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Non thermal Universe
Gamma rays trace particle acceleration in space
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Non thermal Universe CTAD

Gamma rays trace particle acceleration in space

Happenmg in many places
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Ground-based g-ray Astrophysics

IACTS

Currently: HESS,
MAGIC, VERITAS

Future: CTAQO,
Astri-MA, LACT

Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

Shower Front
Currentl: HAWC,
LHAASO
Future: SWGO,
ALPACA

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY
33—
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Particle from air
shower

Detector tank

Water

Cherenkov
Light

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

T jenayvas saoqoIybIaE

Photosensors detect
Cherenkov light

Shower image, 100 GeV jy-ray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005,

Not to scale
https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html 9
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Ground-based g-ray Astrophysics CTAD

km 1TeV

Telescopes Array:
- Improved sensitivity
- Better angular reconstruction

Remember

- Observed event is atmospheric shower:

angular resolution cannot be <<0.1 deg

- Atmosphere is part of the detector }R Hinton JA, Hofmann W. 2009.

- Around 1e3/1e4 primary cosmic protons Annu. Rev. Astron. AStI‘Oph}’S. 47:523-65
than gamma




TACT Year Nr. tels & diameter Location
Current IACTS Whippte——1968 ey Atirera— oS
H.E.S.S. 2003  4x12m+1xX28 m  Gambserg, Namibia

_ ——— MAGIC 2004 2x17 m La Palma, Spain
- VERITAS | 2007 4x12 m Arizona, USA

Table 1: Current major operating ground-based Cherenkov telescopes. Given
<+ = . = are the starting year, the array multiplicity and dish diameter in the latest con-

- Jfiguration, and the location. MD NIMA742 (2014) 99-106

= = e

SPETNERN OcEaw
e




Incoming IACT arrays

CTAD
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The Cherenkov Telescope Array Observatory

< c o org/public/teles-instr/paranal-observatory/ctao/ «Q &
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Paranal Observatory PIll Cherenkov Telescope Array Observatory

since 7t" Jan 2025 .
Cherenkov Telescope Array Observatory
+

CTAO — the World’s Most Powerful Ground-Based Gamma-Ray Observatory

European
Southern
Observatory

Funded b' / 9 EU member

a-i-tCroatla, Czech L E \
_—— =

The Cherenkov Telescope Array Observatory (CTAO) will be the world’s most powerful ground-based

(Australla Braznl Netherland’s :
% bservatory f high- ray ast . It will consist of t f tel thern-
and USA are in ne gOtI atio n) hemmisphers aay at ESO's Paranal Observatory and a northem aray on the sandof La Paima, Spain.  Cheerenkov Telescope Array

Gamma rays are emitted by s st ex’(reme and powerful objects in the Universe, such as Observatory (CTAO)
supermassive black holes supernovae. D . its data and

https://www.eso. orq/publlc/teles instr/paranal-observatory/ctao/

Headquarter: Bologna INAF-area
Science Data Management Center: DESY Zeuthen

10


https://www.eso.org/public/teles-instr/paranal-observatory/ctao/

Beta Configuration approved CTADO

One observatory: two arrays. North (ORM), South (ESO Paranal)

Array Coordinates

Latitude: 24° 41 0.34" South
Longitude: 70° 18’ 58.84" West

» CTAO-South
Paranal, Chile

CTAOQO Northern Array
4 LSTs
L4 ke o o9 MST

CTAO Southern Array
2 L.STs b
14 MSTs
37 SSTs

Array Coordinates
Latitude: 28° 45° 43.7904" North
Longitude: 17° 53’ 31.218" West




CTAO

Large-Sized
Telescope

‘ See more:
https://www.ctao.org/emission-

to-discovery/telescopes/Ist/

i | : )
sub-TeV multi-TeV
23 m diameter 12 m diameter 4.3 & 1.8 m diameter
370 m? effective area 90 m? effective area 6 m? effective area
28 m focal length 16 m focal length 2.2 m focal length
4.5° field of view 8° field of view 9.6° field of view

‘Medium-Sized

il Telescope
9 North .
14 South ~ Small-Sized
N Telescope
37 South
= g \\ /




Regarding ESO participation

Telescopes currently operating or under construction

Here you see ESO's telescopes and telescopes hosted at ESO'’s sites. Those with marked with a * are currently under construction.

e A LT . . , /)
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Atacama Large - ii%
Millimeter/submillimeter Array Atacama Pathfinder Experiment 3

(ALMA) (APEX) Auxiliary Telescopes (ATs) BlackGEM

e
'
' 7
y/ P \‘S 1

spectral name | frequency energy per typical angular ESO instrument
> photon resolution

N mm Radio 300 GHz 0.0012 eV

v &

~0.01-1 arcsec ALMA

[
Chergkov Telgfcope Array (?TA)* Danish 1.54-metre telescope SO 1 IR 1 0000 GHZ 0042 eV ~0005_005 arcsec VLT / ELT

