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Motivation
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~3σ correlation of IC-170922A (~300 
TeV) with the flaring gamma-ray blazar 
TXS 0506+056 (Science, 2018)

Science, 2018



Cherenkov Telescope Array
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CTA North (La Palma island, Spain):
4x LST (23m) + 15 x MST (12m)

5-10° field of view
30s to point anywhere
>20 GeV
10x current IACT sensitivity

CTA South (Atacama, Chile):
4x LST (23m) + 25 x MST (12m) + 70 x SST (4m)



What do we know about 
neutrino sources?



Observational evidence

• IC measures astrophysical neutrinos diffuse flux [PoS(ICRC2017)1005], spectral index: 2.19 +/- 0.1 
• No cosmic neutrino source discovered so far (steady or transient) > 5 sigma
• TXS 0506+056: ~3.0 sigma association of HE neutrino; 2014-15 neutrino flare, also ~3.5 sigma
• Recent limits on IC point-source search [PRL,124, 051103 (2020)]

– Hot-spots emerging at AGN locations: NGC 1068, TXS 0506+056, etc… (all <3.0 sigma after trials)
• No other firm identification of any MWL counterpart.  5
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Basic idea

● IceCube measures diffuse astrophysical neutrino flux 

● No firm neutrino source identification (TXS 0506+056 ~3.5 sigma only)

● Observe directions of neutrino alerts from IceCube & KM3Net 

● General goal: to identify sources of astrophysical neutrinos/UHE CRs 

● Minimum: setup competitive ULs on gamma-ray flux from those directions, limits on density of sources, 

population studies (Can we say something about possible neutrino source populations? Can we detect 

them with CTA?)

| NToO CTA | Konstancja Satalecka, 13.05.2019

IceCube Collaboration, Aartsen et al. 

Eur. Phys. J. C (2019) 79: 234.

M.G. Aartsen at al., Phys. Rev. Lett. 124, 051103 (2020)



Observational evidence - steady sources

• We can use IC results (non-detection) to set limits on the general 
properties of allowed neutrino source populations (L vs 𝝆) 

• Blue shaded band: populations that are compatible at the 1𝝈/3𝝈  
level with the observed diffuse flux

• Black: non-detection limits (Exclude populations which produce 
spots hotter than the hottest one observed)

• Very high L vs very low 𝝆 corner basically excluded
 6
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13

Aartsen et al., EPJC (2019) 79: 234



Neutrino sources simulations 
with 
FIRst Extragalactic Simulation Of 
Neutrinos and Gamma-rays
(FIRESONG)



FIRESONG
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Pink line = 100% IC diffuse flux
• FIRESONG software used to simulate 

source populations in the (L vs 𝝆) plane
• Most recent cosmological models [Planck 

2016, 2018]
• Cosmological evolution: Star Formation 

Rate (SFR) [Hopkins and Beacom 
2006,Dickinson and Madau 2014],  no 
evolution

• Luminosity L: standard candles
• Local source density 𝝆: free parameter    

10-4 – 10-12 (transients [bursts Mpc-3 yr-1] or 
steady [Mpc-3])

• Total neutrino flux normalized to IC diffuse 
flux [PoS(ICRC2017)1005] (only νμ alerts, 
1:1:1 flavor composition)

Example: steady sources following SFR

Developers: Chun Fai Tung, Rene Reimann, 
Theo Glauch, Ignacio Taboada

https://github.com/ChrisCFTung/FIRESONG

https://github.com/ChrisCFTung/FIRESONG


What about gamma-rays?

If we add gamma-ray emission, can we detect those sources 
with CTA? Set limits on L vs 𝝆? 
What is the best observational strategy?
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Basic scaling for g-ray flux: 
p-gamma: K = 2  
pp: K = 1

Example: steady source gamma-ray spectra

CTA simulations 
- steady sources

CTA Neutrino Task Force: 
Anthony M. Brown, Alberto Rosales de Leon, 
Olga Sergijenko, KS
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Gamma-ray flux

Basic scaling

p-gamma: K = 2

pp: K = 1

EBL: Dominguez et al. 2011

TXS 0506+056-like sources:

Special class of blazars that undergo 

110-day duration flares like TXS0506+056 

once every ~10 years

Gamma-ray flux is parametrized as PL 

with LE and HE cut-offs:

