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Thermal processes: Maxwellian distribution of particle E, characterized by T.
Thermal spectrum: black body emission.

Non-thermal processes: particle accelerationà power-law distr. of particle E.
Non-thermal spectra: very different, depending on physical parameters.



Ø Electromagnetic Processes:

Synchrotron Emission:
Probes Magnetic Field, Electron Energy

Inverse Compton Scattering:
Probes Photon Field, Electron Energy

Bremmstrahlung:
Probes Matter Density, Electron Energy

Ø Hadronic Cascades:

p + g -> p± +po +… -> e ± + n + g +…
p + p -> p± +po +… -> e ± + n + g +…

Introduction
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Gamma rays
0.1-1 MeV soft INTEGRAL/IBIS
1-100 MeV CGRO/COMPTEL
0.1-50 GeVHigh Energy (HE)

AGILE, Fermi/LAT
>50 GeV Very High Energy (VHE)

HESS, MAGIC, VERITAS, HAWC



A γ-ray impinges the
atmosphere, producing a
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Imaging Atmospheric Cherenkov Telescopes (IACTs).



Current TeV instrumentation
Sensitivity <1% of Crab Nebula flux in 50 h, energy range ~0.05-100 TeV,
energy resolution ~10% (DE/E ~0.1), angular resolution <0.1º, wide FoV 3-5º.

MAGIC

HAWC

Introduction



This instrumentation allows us to conduct surveys, morphological studies,
spectro-morphological studies, detect faint and diffuse emission, detect
variability, or conduct phase-resolved spectroscopy of variable sources.

2020 Feb: 226 sources known! ~35% extragalactic, ~40% galactic, ~25% unid.

Introduction

(Wakely & Horan http://tevcat.uchicago.edu/)
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(Wakely & Horan http://tevcat.uchicago.edu/)

Most papers published in A&A, ApJ, MNRAS,
~ 20 in Nature and Science.



Survey of the southern Galactic plane
(HESS Collaboration 2018).
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SNR RX J1713.7–3946 (HESS Collaboration et al. 2018).
Evidence for gamma-ray emission extending beyond the X-ray emitting shell.

Ø First indication for particles in the process of leaving the acceleration shock.
Ø Leptonic processes could dominate in the shell and central part.
Ø Hadronic processes could contribute in the outer regions.
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Counterpart of an Extremely High Energy
neutrino of 290 TeV in 2017 September 22.
Origin of Ultra-High Energy Cosmic Rays?
(Icecube, Fermi/LAT, MAGIC et al. 2018, Science).
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Introduction
First GRB reported at TeV energies. IC component. 
(MAGIC Collaboration 2019 & MAGIC Collaboration 
et al. 2019).



Cherenkov Telescope Array

CTA science goals and design is being developed by the CTA Consortium:
> 1.400 scientists and engineers from about 200 institutes in 31 countries.
http://www.cta-observatory.org/

Spain involved since the beginning (~2008); http://observatorio-cta.es/



CTA-Spain: coordinated effort by all the Spanish groups working for CTA:

• IAC à Astrophysics (R. García-López)
• ICE-CSIC à Astrophysics (D.F. Torres)
• UJA à Astrophysics (J. Martí)
• IAA à Astrophysics (I. Agudo)
• ICCUB à Astroparticle Physics (M. Ribó) + Astrophysics (J.M. Paredes)
• IFAE à Astroparticle Physics (M. Martinez) 
• UCM-GAE à Astroparticle Physics (J.L. Contreras)
• CIEMAT à Astroparticle Physics (C. Delgado)
• IFT à Astroparticle Physics (M.A. Sánchez-Conde)
• UAB à Radiation Physics (Ll. Font)
• UCM-ELEC à Applied electronics (J.M. Miranda)
• PIC à Computing (M. Delfino)

A truly coordinated effort of 12 groups (so far) from different fields.

There is a Working Group of Red de Infraestructuras de Astronomía about CTA.

Cherenkov Telescope Array



Different telescope sizes for different energy ranges.
Slightly different technologies.

Cherenkov Telescope Array

Large Size Telescopes (LSTs)
23 m diameter. FoV 4.5º.
20-200 GeV. Low energies.

Mid Size Telescopes (MSTs)
12 m diameter. FoV 8º.
0.1-10 TeV. Sensitivity.

Small Size Telescopes (SSTs)
4 m diameter. FoV 9-10º.
1-300 TeV. High energies.



One observatory, 2 sites for full sky coverage.