\

n\ visible 600000 GHz 2.5eV ~0.005-0.02 arcsec VLT / ELT
‘ |

VHE g-rays 2.4E17 GHz 1E12eV=1TeV ~1-5arcmin CTAO

480 THz 1.5eV 1-50 muas CTAO - Stellar
Intensity Interf.

k \ ) __E R  Visible
. - A

ESO 1.52-metre telescope ESO 3.6-metre telescope m=-us

13



Largest optical surface in the world © CTA

Telescopes currently operating or under construction

ES0's sites. ar construction

Yerkes Observatory

refractor (40" lens .
at the same scale) H 5
Williams Bay, Wisconsin, S
| USA(1893) il
[ ) . @ Large Sky Area
Great Paris Exhibition JEE= = ect Fiber .. "

Spectroscopic Gran Telescopio

Telescope Tel 5
(49" lens at the same scale) (f:hﬁg%%% Canarias Keck telescopes
Paris, France (1900) Hebei, China Calr_'lgrsi?'lsﬁg?{ds Mauna Kea, Hawaii,
) USA (1993, 1996
(2009) Spain (2007) ( )
Hooker Telescope (100")
Mt Wilson,
California, USA (1917)
|
. Gemini North Subaru
% Meurate  Telescope  Thiny Meter Telescone
q " , M Kea, Hawaii, USA
Hale Telescope (2007) ~ Hobby-Eberly Southern African (1999) Hawaii, USA auna (ﬁznng&;ﬂ"
o T e Mt Palomar, California, Telescope Largeelescope (1999)
USA (1948) Davis Mountains, Sutherland,
Texas, USA South Africa

(1996) (2005)

Gemini South
Cerro Pachon,
Chile (2000)

(1979-1998)  (1999-)
Multiple Mirror Telescope L .
Mount Hopkins, Arizona, USA
Large Binocular

Telescope
Mount Graham,
Arizona, USA (2005) .
Vera C. Rubin

Observatory

BTA-6 Large A .
(Large Zenith Cerro Pachon, Chile
Altazimuth Telescope 2025)
Telescope) British
Zelenchuksky, Columbia,
Russia Canada
(1975) (2003)
- ]
A Gaia Kepler Extremel
. ’ it y Large Telescope
Earth (gggzlljzpomt Eg(r)tlgrtroa;ltl;::g Very Large Telescope Cerro Armazones, Chile
Cerro Paranal, Chile (planned 2028)

(2009) (1998, 1999, 2000, 2000)

i
° Human ?—‘-v‘—ﬁ—‘-r?—ﬁ—‘—r'—‘v}‘D m
Hubble Space at the 0 10 20 30 ft
James Webb Telescope same scale

Low Earth Magellan Telescopes .
ég:ﬁfsﬁ'luel.s;p%ﬁ’rﬁ O\grhiétl Las Campanas, Cﬁile Giant Magellan Telescope
(2022) (1990) (2000, 2002) Las Campanas, Chile
(planned 2030s) te | esco pe

Oy nce
o eWme"""f"is)‘ly Large TelescoP® (@
Arecibg Obse

| =
Tvatory 305 m radio telescope at the same scale com b Ine d
n FAST (Five-hundred-meter Aperture Spherical [radio] Telescope)
.+ at the same scale ~ 2 . 2X ar‘ea 14

Basketball court at the same scale

Tennis court at the same scale



CTAO-North

December 2024

CTAD

LST1in commissioning
since 2018
https://Ist.iac.es/collaboratio

n/publications

+3 LSTs under
completion

+9 MSTs to arrive!

+ operational building,
central calibration
facilities, etc.

15


https://lst.iac.es/collaboration/publications

Cerro Paranal
Very Large Telescope

S Cerro'Armazones:
E=ELT

Vulcano Llullaillaco
6739 m, 190 km east

p AN

- -

-

Construction facility

5 SSTs and 2 MSTs

RIS Will be shipped and

e installed in 2026/2027

16



Phased scientific exploitation (in prep) ©TAO

2025 2027 2030

CONSTRUCTION PHASE

OPERATION PHASE

Notes: Science Verification (possibly open) KSP+Open Time Open
* In discussion

* Not to scale

ESO:
10% North
10% South

40%
KSP Time

20% HGT

20% HGT

ESO in the north!

Host 2% po?

Legend

CP = contributing parties
Any = CP+ non CP

Host = host countries . .
KSP = Key Science Projects Astronomers from Belgium, Denmark, Finland,

Open = proposal-based Ireland, Netherlands*, Portugal, Sweden, UK will
HGT = Host Granted Time (ESO, Spain)
DDT = Director Discr. Time

apply through ESO




New data access philosophy CTAO

A novelty in the field

Current generation:

operated as experiments:

* Proprietary data
format

* Private data access

* Limited guest
observation program

MAGIC [+ 11

DATA FORMAT

»  CTAO has defined a data format (DL3) compliant with
VODF and subscribed by HE, VHE + nu communities

»  CTAO science analysis tools based on gammapy

https://vodf.readthedocs.io/

VODF

very-high-energy open data format

[www.gammapy.org] https://gammapy.org/

MINIMIZE EFFORT FOR IGAMMA COMMUNITIES

A Python package for
gamma-ray astronomy

< 1y proprietary period for the PI
> 1y open public shared via CTAO Science Data Portal

Science Data Challenge in Q4 2026
*  Fully open and blind
* Getexternal acquainted with CTAO data
* Award!

