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The Cherenkov Telescope Array

• CTA is the next generation ground-based gamma-ray astronomy 
observatory, operating in the range from tens of GeV to 300 TeV.!
– It will be the first facility in the field to function as an open observatory.!
!

– It will consist of two arrays of Imaging Atmospheric Cherenkov Telescopes 
(IACTs)!
• Northern Array: in La Palma, Canary Islands, Spain, concentrating in 

the lower energy range, with a focus on the study of extragalactic 
objects.  !

• Southern Array: near Cerro Paranal, in Chile, with full energy 
coverage and a view to the Galactic Plane and the Galactic Center!

– Composed of three classes of telescopes!
• Large-, Medium-, and Small-Sized Telescopes (LST, MST, SST)

What is CTA?

• CTA, the Cherenkov Telescope Array, is the next generation ground-based 
   instrument for gamma-ray astronomy in the energy range extending from  
   some tens of GeV to about 300 TeV 

• it is proposed as an open observatory and will consist of two arrays of Imaging 
   Atmospheric Cherenkov telescopes (IACTs) 

•  Northern Hemisphere array - to study of extragalactic objects at the lowest  
                                                possible energies 

   Southern Hemisphere array - to cover the full energy range and concentrate  
                                                  on galactic sources  

4 LSTs 
15 MSTs

4 LSTs 
25 MSTs 
70 SSTs

Schematic view of the!
planned northern (left)!
& southern (right) arrays 



CTA Science & Capabilities
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Open Observatory & !
Key Science Programme

CTA will function in two modes in the first decade

/30

CTA: the first VHE observatory

• ~40% of observing time 
over first 10 years for 
Consortium Key Science 
Projects (KSPs)

• rest of the time open to 
general observers (GO)

• ultimately all data public 
(candidate photon lists with 
measured properties) + 
software tools to perform 
scientific analysis 
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• Consortium Key Science 
Projects!
– 40% of the time for 10 years!
– legacy datasets for general 

observers!
– all data ultimately public!

• Galactic KSPs!
– Galactic Plane Survey!

• Deep view of key topics: 
Galactic Center, PeVatrons, 
Star Forming Systems.!

• Extragalactic KSPs!
– First Extragalactic Survey!

• Dark Matter Programme



The Galactic Plane Survey

• Most primary goal of CTA Galactic Science: provide a census of 
Galactic VHE source populations!

• To be performed down to ~ 2 mCrab in the inner Galaxy and 
Cygnus region, and ~ 4 mCrab elsewhere in the Galactic Plane.!

• Detailed study of the diffuse emission!
• Multi-purpose catalogue and legacy dataset

CTA MWL & MM Perspectives Ulisses Barres de Almeida

2. The Galaxy with CTA

The foundation for Galactic science with CTA will be provided by the Galactic Plane Survey

(GPS), which will fulfil a number of goals, of which the most basic one will be to provide a
census of Galactic very high-energy (VHE) gamma-ray source populations, such as supernova
remnants (SNRs), pulsar-wind nebulae (PWNe), and binary systems, substantially increasing the
source count thanks to the CTA improved sensitivity (see Figure 1). In performing the GPS– which
will consist of a deep survey down to ⇠ 2 mCrab of the inner Galaxy and the Cygnus regions, plus
a shallower survey (down to ⇠ 4 mCrab) of the entire Galactic plane – determining the properties
of the Galactic diffuse emission will also be an important goal. Finally, the survey will produce a
multi-purpose, legacy data set of long-lasting value to the entire astronomical community.

Special attention will be dispensed to the inner Galaxy within the GPS. Deeper exposures of
the inner few degrees of the Galaxy will be performed for a detailed study of the Galactic Centre.
These observations will be complemented by an extended survey to explore regions not yet covered
by existing VHE telescopes, at high latitudes, to the edge of the bulge emission, including the
base of the Fermi Bubbles and interesting sources such as the Kepler SNR. The core goal of the
Galactic Centre Survey is to provide unprecedented spatial and spectral sensitivity of this crucial
regions of the Galaxy which may allow us to identify the central source [5] and decide between
the models proposed to explain the extended emission [4], thus providing a deeper understanding
of the capability for cosmic ray acceleration in the Galaxy [14]. The Galactic Center is also a top
Dark Matter target for CTA.

