The Cherenkov Telescope Array Observatory:
Science and Status '
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= Scientific & Technical Motivation

« Astronomical perspective — the high-energy y-ray universe

Physics perspective — multi-messenger approach, new physics
« Atmospheric Cherenkov technique

« Moving beyond the current instruments - CTAO

= Cherenkov Telescope Array Observatory (CTAO)

« CTAO design - performance
« Implementation & Status
« CTAO Key Science

= Summary

(Note: the term “CTA” is being deprecated in favor of “CTAQO”.)
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TeV y-ray Sky c2004
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TeV y-ray Sky c2024

>250 sources, many types
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~75% discovered by the three
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major atm. Cherenkov telescopes

- includes spectra, images, variability, MWL information and more!




Some Science Examples



Supernova Remnants

SN 1006

(Credits:

X-ray (blue): NASA/CXC/Rutgers/ TeV gamma rays

G.Cassam-Chenai, J.Hughes et al.;
Radio(red):NRAO/AUI/NSF/GBT/VLA/D ( )
yer, Maddalena & Cornwell; Optical: H ESS
(yellow) Middlebury College/ F.Winkler,
NOAO/AURA/NSF/CTIO Schmidt &
DSS)
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AGN - Active Galactic Nuclei




Blazars: Jets pointed towards Earth

Strong & highly variable TeV sources
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(luminosity of Milky Way: 1044 erg/s)

But many open questions: BH energetics, variability, beam composition, etc.




Galactic Center — A High-Energy Mystery

C.B Adams et al. 20211 50
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TeV emission:
* A complete surprise!
« Central source: Sgr A*, intense and non-thermal
 Diffuse emission up to 40 TeV, likely PeVatron origin




Multi-Messenger Astronomy

Highly Non-Thermal
Source (e.g. AGN) EeV
- @ P Cosmic Rays

3~ .

y-rays have provided almost GeV/TeV
the entire direct information y-rays
on the HE universe




v-rays and Neutrinos
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\ Mudtimessenger observat-ons
of an astroplrysical neutrino
SOUNCE pp LIS & & 147

First-time detection of VHE gamma rays by MAGIC from
a direction consistent with the recent EHE neutrino
event IceCube-170922A

el #10817; Razmik Mirzoyan for the MAGIC Collaboration
ond Qct 2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmi zoyan@mpp mpg de)

Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, E, Neutrinos, AGN, Blazar

Referred to by ATel #: 1
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The universe illuminated by y-rays

v-rays from distant sources interact with cosmic photon fields

Signatures at Earth (spectral, temporal, angular) -

= Measurement of O/IR radiation from star formation
= Constraints on (tiny) intergalactic B field
= Search for ALP dark matter



Dark Matter Candidates & Probes

Some dark matter candidate particles
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d Among the best motivated candidates
are the WIMP and the axion.

EuCAPT White Paper
2110.10074

Direct detection Direct detection

Superradiance

GW EMRI dephasing PBH mergers & SGWB
GW NS margers
NS heating
CMB SD ChBSD TSRS
X &7 rays Xrays Radio, X &7 rays cr's

Radiio lines X-ray lings

Mcrolensing Mcrolensing

Structure formation Structure formation

109 eV peV 0.1eV keV MeV GeV 10° TeV 107 Af 10 M, 107 M,
Fuzzy DM QCD axion/ALPs Sterile WIMPs & WIMPzillas PBH

d WIMPs, PBHs, and ALPs are probed by
Yy-ray measurements.

 For this talk, | focus on WIMPs.



WIMP Complementary Approaches

X

X SM

SM SM SM SM

X

Indirect detection Direct detection Collider

Y-rays, V’s, antimatter

Time |

 Each approach has its own strengths and weaknesses.

 The BSM physics is unknown and there is a large amount of
parameter space, so we need to take many different approaches.



Indirect Detection of DM
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(GC by far the brightest source)
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VHE Astronomy Comes of Age

- Dominant expectation (pre-2000)
— Will find the cosmic ray accelerators — probably SNRs

« Reality (present day)
— Astonishing variety of TeV emitters

« Within the Milky Way

— Supernova remnants

— Bombarded molecular clouds
— Stellar binaries - colliding winds, compact objects
— Massive stellar clusters

— Pulsars and pulsar wind nebulae
— Novae

— Supermassive black hole Sgr A* .
— Sensitive searches for DM A

« Extragalactic
— BL Lac objects
— Flat-spectrum radio quasars

-~ i
- o gl " Probes%f New
— Starburst galaxies . N
BLand 16 _ Physics_

— EBL and IGMF constraints




Exploring the non-thermal Universe “ASTRO”

SNRs
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Probing New Physics at TeV scale “PARTICLE”




Experimental Technique
&
Planning for the Future



VHE Telescopes (2024)

VERITAS




H.E.S.S. (Namibia) MAGIC (La Palma)

4 x12m 2x17m

Current instruments — small # of telescopes covering a moderate area




IMAGING ATMOSPHERIC . - f e
CHERENKOV TELESCOPES . e

" Similar to a meteof track, but
~ very faint (few photons per m?) -
very short timescale (~ few nsec)

CoIIectlon area (“'105 m?) given by
Y size of Ilght pool not reflector area.

