
合わせないとあまり意味がない

（よってO3では人に頼った）

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/FAVA/


GW観測：CTA/LST展望
• O4（2023年～？）KAGRAが 
高感度で参加。エラーが小さい 
アラートが増える＝本質的改善


• ～30%は1回で追尾可能 
~2-3 BNS/年？ 

• LST（視野～16平方度） 
タイル観測で半数以上をカバー 
LSTが複数になる2024年にはLSTに最適なタイル観測が必要 
（CTA simulation: Patricelli+ 2018, Seglar-Arroyo+ 2019)  
O4開始前からνカスケード事象を使って経験を共有可能


• さらにエラーが大きい場合：方向選定（方法？必要性が減る）


• LVKとのMoU
18

Fig. 6 Anticipated GW sky localization for CBC signals during the third and fourth runs (for O3, see
Sect. 5.1 and for O4, see Sect. 5.2). For O3, the detector sensitivities were taken to be representative of
the first 3 months of observations for aLIGO Hanford and Livingston, and AdV, and the highest expected
O3 sensitivity for KAGRA (see Fig. 1). For O4, the detector sensitivities were taken to be the target
sensitivities for aLIGO and AdV, and the mid of the interval expected for KAGRA during O4. Top: The
plot shows the cumulative fractions of events with sky-localization area smaller than the abscissa value.
Central: The plot shows the cumulative fractions of events with luminosity distance smaller than the
abscissa value. Bottom: The plot shows the cumulative fractions of events with comoving volume smaller
than the abscissa value. Sky-localization area (comoving volume) is given as the 90% credible region, the
smallest area (comoving volume) enclosing 90% of the total posterior probability. Results are obtained
using the low-latency BAYESTAR pipeline (Singer and Price 2016). The simulation accounts for an
independent 70% duty cycle for each detector, and the different sensitivity of each sub-network or
network of detectors. For O3, all the combinations of sub-networks of two operating detectors and the
three detector network (HLV) are included in the blue lines. All the combinations of sub-networks of two
and three operating detectors, and the four detector network (HLVK) are included in the orange lines for
O3 and in the green lines for O4. The O3 HLV and the O3 HLVK curves in the central panel are very
similar due to the modest contribution by KAGRA to the network SNR. Solid lines represent BNSs,
dashed lines NSBHs, dotted lines BBHs. As a comparison, the plots show the area, distance and volume
of GW170817 and GW170818, which are the best localized BNS and BBH signals during O1 and O2
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MAGIC

LST

Abbott et al. 2020 

GW151226



まとめ
• 現行チェレンコフ望遠鏡MAGICと建設中のCTA LSTは、数十GeV～TeV
ガンマ線での突発天体追尾観測に最適。LST1号基の準備も整っている


• ニュートリノ観測：AGN追尾を継続、LST用に改善しブレーザーν理解 
CTA LSTでは「既知（TeV）γ線源以外」も狙う。～10事象/年


• 重力波観測：Short GRB / GW物理は今後のhot topic。アラートエラー
の大きさを克服するにはO4 KAGRA参加が本質的。数事象/年


• LSTでは観測数が増え、今後数年での検出が十分に期待できる 

• "The CTA transient and MM program" Carosi+, PoS(ICRC2021) 736
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17Search for ⌧ -neutrino induced showers

• MAGIC can observe towards the horizon
• ⌧ neutrinos can interact with Earth’s crust or with

ocean
• ⌧ leptons produced can induce an air shower
• Feasibility study presented in Ahnen et al.

Astroparticle Physics (accepted for publication,
arXiv 1805.02750)
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Centaurus A - Single flavour neutrino limits (90% CL)

IceCube 2011

• Such technique can probe ⌫⌧ from 1 PeV to 3 EeV
• 30 h of “Sea data” obtained
• UL = 2 ⇥ 10�4 GeV cm�1 s�2 (90% C.L., � = 2)
• If 300 h and strong flare, the upper limit can be

improved of almost 2 orders of magnitude
Alessio Berti | The MAGIC Transient Program | 30th Rencontres de Blois | 6th June 2018