The search for the sources of petaelectronvolt protons (the so-called PeVatrons) will be an-
other main focus of the GPS. It is well known that SNRs are able to satisfy the cosmic-ray energy
requirement [15], via diffusive shock acceleration at the expanding SNR shocks [11]. However,
it is still unclear whether or not they can act as cosmic-ray PeVatrons, given uncertainties in the
mechanisms of magnetic field amplification [9]. The observation of Star-Forming Regions with
CTA will help unveil the relation between cosmic rays and star formation. Among the prime re-
gions for such study are the Carina and Cygnus regions and the massive stellar cluster Westerlund
1. Outside the Galaxy, the Large Magellanic Cloud (LMC) will be target of a dedicated survey.

1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities

• Extragalactic Survey (Chapter 8) – covering 1/4 of the sky to a depth of ⇠6 mCrab. No extragalac-
tic survey has ever been performed using IACTs, and the existing VHE surveys using ground-level
particle detectors [10, 11] have modest sensitivity, limited angular and energy resolution, and lim-
ited energy range. A 1000 hour CTA survey of such a region will reach the same sensitivity as the
decade long H.E.S.S. programme of inner Galaxy observations and will cover a solid angle ⇠40
times larger, providing a snapshot of activity in an unbiased sample of active galactic nuclei (AGN)
(see Figure 1.3).

• Galactic Plane Survey (GPS) (Chapter 6) – consisting of a deep survey (⇠2 mCrab) of the inner
galaxy and the Cygnus region, coupled with a somewhat shallower survey (⇠4 mCrab) of the entire
Galactic plane. For the typical luminosity of known Milky Way TeV sources of 1033�34 erg/s, the
CTA GPS will provide a distance reach of ⇠ 20 kpc, detecting essentially the entire population of
such objects in our galaxy and providing a large sample of objects one order of magnitude fainter.
The excellent angular resolution of CTA is critical here to avoid being limited by source confusion
rather than flux (see Figure 1.2).

• Survey of the Large Magellanic Cloud (LMC) (Chapter 7) – providing a face-on view of an entire
star-forming galaxy, resolving regions down to 20 pc in size with sensitivity down to luminosities of
⇠ 1034 erg/s. CTA aims to map the diffuse LMC emission as well as individual objects, providing
information on relativistic particle transport.

These surveys will establish the populations of VHE emitters in Galactic and extragalactic space, pro-
viding large enough samples of objects to understand source evolution and/or duty cycle. Data products
from the survey KSPs include catalogues and flux maps which will serve as valuable long term resources
to a wide community.

Some other KSPs are also effectively surveys due to the wide field of view. For example, a deep
observation of the Perseus Cluster is envisaged (see Chapter 13) providing a sample of low redshift
galaxies and with sensitivity to the low end of the luminosity function of active galaxies as well as to
diffuse emission associated with accelerated hadrons or dark matter annihilation.

The search for an annihilation signature of dark matter, throwing light on the nature of the dark matter
particles, is a key part of the CTA research programme. The prime targets are the Galactic Centre
(Chapter 5) and Milky Way satellite galaxies, but the surveys introduced above will probe concentrations
of dark matter in the LMC and Milky Way, providing complementary datasets. The strategy for dark
matter detection with CTA is introduced in Chapter 4.

Figure 1.2 – Top: simulated CTA image of the Galactic plane for the inner region, �80� < l < 80�, adopting
the proposed GPS KSP observation strategy and a source model incorporating both supernova remnant and
pulsar wind nebula populations, as well as diffuse emission. Bottom: a zoom of an example 20� region in
Galactic longitude.

Surveys will in general be conducted in a mode with telescopes co-pointed, but a divergent mode is also
possible and under consideration for the Extragalactic Survey, offering increased instantaneous field of
view (⇠ 20�� 20�) and survey depth at the expense of angular and energy resolution.

Cherenkov Telescope Array
Science with CTA
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Figure 1: (Top) Simulated CTA image of the Galactic plane inner region, �80� < l < 80�, adopting the
proposed GPS KSP observation strategy and a source model incorporating both SNR and PWNe populations,
as well as diffuse emission. (Bottom) Zoomed image of a sample 20� region in Galactic longitude [10].