Cherenkov Telescope Array

Low energy array (4 LST + 15 MST)

Extragalactic science

All-energy array (4 LST + 25 MST + 70 SST)



South: 99 telescopes

North: 19 telescopes

Cherenkov Telescope Array

Gabriel Pérez Diaz, IAC, SMM

Gabriel Pérez Diaz, IAC, SMM



North: 19 telescopes

Cherenkov Telescope Array

Gabriel Pérez Diaz, IAC, SMM
LST1, ORM, La Palma, Spain
Inaugurated 2018 Oct



Cherenkov Telescope Array

Commissioning ongoing.
Many improvements taking place.
Targeting June for first complete 
telescope requirement verification.

R. LópezFirst detection of Crab Nebula 
with LST1 (quick analysis using 
4.5 hours November 2019).

Production of next 3 LSTs ongoing.



Cherenkov Telescope Array

CTA sensitivity: a factor 5-20 better than current facilities (energy dependent).

Angular resolution: down to 0.03 deg. or 2 arcmin.

Energy resolution: 5-10% above 100 GeV.



CTA Main Scientific Themes:

CTA Key Science Projects



CTA Key Science Projects



Science with CTA: +200 pages 
describing CTA science goals

The CTA Consortium
arXiv:1709.07997

Published in 2019 as a book and
open-access online version by 
World Scientific Publishing Co. 
Pte. Ltd. ISBN #9789813270091

CTA Key Science Projects



CTA-Gaia synergies

Gaia: 2-3 eV. CTA: 20 GeV-300 TeV.à ~10-14 orders of mag. difference.

Thermal optical emission from stars.

Non-thermal synchrotron optical emitting electrons from different sources.



CTA-Gaia synergies

From the CTA Science book:

Ø 4. Dark Matter Programme

o 4.2.1 Milky Way. The interpretation of CTA observations requires
tighter observational constraints from microlensing and large scale radial
velocity surveys. Kinematic surveys such as … Gaia… are collecting
samples of thousands of radial velocities which will be used to map the
dynamical structure of the bulge and bar regions. Together, the
microlensing and kinematic data have the potential to provide
improvements on the constraints in the mass profile of the inner Galaxy.

o 4.2.3 Large Magellanic Cloud. It is the Gaia satellite that promises the
next major step in understanding by mapping out the proper motion
velocity field in much greater detail. With 3D velocities, it may become
possible to unravel the inner dark halo slope, although considerable
further modelling effort for the stellar and gas components will be
needed.



CTA-Gaia synergies

From the CTA Science book:

Ø 6. Galactic Plane Survey

o Identification of Transient sources in the Galactic Plane.

Ø 9. Transients

o New and upcoming optical transient factories such as Gaia, Pan-
STARRS, iPTF, ZTF, and LSST, as well as radio transient factories such
as SKA and its pathfinders LOFAR, MeerKAT, MWA, and ASKAP
[293] (see details in Chapter 2) guarantee a revolution in our physical
understanding of the transient universe



Binary systems. X-ray binaries (microquasars) vs. gamma-ray binaries.

Mirabel 2006,  (Perspective) Science 312, 1759

Cygnus X-3, Cygnus X-1 LS 5039 ? PSR B1259−63
LS I +61 303 ? PSR J2032+4127
HESS J0632+057 ?
1FGL J1018.6−5856 ?
4FGL J1405.1-6119 ? LMC P3 ?



Kicks during SN explosion (from Podsiadlowski).



Kicks during SN explosion (from Podsiadlowski).

Some massiv
e runaway sta
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Gaia DR2.



Gaia DR2.

No binary orbits 

fitte
d in Gaia DR2 !!!



Gaia DR2 results on gamma-ray binaries. PSR B1259-63 (Miller-Jones et al. 2018).

11 epochs of VLBI measurements of
the pulsar (Miller-Jones et al. 2018).

Parallaxà Distanceà Luminosity

Orbit:
Ø Inclination
Ø Masses
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Pulsar
timing

VLBI

What Gaia 
should see

Gaia DR2:
-6.986 +/- 0.043 mas/yr
-0.416 +/- 0.044 mas/yr
Differences in pm:
0.024 +/- 0.052 mas/yr
0.116 +/- 0.055 mas/yr

Measuring a* allows
obtaining NS mass

Potential new targets
for CTA, etc.

(Miller-Jones et al. 2018)



GOF, UWE and RUWE for gamma-ray binaries:

Most of the sources had a bad GOF > 3à Promising discriminator !!

After applying the recommended routines by Lindegren et al. (2018), all of
them turned out to have “normal” values of UWE and RUWE around 1 !!!