IGMF - ignore

Halzen et al, ApJL, Volume 874, Issue 1, article id. L9, 5 pp. (2019)

| NToO CTA | Konstancja Satalecka, 13.05.2019

Use the Instrument Response Functions (effective 
area, energy migration matrix, PSF…) of CTA + EBL 
absorption (Domiguez et al., 2011) to calculate, if 
the source is detectable in gamma-rays. 
Simulation software: ctools

Criteria for detection: Test Statistics > 25

Detection probability = (Sources with TS > 25)/ (All 
sources)
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40 deg/N 40 deg/AV 40 deg/S

60 deg/N 60 deg/AV 60 deg/S

CTA response - steady sources
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PRELIM

INARY
Example: scan of (L vs 𝝆) for SFR, standard candles,  CTA-N response for different zenith/azimuth, 30 min observation 

• With low - mid zeniths (20-40 deg) 
CTA-N able to detect all sources 
up to 𝝆 = 10-9 Mpc-3 

• Drastic performance loss, up to 
65%, at high zeniths (60 deg) 

• Visible effect of magnetic field: 
10 - 30% difference for low to high 
zeniths 

• For sources with flat redshift 
evolution the trends are similar, but 
less pronounced



CTA response - steady sources
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PRELIM

INARY
Example: scan of (L vs 𝝆) for SFR, standard candles,  CTA-S response for different zenith/azimuth, 30 min observation 

• Very similar response as for 
CTA-N (within 10% for AV) 

• Drastic performance loss, up to 
70%, at high zeniths (60 deg) 

• Effect of magnetic field: 5-15% 
(much less than for CTA-N) 

• For sources with flat redshift 
evolution the trends are similar, 
but less pronounced

20 deg/N 20 deg/AV 20 deg/S

40 deg/N 40 deg/AV 40 deg/S

60 deg/N 60 deg/AV 60 deg/S
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Steady sources - next steps
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~100% visible by CTA-N 
~80% visible by both

• Include realistic visibility constraints 
for the IceCube hot-spots                                  
→ observation strategy

• CTA performance with Night Sky 
Background x5 dark night level            
→ can we extend our duty cycle? 

• CTA performance with Phase-1 arrays 
→ influence of smaller arrays on the KSP

IceCube 
CTA-S  ——— 
CTA-N  

20 deg 
40 deg 
60 deg

Distribution of IC hot-spots declination (grey) and 
CTA IRFs validity wrt the zenith angle (lines) 

Declination [deg]



What about flaring blazars?
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Gamma-ray flux

Basic scaling

p-gamma: K = 2

pp: K = 1

EBL: Dominguez et al. 2011

TXS 0506+056-like sources:

Special class of blazars that undergo 

110-day duration flares like TXS0506+056 

once every ~10 years

Gamma-ray flux is parametrized as PL 

with LE and HE cut-offs:

IGMF - ignore

Halzen et al, ApJL, Volume 874, Issue 1, article id. L9, 5 pp. (2019)

| NToO CTA | Konstancja Satalecka, 13.05.2019 Fig.: Gamma-ray spectrum for TXS 0506+056 flare 
2014-2015 

• Study based on a model of [Halzen et al., 2019]
• Special class of blazars (a fraction of a total 

population) that undergo 110-day duration flares 
like TXS0506+056 once every ~10 years 
(Science, 2018)

• Gamma-ray flux is parametrized as PL with LE 
and HE cut-offs 

• Simulations for flaring sources fraction of 1%, 5% 
and 10%

• Total neutrino flux normalized to IC diffuse flux 
from [PoS(ICRC2017)1005] 

• Cosmological evolution: no evolution
• FIRESONG simulations - completed!
• CTA response - coming soon!

https://arxiv.org/abs/1811.07439


Summary

• Real-time alerts and MultiMessenger approach of high interest to the whole astro-community
• TXS 0506+056 - first (and only…) compelling evidence of a neutrino source (also thanks to IACTs!)
• IACTs provide essential information on the emission mechanism
• Neutrino follow-up is a Key Science Program for CTA
• New facilities (Km3Net, Baikal GVD, IceCube-Gen2…) & alert channels to come in the nearest future - great 

chances, but also many challenges…

Open questions for CTA:
• How to optimise our follow-up? How fast to react? Where to look? For how long?
• Neutrino point-source non-detection serves as valuable clue to constrain the allowed source populations
• Add gamma-ray emission and test CTA response under different conditions  
• Develop observation strategy
• Steady sources study almost finished 
• Flaring blazars study almost finished
• Transient sources - the next exciting topic to investigate!