2



The Galactic Plane Survey

• Most primary goal of CTA Galactic Science: provide a census of 
Galactic VHE source populations!

• To be performed down to ~ 2 mCrab in the inner Galaxy and 
Cygnus region, and ~ 4 mCrab elsewhere in the Galactic Plane.!

• Detailed study of the diffuse emission!
• Multi-purpose catalogue and legacy dataset
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The Galactic Plane Survey
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The Galactic Center

• Extended Survey will cover 
unexplored regions in the VHE at 
higher latitudes!
– edge of the bulge emission!
– base of the Fermi bubbles!
– other sources e.g. Kepler SNR!
!
• Goals include!

– diffuse emission!
– dark matter signals!
– cosmic-ray acceleration!

» PeVatrons

The inner Galaxy will be focus of a deeper survey 
within the GPS

5. KSP: Galactic Centre

5 KSP: Galactic Centre

Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible observa-
tion strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension shown in cyan
(with each circle representing a 6� field of view for a typical CTA configuration). Several object positions are
overlaid with blue dots for reference, in particular Sgr A*, the supermassive black hole that lies at the geometric
center of the galaxy.

The Galactic Centre Key Science Project is comprised of a deep exposure of the inner few degrees of
our Galaxy, complemented by an extended survey to explore the regions not yet covered by existing
very high energy (VHE) instruments at high latitudes to the edge of the bulge emission. A schematic
representation is shown in Figure 5.1, with details of the observation strategy and possible options given
in Section 5.2.

The region within a few degrees of the Galactic Centre contains a wide variety of possible high-energy
emitters, including the closest supermassive black hole, dense molecular clouds, strong star-forming
activity, multiple supernova remnants and pulsar wind nebulae, arc-like radio structures, as well as the

Cherenkov Telescope Array
Science with CTA
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Galactic Transients
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The Extragalactic Survey

• Survey of  1/4 of the sky to limiting sensitivity of 5 mCrab.!
• Unbiased determination of blazar luminosity function (LogN-

LogS distribution)!
• Probe of new source populations such as extreme blazars at 

the limit of current detectability!
• Discovery potential – serendipity.!
!
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MWL & MM Links:!
Extragalactic
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MWL synergies will demand significant (and challenging amount) of external time, 
especially for transients;!
Re-analysis of catalogued data or revisiting of survey fields is also envisaged.
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CTA’s high sensitivity enables access to short timescales. 
Combined with a low energy threshold + rapid slewing capability 
& large field of view, this makes CTA an ideal high-energy 
transient telescope.

Transients with CTA

1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities
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Figure 1.4 – Comparison of the sensitivities of CTA and Fermi-LAT in the energy range of overlap versus
observation timescale. Differential flux sensitivities at three energies are compared. Adapted from [18]. Note
that the Pass 6 sensitivity is shown for Fermi-LAT and the CTA sensitivity is calculated using an early model of
the arrays; thus, better sensitivities for both Fermi-LAT and CTA are now expected.

The KSPs which rely on the short-timescale capabilities of CTA include:

• Transients (Chapter 9) – comprising a programme responding to a broad range of multi-wavelength
and multi-messenger alerts, including gamma-ray bursts, gravitational wave transients and high-
energy neutrino transients. Rapid feedback to the wider community on the VHE gamma-ray prop-
erties of transients is a key element of the KSP.

• Active Galactic Nuclei (Chapter 12) – where flaring activity forms a key part of the science case,
with rapid bi-directional information flow again critical. Blazars exhibit the fastest known variability
(1 minute timescales) at TeV energies and blazar flares can be used to search for Lorentz invari-
ance violation, as well as cast light on the physics of the ultra-relativistic inner jets of these systems
(see for example [19]).

• Galactic Plane Survey (Chapter 6) – with multiple observations of every part of the Plane al-
lowing the identification of objects variable on timescales from seconds to months, including the
expected discovery of many new gamma-ray binaries [20]. Real-time alert generation from CTA
will maximise the scientific return from short-timescale transients.