18



Performance and context: sensitivity CTAO

Flux sensitivity Transient sensitivity
—e— CTAO NorthemAtrey % ~ o
9 » mnus E =40 GeV _
_ —a— CTAO Southern Array g I TP T — E=75Gev %
Pevatrons 5 Celamen |
<§) 10" ‘\ 3 § g é
% L 3 e ’\""--....--u—“""—':‘—“— & B § § CTAO Northern Array (Alpha) %:
=) C =g —a— —— 8 =3 g
W = Snanaine T 2 :
o — EL
E Dxfferennalﬂuxlsensmwty (50 h m 4 l § E E
102 107 1 10 10?
Reconstructed Gamma-ray Energy ER (TeV)
«  Complements Fermi-LAT (LE) and LHAASO (HE) Unbeaten transient sensitivity!
* 10X sensitivity than prev. generation Orders of magnitudes more sensitive
e More sensitive instrument between 0.1-30 TeV for duration below 10h

Cons: field of view of <10deg

CTAO will be a time-domain instrument

19



Angular Resolutic[esE

Angular Resolution (°)

Not only sensitivity

0.25

0.2

0.15

=

IIIIIIIIIlIIII

T IIIIIIII T l]IIIIII T
— CTAO Northern Array

..... CTAO Southern Array

"%,
\
2

15-30” localization

CTAO
ASTRI 2 TeV
10 TeV,

SWGO
@10TeV

|

~
=
o
>
[t}
o
<]
<
(=X
=

Illllllllllllllllllllllll

mic Ray —~
Gamma-

ce/cta-performance

https:/iwww.cta-observatory.org/scien

Energy Resolution

0.3_ T T T

0.25

o
o
[

A E/E (68% containment)
o
o
[

T T T T

— CTAO Northern Array
----- CTAO Southern Array

TTT] T T T T T T T

L [ I A 11
ta-observatory.org/science/cta-performance (prods, v0.1)

107" 1 10
Gamma-ray Energy E (TeV)

/ \
{ \
\ /
\ /
\ /
N

Optical FoV

CTAD



) cherenkov. *
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| By (author): The CTA Consortium




VHE gamma-ray science CTAO

Theme | Theme |l Theme lll

Cosmic particle Extreme astrophysical
Acceleration conditions The frontiers of
physics

Cosmic ravs Pulsars
N Supernova , _ A

' ~ ' remnas : B Space time [\
2 g 2 ./: ) . | — *"‘- : 4,'-

¥

EIEES

Propagation

e ' Annihilation

Starburst Galaxies

.

Will likely skip some of next slides P. Andreani




A revolution is coming CTA

s
10— Gev gamma rays

H lgh'Energy CTAO VHE o | | R R

Third EGRET Catalog -t |

Fermi/LAT

Fermi/LAT (1FGL)
E> 100 MeV 8 i AT (4FGL-DR3)

‘3— I~

8 Macomb & Gehrels

s y EGRET (3EG)

) 7

8 EGRET (2EG)

£ ol f .

2 3rd-generatiol

HES

1 ¢ McBreen  Whipple (Crab)
| yetal. (Crab) \ . i ]

1970 1980 1990 2000 2010 2020

Kifune plot
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Theme 1 CTAO

Understanding the Origin and Role of Relativistic Particles in the

Universe and nebular structure.

e Galactic PeVatrons

|dentify sources capable of accelerating Binary Systems

cosmic rays to Pev gnergles. Investigate particle acceleration in
Key targets: Galactic Center, young compact binaries, microquasars.
supernova remnants (SNRs),+.

-
Star-forming Systems

/l
¥
L /N W
b L
% N,
B "\“i\
°

[ J
. & Supernova Remnants (SNRs) and . o
S .. . Explore collective acceleration in
N the Origin of Cosmic Rays starburst regions and OB associations. y
S Study acceleration, diffusion, and escape : .
=== . ¢ -

of particles. Cosmic-Ray Diffusion and

Combine CTA data with Fermi, radio, Propagation

and X-ray observations. Probe cosmic-ray transport through

molecular clouds and diffuse emission.

e Pulsar Wind Nebulae (PWNe)

Examine leptonic acceleration, cooling,

24




Theme 2 CTAO

Probing Extreme Environments

« (‘Active Galactic Nuclei (AGN) +| Pulsars and Magnetospheres

Study particle acceleration, jet Search for VHE pulsed emission;
formation, B-field and variability. constrain emission zones.
Profound transient and multi-w 4 .