(1) Moldón et al. 2012, (2) Marcote et al. 2012, (3) Wu et al. 2017, (4) Millor-Jones et al. 2018.



Gaia DR2 results on gamma-ray binaries.
1FGL J1018.6-5856 (Marcote et al. 2018).

It is a runaway binary escaping from the
Galactic Plane.

Similar to LS 5039
(Ribó et al. 2002, Moldón et al. 2012).

Goal:

Ø Search for new gamma-ray binaries 
using O and Be star catalogues

Methodology:

Ø Use Gaia DR2 on these stars to 
search for runaway stars



GOSC.

Ø Galactic O-Star Catalog (Maíz Apellániz et al. 2004, 2013, 2018).
Ø Available at http://gosc.cab.inta-csic.es
Ø It contains 618 O and B0 stars.
Ø These authors detected 76 runaway stars (some of them not in GOSC).

BeSS.

Ø Catalog of Be stars.
Ø Available at http://basebe.obspm.fr/basebe/
Ø It contains 2251 classical Be stars.



Filters applied in Gaia DR2 data.

Ø G magnitude > 6 to avoid saturation.

Ø 5 parameters solutions: position, proper 
motion and parallax.

Ø Parallax over error > 5 to have distance 
uncertainties smaller than 20%.

Ø Visibility periods > 10 to avoid bad 
solutions or large uncertainties.



GOSC.

Ø Galactic O-Star Catalog (Maíz Apellániz et al. 2004, 2013, 2018).
Ø Available at http://gosc.cab.inta-csic.es
Ø It contains 618 O and B0 stars.
Ø These authors detected 76 runaway stars (some of them not in GOSC).
Ø After several filters we work with an O-Gaia DR2 catalog of 370 objects.

BeSS.

Ø Catalog of Be stars.
Ø Available at http://basebe.obspm.fr/basebe/
Ø It contains 2251 classical Be stars.
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The Local Standard of Rest and the Regional Standard of Rest.

Peculiar velocity with 
respect to the RSR.

Galactic velocities:
U towards the GC.
V towards Galactic rotation
W towards the North Galactic Pole

We use the Galactic 
rotation model of  
Reid et al. (2014).



Runaways in GOSC.



Runaways in BeSS.



Gamma-ray binary candidates.

GOSC.
Ø Galactic O-Star Catalog (Maíz Apellániz et al. 2004, 2013, 2018).
Ø Available at http://gosc.cab.inta-csic.es
Ø It contains 618 O and B0 stars.
Ø These authors detected 76 runaway stars (some of them not in GOSC).
Ø After several filters we work with an O-Gaia DR2 catalog of 370 objects.
Ø We have found 76 runaways, 42 more than Maíz Apellániz et al. (2018).
Ø 24 are in positions covered by the HESS GPS, 2 are 4th Fermi-LAT sources.

BeSS.
Ø Catalog of Be stars.
Ø Available at http://basebe.obspm.fr/basebe/
Ø It contains 2251 classical Be stars.
Ø After several filters we work with a BeSS-Gaia DR2 catalog of 1399 objects.
Ø We have found 54 new runaway stars.
Ø Only 5 are in positions covered by the HESS GPS.



Future work.

Ø Make deep searches in MW catalogues.

Ø Conduct radial velocity studies to constrain 3-D velocities and search for
binarity!



Ø Multi-wavelength and multi-messenger observations are needed to fully
understand the non-thermal Universe.

Ø Every time we open a new window, like VHE gamma rays (MAGIC, etc.),
neutrinos (Icecube) or GWs (LIGO) we discover new types of sources.

Ø MAGIC, HESS and VERITAS have made a significant change in VHE
astrophysics: from detections to detailed studies with physical modeling.

Ø CTA is the future in the field, and will work as an open observatory. It
promises to revolutionize astrophysics in the highest energy ranges.

Ø Gaia has allowed a revolution in astrometric studies of Galactic sources,
paving the road for future discoveries with CTA (e.g. gamma-ray binaries).

Ø The future in High-Energy Astrophysics is bright!

Read “CTA: estado actual” in Boletín de la SEA (38 Verano 2018).

Conclusions
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Cherenkov Telescope Array

CTA array layout.



Cherenkov Telescope Array

Angular resolution.
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Already
detected!
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Gaia DR2 results on gamma-ray binaries. PSR B1259-63 (Miller-Jones et al. 2018).
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BeSS.



(Paredes & Bordas 2018)
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Runaways in BeSS.



Runaways in BeSS.

sb =   6.5 deg
sb = 14.4 deg

sZ =  117 pc
sZ =  525 pc