1.1.3 Capabilities Beyond Gamma Rays

Whilst CTA is designed as a gamma-ray observatory it will, as part of its normal operation, collect an
enormous quantity of valuable information on charged cosmic rays. Of particular interest are the highest
energy cosmic-ray electrons, which must be associated with nearby particle accelerators (which can
therefore be studied using CTA data in both the gamma-ray and electron channels), and heavy nuclei,
which can be separated using their direct Cherenkov emissions (i.e. from the primary cosmic ray, rather
than from the secondary products in an air shower). Cosmic-ray observations with CTA are discussed
in [21] and in Chapter 14.

Cherenkov Telescope Array
Science with CTA
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See poster by F. Schüssler on Transients



Long-term monitoring of 11 Northern + 4 Southern objects for a 
detailed understanding of the variability and nature of jet 
emission in blazars.

Transients with CTA
See poster by F. Schüssler on Transients
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Follow-up of extreme  extragalactic transient events, from 
external MWL / MM alerts, as well as CTA serendipitous 
discoveries (2-3 per year).

Extreme Transients with CTA

Triggers Radio Optical X-rays GeVs

AGN Flares 50-100 < 800 hours < 300 hours < 500 hours —

GRBs O(20), 4 det 50 h/trigger 50 h/trigger 30 h/trigger 30 h/trigger

Neutrinos O(10), 2 det ? ? ? ?

Gravitational 
waves

O(10), 1 det >50 h/trigger 50 h/trigger 25 h/trigger 20 h/trigger

FRBs ? ? ? ? ?

Transients with CTA
See poster by F. Schüssler on Transients



Multi-messenger science
Gravitational wave and neutrinos follow-up.

See poster by M. Seglar-Arroyo on GWs  

The gravitational wave 
follow-up program of CTA
Monica Seglar-Arroyo1, Elisabetta Bissaldi2, Andrea Bulgarelli3, Alessandro Carosi4 ,Giancarlo Cella5, Tristano Di 
Girolamo6, Thomas Gasparetto4,7,Giancarlo Ghirlanda8, Brian Humensky9,Susumu Inoue10 ,Francesco Longo7, 
Lara Nava11, Barbara Patricelli5,12, Massimiliano Razzano5, Deivid Ribeiro9, Fabian Schussler1, Antonio 
Stamerra12,13, Giulia Stratta3, Susanna Vergani14 for the CTA Consortium15
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Introduction
In the coming years, the Cherenkov Telescope Array (CTA) will play a crucial role in
gamma-ray astronomy due to its unprecedented sensitivity, an order of magnitude better
than current instruments. CTA has been designed to be a complementary two-site
observatory with both sites focusing on slightly different science topics (which translates to
different combination of telescopes per site) covering an energy range from 20 GeV to 300
TeV (Table 1).

EM counterpart searches in GW
follow-up observations with CTA
• GW follow-up observation scheduler. The short-term scheduler determines the

visibility window and computes the most favorable sky coordinates for the observation.
In particular, the observation scheduling is optimizing the observation in three axes:
energy, probability coverage and time

• Low energy coverage. Based on the soft spectrum of short GRBs (sGRBs)
observed by Fermi-Large Area Telescope [3], we prioritize the low energy domain.

• Probability coverage maximization. A sequential order of the observations based
on the covered probabilities in the GW localization maps, from the highest to the
lowest, enhances the likelihood of observing the EM counterpart in a shorter period
of time.

• Dynamic windows. If some of the source parameters are known, the duration of
the observation windows can be estimated. For each observation window the
duration Tobs is set to the time required to make a 5σ detection.

• Real-Time Analysis. Each observation is analyzed in real time by the RTA pipeline,
which is able to detect sub-minute emission, trigger deeper observations on the region
to asses the detection of the potential EM counterpart and issue science alerts at low
latencies below 30 seconds to external observatories [2].

Alert injection and GW follow-
up observation scheduling.

A set of observation windows are
given by

Simulations of VHE counterpart searches in GW follow
ups with CTA

Outlook
The next step of this work is the derivation of the GW-EM detection rates with CTA and the study of the influence of the physical
parameters of the source in the derived rates. In this contribution, the simulations which will be used to develop such studies in a
future work have been introduced. By the time CTA will be able to produce science results, the sensitivity of gravitational wave
interferometers will reach design expectations and further detectors may have successfully joined the network, such as KAGRA, and
LIGO-India.