SreErE y The Galactic Center

Environment as a whole

* Radio Galaxies and . .
.« 1 Study diffuse gamma-ray emission,
Misaligned AGN potential PeVatron, and dark

Test jet models and large-scale VHE matter.

emission. .
e (Clusters of Galaxies

* Gamma-Ray Bursts (GRBs) Probe cosmic-ray confinement,
Explore prompt and afterglow VHE cluster energetics and intracluster
emission; Lorentz factor limits; new  medium heating.
physics.

25



CTAD

Theme 3

Exploring Frontiers in Physics

o
§@3")g, £ { Dark Matter Searches * Cosmic-Ray Electron Spectrum
@’(‘\ 4 WIMP annihilation/decay from Galactic Measure local spectrum up to tens of
A\ Center, dwarf spheroidals, galaxy TeV to test nearby sources.
N, \ clusters. J Expected performance in heavier CRs
NS * LorentzlInvariance Violation . Extragalactic Background Light
== (LIV) (EBL)
Use GRBs and AGN flares to test Constrain EBL density through
attenuation of AGN and GRB spectra.

quantum-gravity effects through time-

delay and threshold effects
Cosmology and Intergalactic

Axion-like Particles (ALPs) Magnetic Fields (IGMF)
Search for photon-ALP mixing Study pair cascades and delayed
through irregularities in spectra and emission to probe IGMF strength )

photon-recovery.

.\

26



Theme 3 CTAO

Exploring Frontiers in Physics

. Dark Matter Searches . Cosmic-Ray Electron Spectrum
WIMP annihilation/decay from Galactic Center, dwarf Measure local spectrum up to tens of TeV to test nearby
spheroidals, galaxy clusters. sources.

. Lorentz Invariance Violation (LIV) Expected performance in heavier CRs

Use GRBs and AGN flares to test quantum-gravity . Extragalactic Background Light (EBL)
effects through time-delay and threshold effects Constrain EBL density through attenuation of AGN and

Axion-like Particles (ALPs) GRB spectra.

Search for photon-ALP mixing through irregularities in Cosmology and Intergalactic Magnetic Fields
spectra and photon-recovery. (IGMF)

\
\

I
‘t\\\\\\\
A\
[ ]

:

Study pair cascades and delayed emission to probe
IGMF strength

Theme 4 (new)

(Stellar) Intensity Interferometry

27



Key Science Projects (KSPs)

CTAD

ldeas put forward by CTAO Consortium

» Common ideas:

>
/'a/
‘a -
L_‘—

FURTHER READINGS

* Galactic Centre: Sensitivity of the Cherenkov Telescope Array to
a dark matter signal from the Galactic centre JCAP 01 (2021) 057

* Galactic Plane Survey: Prospects for a survey of the galactic
plane with the Cherenkov Telescope Array JCAP 10 (2024) 081

Galactic transient sources with the Cherenkov Telescope Array
Observatory, MNRAS 540 (2025) 1, 205

* Large Magellanic Cloud: Sensitivity of the Cherenkov Telescope
Array to TeV photon emission from the Large Magellanic Cloud

MNRAS 523 (2023) 4, 5353

» KSP will be awarded to the CTAO Science Collaboration
consisting of contributors to the construction project

o Long/multi-y observations (300+h),
o Several science cases,
o Coherent analysis fashion

 Dark Matter Programme: Prospects for y-ray observations of

the Perseus galaxy cluster with the Cherenkov Telescope Array
JCAP 10 (2024) 004, Dark matter line searches with the
Cherenkov Telescope Array JCAP 07 (2024) 047, Sensitivity of the
Cherenkov Telescope Array for probing cosmology and
fundamental physics with gamma-ray propagation

JCAP 02 (2021) 048, Prospects for dark matter observations in
dwarf spheroidal galaxies with the Cherenkov Telescope Array
Observatory MNRAS 2025

28



1. Paparazzi SMBHs, jets and
alerts

2. Gravitational-lensed blazars

3. Closing in on GC energetics

4. Closing in on TeV WIMP-like

DM

oz

Selected Results from Ground-based Gamma-Ray Astrophysics and Near-Future Prospects Dr Razmik Mirzoyan

11:45 - 12:15



4D NN S
#1 Pa parazzi at SMIBHs In visible light, Hercules A a
typical elliptical galaxy.

: ) | | In X-ray light, a giant cloud of
MK gas heated by infall of
matter into the super massive
black hole
Radio light shows jets of
particles streaming away 1
million light-years in length.
Gamma-rays...no morphology

-

Multi-wavelength © . . W Wikipedia
Paparazzi - Wikipedia




#1 All eyes at SMBHs

-

_ Multi-wavelength ©

roton
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o target

E directional
1 beam
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fields
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B ¢
electron
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TeV g-rays & VHE neutrinos CcTAO

TXS 0506+056, Science 361. Birth of multi-messenger astrophysics

A)