Fig. 2: Simulated counts for a gravitational wave 
follow-up where 6 observations of 15 seconds have 

been taken assuming a conservative FoV (white) 
which roughly corresponds to the FoVLST in the CTA 
array design. Cyan contours illustrate the localization 

uncertainty of the injected gravitational wave. 

Fig. 3: Result of test-statistic 
analysis of a single observations of the 

simulated follow-up observation 
containing the GRB source, for TOBS =2 s. 
White circles represent hot spots found 

above 3 sigma, and the blue circle points 
to the injected GRB, detected at 8σ. 

Fig. 1: Illustration of the gravitational wave follow-up program of CTA 

www.cta-observatory.org
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ABSTRACT
The birth of the joint gravitational wave / electromagnetic astronomy was heralded by the joint observation of gravitational waves (GWs) from a
binary neutron star (BNS) merger by Advanced LIGO and Advanced Virgo, GW170817, and of gamma-rays from the short gamma-ray burst
GRB170817A by the Fermi-Gamma Burst Monitor (GBM) and INTEGRAL. This detection provided the first direct evidence that at least a
fraction of BNSs are progenitors of short GRBs. GRBs are now also known to emit very-high-energy (VHE, > 100 GeV) photons as
demonstrated by the recent independent detections of GRBs 190114C & 180720B by the ground-based gamma-ray detectors MAGIC and
H.E.S.S. In the next years, the Cherenkov Telescope Array (CTA) will boost the searches for VHE counterparts thanks to its unprecedented
sensitivity, rapid response and capability to monitor large sky areas via survey-mode operation

LST MST SST
CTA-North 4 15 -

CTA-South 4 25 70

In particular, searches for VHE counterparts in
gravitational wave follow-up will benefit from the
rapid response and fast slewing capabilities,
the low energy threshold of observation and
the capability to monitor large sky areas via
survey-mode operation. In the Transient Key
Science Project [1], gravitational wave transients
are ranked as one of the highest priority. Hence, follow-up strategies are being prepared
in order to put in place a competitive, rapid response to GW alerts. This program
includes the follow-up observation scheduling and the real-time analysis (RTA) [2].

Table 1. Number of expected CTA telescopes

Simulation of HE-VHE emission from short GRBs

Each simulated BNS merger is associated to emission in very 
high-energy gamma-rays, obtained following a purely 
phenomenological approach based on observations of GRBs at 
GeV energies, mainly by Fermi-LAT

Characteristics

• The 0.1- 10 GeV luminosity as a function of time is derived based on 
the typical properties of LAT GRBs

• The flux in the initial phase of the afterglow emission is assumed to be 
proportional to t2

• The afterglow onset is fixed at tpeak = 3 s 
• During the deceleration phase the luminosity decreases as t−1.4

• Normalize the light curve, we use the correlation found in [7] between 
Eiso and Lt=60s, for a sample of 10 LAT GRBs

• For the spectral shape we consider a simple power-law with photon 
index -2.1 (NE ∝ E ) spectrum, extrapolated up to 10 TeV.

Simulations of BNS mergers and GW detections

In this work we used a realistic ensemble of BNS merger
simulations and their GW detection available in the public
database GWCOSMoS [4]

Characteristics

• BNS distributed in the Local universe according to a merger rate of
830 Gpc−3 yr−1, (within the range estimated after the detection of
GW170817 [5])

• The maximum distance considered is 500 Mpc.
• An 80% independent duty cycle of Advanced Virgo and both

Advanced LIGO interferometers.
• Finally, for each simulated GW candidate the GW sky localization

has been estimated with BAYESTAR [6], that is a rapid Bayesian
position reconstruction code that computes source location using
the output from the GW detection pipelines

Simulations of Observation Scheduling of GW follow-up with CTA

CTA observation searching for an
EM counterpart.

The GRB emission is simulated using
Gammapy [8] and CTOOLS [9]. The
performance of the CTA instrument is
described by the IRFs-Prod3b [10]. A
set of simulated CTA observations for
the GW follow up is shown in Figure 2.

Analysis of the CTA scheduled 
observations. 

The observations are analyzed on a 
run-by-run basis, in order to mimic a 
real time response, using a test-
statistic (TS) technique. Whenever a 
potential hotspot is found, the RTA 
reacts by continuing observation in the 
region, to asses or reject the 
candidate hotspot .
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Introduction
In the coming years, the Cherenkov Telescope Array (CTA) will play a crucial role in
gamma-ray astronomy due to its unprecedented sensitivity, an order of magnitude better
than current instruments. CTA has been designed to be a complementary two-site
observatory with both sites focusing on slightly different science topics (which translates to
different combination of telescopes per site) covering an energy range from 20 GeV to 300
TeV (Table 1).

EM counterpart searches in GW
follow-up observations with CTA
• GW follow-up observation scheduler. The short-term scheduler determines the

visibility window and computes the most favorable sky coordinates for the observation.
In particular, the observation scheduling is optimizing the observation in three axes:
energy, probability coverage and time

• Low energy coverage. Based on the soft spectrum of short GRBs (sGRBs)
observed by Fermi-Large Area Telescope [3], we prioritize the low energy domain.

• Probability coverage maximization. A sequential order of the observations based
on the covered probabilities in the GW localization maps, from the highest to the
lowest, enhances the likelihood of observing the EM counterpart in a shorter period
of time.

• Dynamic windows. If some of the source parameters are known, the duration of
the observation windows can be estimated. For each observation window the
duration Tobs is set to the time required to make a 5σ detection.

• Real-Time Analysis. Each observation is analyzed in real time by the RTA pipeline,
which is able to detect sub-minute emission, trigger deeper observations on the region
to asses the detection of the potential EM counterpart and issue science alerts at low
latencies below 30 seconds to external observatories [2].

Alert injection and GW follow-
up observation scheduling.

A set of observation windows are
given by

Simulations of VHE counterpart searches in GW follow
ups with CTA

Outlook
The next step of this work is the derivation of the GW-EM detection rates with CTA and the study of the influence of the physical
parameters of the source in the derived rates. In this contribution, the simulations which will be used to develop such studies in a
future work have been introduced. By the time CTA will be able to produce science results, the sensitivity of gravitational wave
interferometers will reach design expectations and further detectors may have successfully joined the network, such as KAGRA, and
LIGO-India.

Fig. 2: Simulated counts for a gravitational wave 
follow-up where 6 observations of 15 seconds have 

been taken assuming a conservative FoV (white) 
which roughly corresponds to the FoVLST in the CTA 
array design. Cyan contours illustrate the localization 

uncertainty of the injected gravitational wave. 

Fig. 3: Result of test-statistic 
analysis of a single observations of the 

simulated follow-up observation 
containing the GRB source, for TOBS =2 s. 
White circles represent hot spots found 

above 3 sigma, and the blue circle points 
to the injected GRB, detected at 8σ. 

Fig. 1: Illustration of the gravitational wave follow-up program of CTA 
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ABSTRACT
The birth of the joint gravitational wave / electromagnetic astronomy was heralded by the joint observation of gravitational waves (GWs) from a
binary neutron star (BNS) merger by Advanced LIGO and Advanced Virgo, GW170817, and of gamma-rays from the short gamma-ray burst
GRB170817A by the Fermi-Gamma Burst Monitor (GBM) and INTEGRAL. This detection provided the first direct evidence that at least a
fraction of BNSs are progenitors of short GRBs. GRBs are now also known to emit very-high-energy (VHE, > 100 GeV) photons as
demonstrated by the recent independent detections of GRBs 190114C & 180720B by the ground-based gamma-ray detectors MAGIC and
H.E.S.S. In the next years, the Cherenkov Telescope Array (CTA) will boost the searches for VHE counterparts thanks to its unprecedented
sensitivity, rapid response and capability to monitor large sky areas via survey-mode operation

LST MST SST
CTA-North 4 15 -
CTA-South 4 25 70

In particular, searches for VHE counterparts in
gravitational wave follow-up will benefit from the
rapid response and fast slewing capabilities,
the low energy threshold of observation and
the capability to monitor large sky areas via
survey-mode operation. In the Transient Key
Science Project [1], gravitational wave transients
are ranked as one of the highest priority. Hence, follow-up strategies are being prepared
in order to put in place a competitive, rapid response to GW alerts. This program
includes the follow-up observation scheduling and the real-time analysis (RTA) [2].