NGC 1068

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A

—_
o

6.6°

S IC170922A 50% - area: 0.15 square degrees 9
IC170922A 90% - area: 0.97 square degrees 8
° i
o Q
62 47 & 0.6
dGalactic center =
s - @9
9 58 6 s 0.4
© 5.8° o
(= 5 O
'§ '<T: 0.2
a e vt =
S:42 3 § Z 00
@
Diffuse / unresolved contribution - 2
' PKS 0502+04§ 1
Gal % Il ' 0.4
romour Galaxy ~104 Of dil cosmic " 5 W &iE G b .edd
. 4.6° = ' A S : &
neutr’nos 78.4° 78.0° 77.6° 77.2° 76.8° 76.4° r.a. [deg
Right Ascension
NGC 4151
7
40.25 1 + Best-fit value
* NGC 4151 6
40.00 1
39.751 >
B
£ 39.50 4g
= =
NUCLEAR EMISSION IN SPIRAL NEBULAE* E 39.25 3 __8
Carr K. SEYFERTT 1 943 39.00 > !
ABSTRACT
Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae with high- 38.751 1
excitation nuclear emission lines superposed on a normal G-type spectrum. All the stronger _emission
i i ies like NGC 7027 appear in the spectra of th d two brightest} 38.501
lsgira]s observed, NGC 1068 and NGC 41514i 0

183.5  183.0 1825  182.0
R.A. [deg]

I~



TeV g-rays & VHE neutrinos CcTAO

IceCube v, + 7, Inoue et al v, + 7,

+ 4FGL-DR2 MAGIC
NGC 1068 1079 -
—10g10(Mocal) ]
1 3 5 7 o 10_10 il
0.6 . ] \
] 1 N
0.4 IE 101 5 L
3] E
0.2 % 1
= E1077 { 4~
£ o0 < 3 + 4
- & : + v
-0.2 10713 5
0.4
412 410 408 406 404 402 10-14 T T T
r.a. [deg)
100 103 108
Energy [GeV
NGC 4151 [ }
7
40.25 + Best-fit value 10-10 : : '
# NGC 4151 6 e MAGIC UL
40.00 Abbasi 2025
5 = 11 Neronov 2024
39.75 - L 0THE 4
@ Lo
£ 30,50 ‘e E ]
= > 10712
@ 39.25 38 @ \T\ i
° 39.00 2 ! é \T\\T\\T\ :
o 10783 -
38.75 “ E
: 1
38.50 0 1014 baaaal PPN | | PPN
1835 1830 1825  182.0 107 10° 10' 102

R.A. [deg] ENERGY [TeV]

In both cases, gamma emission is 10/100 times less
than neutrino, how so?

? Emission not in jet?

But cannot be so in TXS0506+605 [Fiorillo+ 9862025]

Dec. [deg]

. =
Search for spatial associations
coinciding with major optical flares,
NO CORRELATION FOUND...
33




galactic latitude (deg)

CTAO: a blazar factory

+180°

Optical FoV

CTAD

- Fermi/LAT 2FHL catalog

= AGNs detected by IACTs

 Detectable sources within CTA surveys

-180°

AGNSs detected by IACTs: 59

- default mode,
all telescopes point parallely into
the same direction of the sky

1501.02586

AGNSs in CTA ExGal Survey: 123
Sources CTA Gal Plane Survey: 488

Sources in Fermi/LAT Catalog: 320

Kifune plot

5
10°F GeV gamma rays
; Fermi/LAT
Fermi/LAT i
g (AFGL-DR2) (4FGL-DR4)
10°
Fermi/LAT (4FGL)
Fermi/LAT (3FGL) ’
i/ Fermi/LAT
3 Fermi/LAT (1FGL) (AFGL-DR3)
£10°F
3
8 Macomb & Gehrels
"§ EGRET (3EG)
é . EGRET (2EG) -
£ 10
P
COS-B (2CG)
10 COS-B (CG)
SAS-2
1+ McBreen hipple (¢ o
| | etal. (Crab) A | | |
1960 1970 1980 1990 2000 2010 2020

Year

- a small offset between
telescopes allows larger observation areas
with reduced sensitivity

1501.02586
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galactic latitude (deg)

CTAO: a blazar factory

-90°
galactic longitude (deg)

- Fermi/LAT 2FHL catalog
« Detectable sources within CTA surveys
= AGNs detected by IACTs

-180°

AGNs in CTA ExGal Survey: 123
Sources CTA Gal Plane Survey: 488

Sources in Fermi/LAT Catalog: 320
AGNSs detected by IACTs: 59

Number of sources

Number of sources

CTAD
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Coordmate Alert S\ stem

@e Transient

Large °
~ Missions ".

Network
Missions H \’

W /" Gravitational Wave

7
SmallSats Interferometers

General Coordinates
Network (GCN)

Ground o
Stations Cheren kov {’,,_,
Telescopes =

Optlcal Neutrino

Telescopes @ Detectors
~ M

GCN: ~
NASA's Time-Domain and
Multimessenger Alert System

GCN distributes alerts between space- and ground-based
observatories, physics experiments, and thousands of
astronomers around the world.

Current [ACTs
most successful
programis ToO
through alerts

So far mostly 1to 1
agreements




3 Transient / //// ,

2

' GCN:
s e W =~ Soon, advanced broker NASA's Time-Domain and
P\ /,' \ Gﬁ" }w‘qy Multimessenger Alert System
"S?acei\ \StatiOn\s» V'Ra‘d.-?, ° : s System to

N

GCN distributes alerts between space- and ground-based

v (J
Medium )2 Network C ) ] } .
Missions "s}\‘,’/ - T?leSCOpe observatories, physics experiments, and thousands of
/4

s 7 A ™ receive/transmit/select

L % General Coordinates Froond

\ “ ‘ Network (GCN) tations a I e rts

‘ | )
CubeSats 1 @
" : v

! = For legacy applications For older missions Recommended
A 5w GCN Classic GCN Classic over Kafka GCN Kafka

<[> . <[> {1} .
CTAO aim to VOEvent | | VOEvent Transport Protocol - VOEvent JSON w\ -
have advanced = . = . One format, one protocol.

Text Email - Text Kaﬂca> -
alert strategy

01101 01101
: o @ o
Wlt h CO m p I ex Binary 160-Byte Binary Protocol - Binary
smart adaptive
i Three formats, three protocols. Three formats, one protocol.

scheduling

Get Started (Old Web Site) Get Started



#1a Ultrarelativistic jets CTAO

* Relativistic jets at all scales:
microquasars, jetted-AGNs, GRBs.

; i | . Lorenz factor from few to hundreds
iy Kays - luminosity boost, time scale
compression

then radio
UV and
vifiE)Ie .
‘ * Many Questions:
* How thejetislaunched in the first

place? What is the role of infalling

Stellar-mass y Supermassive
black hole 2 of . black hole

- e * Accretion disk

(1 (Q)COCLemti%?acrjr:Sekter) B b o _(1billion km) . 3 m 4 ‘. 4 material
ot sl B e * How s collimated? What is the
shape of the magnetic field
Quasar &' Collapsar * How are particles accelerated? Are

they leptons or hadrons?

* How are gamma-ray (and neutrinos)
generated? Where?

*  Why do such objects flare so often
and are wavelength correlated?

)1*7 Microblazar 317 Blazar 17 Gamma ray burst

Mirabel & Rodriguez (1998/1999), colored with Al
38



#1a Ultrarelativistic jets

~/Radio, X-rays

/uvand

Supermassive
black hole

Accretion disk
(1 billion km)

Hydrogen

Quasar Collapsar

17 Blazar

V Gamma ray burst

* VLBI = morphology
of magnetic field

* mm (e.g ALMA) =
gas, dust

* X/gamma (cosmic
rays acceleration)

* Polarimetry
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#2 Strong Gravitationally Lensed Blazars CTAO

* B2 0218+35 macro-lensed system:
blazar at z~1 and elliptical lens at
z~0.7

* Radio observation return mas
position resolution

The lensing system JVAS B0218+357

Credit: NASA's Goddard Space Flight Center — data from Fermi Large Area
Telescope Cheung et al. 2016 (Fermi-LAT time delay measurement)
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#2 Strong Gravitationally Lensed Blazars CTAO

JVAS B0218+357 * B2 0218+35 macro-lensed system:
T blazar at z~1 and elliptical lens at
= z~0.7

e Radio observation return mas
position resolution

¢
o
S
<Y
i
o
o
«
+
»n
(®))
D
03]

~ 350 mas
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#2 Strong Gravitationally Lensed Blazars C©TAO

Relative Right Ascension [mas]

to

&)}

N

w

— N
g‘a/

 Gamma-rays? Time delays between A and B can be used

Constrain the radio/gamma relative location in the

jet at mas 5 )
And/or the Hubble h d(l + ZL)(QB _ QA)

constant! 2¢c At

v‘?/

The Hubble parameter
obtained based on the
position of the radio
core and this time delay
corresponds to Ho =
63.64 +0.67 km
s-1Mpc-1 (Planck Ho =
67.3 +1.2)

il

Relative Declination [mas] 42



#3 Closing in on the GC energetics

X
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E?*x Flux (TeV cm?s”)

Diffuse VHE gamma-ray emission
correlated with the dense molecular
gas distribution
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——— Model (best fit): Diffuse emission
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= 0.6 PeV

—— - Model: Diffuse emission ES5, "
Model: Diffuse emission Elg. "
Model: Diffuse emission E25..°" = 0.4 PeV

[T HESS J1745-290 ¥

1 | - llll 1 llllll 1 111

1 10
Energy (TeV)

CR energy density profile scaling
as 1/r from Sgr A* points to a
central CR source, a continuous
accelerator operating within the
central 200 pc

Weg(2 10 TeV) (107 eV cm?)

CTAD

Spectrum extends deep into TeV
with hints of cutoff (MAGIC, 20
TeV) debating the nature of GC as
Pevatrons. HAWC detected > 100
TeV g-rays

ol
(N
AN

20

\.