Table 1. Number of expected CTA telescopes

Simulation of HE-VHE emission from short GRBs

Each simulated BNS merger is associated to emission in very 
high-energy gamma-rays, obtained following a purely 
phenomenological approach based on observations of GRBs at 
GeV energies, mainly by Fermi-LAT

Characteristics

• The 0.1- 10 GeV luminosity as a function of time is derived based on 
the typical properties of LAT GRBs

• The flux in the initial phase of the afterglow emission is assumed to be 
proportional to t2

• The afterglow onset is fixed at tpeak = 3 s 
• During the deceleration phase the luminosity decreases as t−1.4

• Normalize the light curve, we use the correlation found in [7] between 
Eiso and Lt=60s, for a sample of 10 LAT GRBs

• For the spectral shape we consider a simple power-law with photon 
index -2.1 (NE ∝ E ) spectrum, extrapolated up to 10 TeV.

Simulations of BNS mergers and GW detections

In this work we used a realistic ensemble of BNS merger
simulations and their GW detection available in the public
database GWCOSMoS [4]

Characteristics

• BNS distributed in the Local universe according to a merger rate of
830 Gpc−3 yr−1, (within the range estimated after the detection of
GW170817 [5])

• The maximum distance considered is 500 Mpc.
• An 80% independent duty cycle of Advanced Virgo and both

Advanced LIGO interferometers.
• Finally, for each simulated GW candidate the GW sky localization

has been estimated with BAYESTAR [6], that is a rapid Bayesian
position reconstruction code that computes source location using
the output from the GW detection pipelines

Simulations of Observation Scheduling of GW follow-up with CTA

CTA observation searching for an
EM counterpart.

The GRB emission is simulated using
Gammapy [8] and CTOOLS [9]. The
performance of the CTA instrument is
described by the IRFs-Prod3b [10]. A
set of simulated CTA observations for
the GW follow up is shown in Figure 2.

Analysis of the CTA scheduled 
observations. 

The observations are analyzed on a 
run-by-run basis, in order to mimic a 
real time response, using a test-
statistic (TS) technique. Whenever a 
potential hotspot is found, the RTA 
reacts by continuing observation in the 
region, to asses or reject the 
candidate hotspot .
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1.Fast scan of large GW 
signal region, est. time of 
2 hours/trigger + follow-up!
!

2.Real time analysis for 
statistical identification of 
potential EM counterpart 
for follow-up !
!

3.MWL campaigns and 
cross-matching of multiple 
catalogues for source ID



Multi-messenger science
Large MWL follow-up campaigns

Recent IceCube neutrino & GW events, and the sub-TeV GRB 
detection by MAGIC sparked large MWL / MM follow-up campaigns  

♲
ALERTS

ALERTS

low latency searches 
for EM counterpart IDs

Follow-up campaigns of  
validated events

 Over 150 instruments participate in follow-up 
campaigns of such events and related MoUs; 
dozens of alerts in past years.!
 Follow-up & RTA searches covering entire EM.
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Multi-instrument 
coordination

2. Synergies 2.1 Radio to (Sub)Millimeter

2014
2015

2016
2017

2018
2019

2020
2021

2022
2023

2024
2025

NICER 

iPalomar Transient Factory             —> (~2017) Zwicky TF

ALMA

LOFAR

XMM & Chandra

VLT, Keck, GTC, Gemini, Magellan…(many other smaller facilities)

      ⇐                        CTA  Prototypes              ⇒ Science Verification ⇒ User Operation 

Low Frequency Radio

MWA

ASKAP
Kat7 --> MeerKAT --> SKA Phase 1

Mid-Hi Frequency Radio

SKA1&2 (Lo/Mid)

JVLA, VLBA, eMerlin, ATCA, EVN, JVN, KVN, VERA, LBA, GBT…(many other smaller facilities)

EHT              (prototype —> full ops)

MWA (upgrade)