10

2\
X
I

6.0 x local CR density -

s renmnananne e R UORRLR AN
| ~
SN ﬁb\\ 1
L 2 .
1/r \\ f\\\\\-
2 \
L1 | 1 1 I | 1 | L1 1 | 11 l 1 1 | 11 I 11 J\ | | 1 1 I
0 20 40 60 80 100 120 140 160 180 200

Projected distance (pc)



Latitude [deg]

#3 Closing in on the GC energetics

log,o(/Nexcess)
0 1 2 3 4

Excess counts (0.07-200 TeV) s ' i

5

180 170 160 150 140 130 120 110 100 90

-90 -100 -110 -120 -130 -140 -150 -160 -170 -180
Longitude [deg]
CTAO, JCAP10(2024)081

4 2 0 2 4 -6 -8 -
Galactic Longitude [°]

CTAO JCAP 01(2021) 057

CTAO key science case
is the galactic plane
with deep survey on
the galactic center

Can resolve point like
and diffuse emission
correlated with clouds
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#3 Dark
subhaloes

#> Dwarf
galaxies
(MW
satellites)
Spheroidal
and Irregular

#2b Globular
clusters

4 Dark Matter hiding places

#1 Galactic Center and halo

-,

#6 Diffuse signal, lines, holes in
stellar streams, ...

#4 Other
galaxies

o

Lidia Pieri+

#5 Galaxy
clusters



#4 Closing up on TeV WIMP-like DM

CTAO performance for bb annihilating DM

10—22 .

10—23 .

\
CTAO, MNRAS 544 (2025) 3

\

10-24
N
w
"
E 10725 4
()
<
5
10—26
| LAT 2023 dSph comb. 14y - CTAO subhaloes [10y]
107°7 3. . . ATLAS/CMS 2015 CTAO 2023 Perseus [300h]
------- Coupp 2015 —— CTAO CBe+Will 600h
CTAO LMC (340h Core/Cusp) - = CTAO UMa3/Ul 300h
CTAO 2021 GC (500h Core/Cusp) - Steigman 2012
10-28 ey ————— ey —————— v ——r—r
102 10~} 10° 101

DM mass [TeV]

102

Galacilc Center

Champion dSph

R XO g1 (pb)

10°®

107

10°®

10
10-10
10»11
10-12
10-13
10-14
10-15
10-16
10-17
10~18
10-19
10-20
10-21

7/8 TeV LHC CTA

TeV DM is uniquely observed
with CTAO

o o © o o o o o
- N w = w (=] ~ (o]
Fraction excluded by 7/8 TeV LHC or CTA

o
o
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#5 CR-driven stellar birth CTND

O * Sinergy ESO: CTAO-
ALMA

4.5 ym 3 ; 4.5 ym %3
30:00 : ' 5 5 ; & ¥ ,’
R K B A A

N . * Ws51complex star
; | forming regions:
* SNR CRsionize
material more than
radiation and alter
| fragmentation of H2
T - traced by CTAO
: gamma-rays
* mm-ALMA trace gas
i and synch radiation in
ris00:00 o o i - B-fields and emission
L T I s ] lines from various

Right Ascension (J2000) Right Ascension (J2000)

isotopologues
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#5 CR-driven stellar birth CTND

* (CTAO and ALMA can jointly answer
questions such as:

* Does gamma-rays trace mm (gas)
morphology?

* Are CRs hadronicin these class of targets?
Pion bump in the spectrum

* Is CRs population peculiar? match to local
ISM or enhanced near the SNR shock?

* Isthere a top-heavy stellar initial mass
function?

30:00

20:00 N

10:00

Declination (J2000)

+14:00:00

30:00

20:00

10:00

Declination (J2000)

+14:00:00 2N

e Future MWL at work!

45 24:00 23:15  22:30 19:21:4515 24:00  23:15 22:30 19:21:45
Right Ascension (J2000) Right Ascension (J2000)
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#6 What’s in the great dark voids CTAD

e Mo There are great empty
- volumes in the Universe.
No matter, but plenty of
EBL, CMB photons...and
magnetic fields yes!

_
Q
»N

* Primordial Magnetic Fields
(PMFs), post-processed by
the formation of
structures, they tell us
about fundamental
physics involved in the
early Universe
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CTAD

#6 The Magnetic Field in the Voids

 EBLIight
reprocess TeV
gamma-rays to
GeV gamma-rays




#6 The Magnetic Field in the Voids CTADO
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#6 The Magnetic Field in the Voids
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GRB 190114C

#7 Gamma-ray burst jets

104f 5 GBM (10-1,000 keV) ' " K 1
. [N MCAL (0.4-100 Mev:
10°F 4%y LAT (0.1-1 GeV) = 1
10‘6;_*_ W*. L > J
T
= + x
T 07 5% i
Jet collides with o Tt 0
ambient medium E 10%f N E
(external shock wave) o ) e (MeerKAT, GMRT.:W%
5 . . :
Very high-energy % 10°F —— 13GHz |
gamma rays £ 10-10 T
Colliding shells emit gamma rays (> 100 GeV) F " i XMM—New!toh(2~10keV) ]
(internal shock wave model) 11 =
, 10 s NuSTAR
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)

Flux (ergcm™ s

104F -
105F

107

108
109F
1010f
101
1012

10713

GRB 190114C

#7 Gamma-ray burst jets

GRB 190114C

... GBM (10-1,000 keV)
" MCAL (D.4-100 MeV

1 4ihy LAT (0141 Gev)
3 W‘? {

107 F

Ty

SN

2. XMM-Newtoh (-10 keV)
-

ml
m K

)

Hlux (erg cm< s~

(MeerKAT, GMRT, x10% 3
e v 1

Flux (ergcm™@ s7™')

a
8 L2 10kev:
| | T

10° 102

MAGIC detects a distinct sub-TeV emission component
consistent with synchrotron self-Compton (SSC) in external
shock or reversed shock

index -2.2

CTAD

CTAO has best
performance >
20 GeV

Fast
repositioning
~20sec of LSTs

GRB hunter!
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#8 Intensity Interferometry

Credits: Foellmi (2009)

Intensity interferometry: 2"d order
correlation

- Poor SNR: need bright & small targets
- Very large baselines (> km)

- Efficient at short wavelength (blue, UV)
- Insensitive to the atmospheric turbulence

CTAD

CTAO South - alpha config. CTAO North - alpha config.

|VLBI=>VLBIl ©

HESS MAGIC VERITAS

. @
JB in CTAO-L.I. White Paper
(Zampieri et al., in prep)
ELT 500 m
()

A A D \!
1222 — 0.2
p — U-2mas X (40011111)(500111)

— 50 uas x A D \"
—UH 2 100nm / \ 2km
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https://www.aanda.org/articles/aa/pdf/2009/45/aa11739-09.pdf

#8 Sl

P. Saha in CTAO-I.I. White Paper (Zampieri et al., in prep)

Astrophysics

Stellar physics binaries

' fast rotators
Massive stars -
stellar radii

supernovae

nova outbursts

gravity darkening
oscillations

decretion disks

limb darkening

Proven

Current challenges  Next challenges

Really challenging

I e — k= = =
(o) oo o (39 S @)}
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specific intensity [10'® ergem™ s~ sr

Compressed wind

/ Disk around
/ compact object

L 4
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https://ui.adsabs.harvard.edu/abs/2025ApJ...995..191A/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.529.4387A/abstract
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20305, the era of Big (Astronomical) Data CT:

Great Paris Exhibition
o) Spectroscopic  gran n Telescopio

Yerkes Observatory
refractor (40" lens

at the same scale)

wiliams Bay W\sconsln
N
. Sky Al
Mulwomecz Fiber
Keck

pe
(49" lens at th6 same scale) (Tfmf,"s'ﬁ Canarias

Paris, France (1900) Hebol, China o LaPama. MSERa( Kea, 3'“;;’2)"

(2009) ‘Spain (2007)
Hooker Telescope (100)
Wilson,
Calvfomla USA (1917)
GeminiNorth _Subaru

MaunaKea,  Telescope Thirty Meter Telescope
Hawail, USA  Mauna Kea, Mauna Kea, Hawaii USA
Hale T,.,sm,,e (200  Hobby-Eberly  Southern African (1959) Fawas, VoA auna Kea, Hawai US)
MtPalomar, California, Telescope Large Telescope (1959)
USA (1948) Davis Mountains, Sutherland,
Texas, USA South Africa
(1996) (2005)

Gemini South
Cerro Pachn,
Chile (2000)

Large Binocular
elescope
Graham,

Atvond) USA(ZDOS) verac,

(1979-1998)  (1999-)

Multiple Mirror Telescope
Mount Hopkins, Arizona, USA

(Large Zenitn cano P e
Altazimuth Telescope (2025)
Telescope] British
Zelenchuksky, ~ Columbia,

ussia Canada
(1975) (2003)
- [ ]

Extremely Large Telescope
Cerro Armazones, Chile

Gaia A
Earth-Sun Lopoint ~ Earth-trailing
(2014) Very Large Telescope o pmazonesty

solar orbit.
Cerro Paranal, Chile
2009) (1998, 1999, 2000, 2000)
i

Human [] 5 10 m
JORIL IO
Hubble Space at the FTHTET
James Webb Telescope |, Teloscopes same scale
e e ope  O%bi | LasCampanas,Chie  Giant Magellan Telescope
0 (1990) (2000, 2002) Las Campanas, Chile
(planned 2030s)
8
(cane"

"""“‘""‘ngly Large TelescoP®
Arecibo Ops, e scale
rvatory 305 m radio telescope at the sam

FAST (Five-hundred-meter Aperture Spherical [radio] Telescope)
at the same scale

Basketball court at the same scale

Tennis court at the same scale

In the past decade we have seen birth of multi-
messenger astrophysics, and strengthen the mwl

networks

In the next decade, massive amount of precision

data: Mu

NEED BE

ER THEORIES FOR BE

ti-wavelength and multi-messenger.

ER DATA

We need to coordinate: alerts, shared programs,
shared data access,

CTAO engines warming up, stay tuned!
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