Optical Transient Factories/Transient Finders

PanSTARRS1 —> PanSTARRS2
BlackGEM (Meerlicht single dish prototype in 2016)

LSST (buildup to full survey mode)

Optical/IR Large Facilities

 eELT (full operation 2024) & TMT (timeline less clear)?X-ray
Swift (incl. UV/optical)

NuSTAR
ASTROSAT 

eROSITA 

ATHENA (2028)

Gamma-ray
INTEGRAL

Fermi
HAWC Gamma400 

(2025+)DAMPE

VLITE on JVLA                               --> (~2018? LOBO) 

Advanced LIGO  + Advanced VIRGO (2017)                          (—upgrade to include LIGO India—)
Grav. Waves

Einstein Tel.?

(sub)Millimeter Radio

KM3NET-2 (ARCA) KM3NET-3
                                               IceCube (SINCE 2011)                                                                                                                                                     IceCube-Gen2? ⟹

ANTARES KM3NET-1

WFIRSTHST JWST GMT

JCMT, LLAMA, LMT, IRAM, NOEMA, SMA, SMT, SPT, Nanten2, Mopra, Nobeyama … (many other smaller facilities) 

HXMT 

SVOM (incl. soft gamma-ray + optical ground elements)

KAGRA

LHAASO

                                      Telescope Array          ⟹					upgrade	to	TAx4
                                          Pierre Auger Observatory                  ⟹				upgrade	to	Auger	Prime

IXPE

XARM 

Neutrinos

UHE Cosmic Rays

FAST

Figure 2.1 – Timeline of major multi-wavelength/multi-messenger facilities over the next decade. Note that the
lifetimes of many facilities are uncertain, contingent on performance and funding. We indicate this uncertainty
via the gradient, but have chosen timelines based on the best information currently available. Instruments still
in the proposal phase have been omitted, as have many relevant survey instruments mentioned in the text, for
the sake of space.
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Instrument coordination 
and data access via 
GOP, MoUs or open data 
policies. 
!
Mapping of availability 
at each band (and time) 
is fundamental for 
success



MWL & Multi-messenger 
coordination within CTA:

1. CTA will demand significant 
amount of external data for 
achieving its KSP science goals!
!

2. Transients science is specially 
demanding, requiring also close 
coordination of ToO observations!
!

3. In optical support telescopes on 
site may be a solution for 
providing the dedicated coverage 
necessary.!

!

Conclusions



BACK UP



MWL Synergies
Mapping matrix: Science Cases <—> MWL / Multi-messenger
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Messenger

Astrophysical 
Probes

Galactic 
Plane 

Survey
LMC & 
SFRs

CRs &!
Diffuse!

Emission
Galactic 

Transients
Starburst!
& Galaxy!
Clusters

GRBs AGNs Radio 
Galaxies Redshifts GWs & 

Neutrinos

Radio 
Particle and magnetic-

field density probe. 
Transients. Pulsar timing.

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

(Sub)Millimetre
Interstellar gas mapping. 
Matter ionisation levels. 
High-res interferometry.

✔ ✔ ✔ ✔ ✔ ✔

IR/Optical
Thermal emission. 

Variable non-thermal 
emission. Polarisation.

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

Transient 
Factories

Wide-field monitoring & 
transients detection. Multi-

messenger follow-ups.
✔ ✔ ✔

X-rays
Accretion and outflows. 
Particle acceleration. 
Plasma properties.

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

MeV-GeV 
Gamma-rays

High-energy transients. 
Pion-decay signature. 

Inverse-Compton process
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

Other VHE
Particle detectors for 

100% duty cycle 
monitoring of TeV sky.

✔ ✔ ✔ ✔ ✔

Neutrinos
Probe of cosmic-ray 

acceleration sites. Probe 
of PeV energy processes.

✔ ✔ ✔

Gravitational 
Waves

Mergers of compact 
objects (Neutron Stars). 

Gamma-ray Bursts.
✔✔

✔✔

Figure 3: Matrix of CTA Science Cases and associated MWL / multi-messenger synergies. The science cases listed refer to the core science programme
of CTA, to be developed within the Consortium proprietary time. Some comments on the astrophysical capabilities from each band are also added. Ticks
marked in red are to indicate the principal synergies of each science case.
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