: I\/iultiple" telescopes provide '
~ stereoscopic views of-the shower track -
~and greatly’i |mprove reconstruct|on




CURRENT INSTRUMENTS VS CTAO

Current Instruments
<

Light pool radius
R=125m
= typical telescope Spacing

CTAO

Sweet spot for best
triggering &
reconstruction...
most showers miss it!




MORE IMAGES > BETTER RECONSTRUCTION

— Multiple views of shower

» Better measurement of air shower
and hence primary gamma ray

v Improved angular resolution
v Improved background rejection *

v Better spectra, images

» Collect more photons

v Larger light collecting area
- detect fainter sources

— More telescopes! ) :
Simulation:

Superimposed images from
8 cameras




Planning for the Future CTAD

Cherenkov Telescope Array Observatory

What do we know, based on current instruments?

Great scientific potential exists in the VHE domain
» Frontier astrophysics & important connections to particle physics

IACT Technique is very powerful
» Have not yet reached its full potential = large Cherenkov array

Exciting science in both Hemispheres
» Argues for an array in both S and N

Open Observatory - Substantial reward
» Open access/data, MWL/MM connections for the best science

International Partnership required by the project scope
» Many funding streams - a challenge to coordinate






CTAO Science Themes g

Theme'1: Cosmic Particle Acceleration
= Where and how are pariigles accelerated?
n

= How do they prop
to ifGnment?

= What is thejpimp
robingeRXWaMEERYIranments

se to neutron stars and bla oles?
listic jets, win explosions?

Theme 2:
= Processe

= Processes
= \What is the nat

S Frontiers = beyg{nd the'SM

e of dark matter? How is it distributed? "% *
ght a constant for high energy photons?.
particles exist?

‘> Theme 3: Physi

- = \What is the
% = |Isthe speed

= - Do axion-li




CTAQO Design (S array)

Beta Configuration = Initial Arrays

Low energies
Energy threshold 20 GeV

23 m diameter Medium energies
2-3 telescopes 100 GeV - 10 TeV High energies
(LST’s) 12 m diameter 10 km? area at few TeV
| 14 telescopes 4m diameter
(MST’s) 42 telescopes

(SST’s)




Cherenkov Telescope Array Observatory

(CTAO)

100 GeV 100 Tew




Cherenkov Telescope Array Observatory

(CTAO)

10 GeV 100 GeV 100 Tew

A




Cherenkov Telescope Array Observatory

(CTAO)

1TeV 100 Tew

100 GeV




Cherenkov Telescope Array Observatory

(CTAO)

100 GeV 100 Tew




Sensitivity (steady sources) CTAD

Cherenkov Telescope Array Observatory

I llllllll | ' 1 I 1 llillll I I lllllll

[ 111111

E2dN/dE
= VvF,
(erg/cm?/s)

Fermi-LAT Q. Current Cherenkov
' telescopes (50 h)

| IIIII1|

LHAASO
. 1yr
1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll
107" 1 10 10°
Energy E (TeV)

| Illllll

<
\")




Galactic
Discovery
Reach

CURRENT

Survey speed:
x300 faster than current

HESS 50

& . > « & @ .- - Y -

o
CTAO _ 3"
L T . g "t ] - e I > - " b =




Angular Reconstruction o PAX®

Cherenkov Telescope Array Observatory

CTAO

Example: Cen A
(1 TeV)

e o HESS centroid
e * error

| -
o .
X | S ) centroid R
‘& - T S e errar o'
’ ’ ¢ Mg NG e < L e o a2 . 3 oD ' e ’ =
s

Field of View (8°) Angular resolution (2°) Source
Localization (5”)

35



CTANAD

Cherenkov Telescope Array Observatory

CTAO Implementation & Status



CTAO Timeline CTANAD

Cherenkov Telescope Array Observatory

e e e 0 )

@® 2005: Palaiseau y-ray meeting

@ 2006: CTA as “emerging proposal” on ESFRI Roadmap
@ 2008: CTA Consortium formed, AGIS (US) Formed

@ 2008: CTA on ESFRI Roadmap
@ 2010: Project Office established, US Decadal Survey
@ 2011: Agency Resource Board founded

@ 2012: Declaration of Intent by agencies
@ 2014: CTAO GmbH founded

2015: Design Report ®
2015: Site decisions @
2016: Bologna as future HQ @
2018: SST selection @

2019: LST-1 (CTAO-N) starts operations @
2022: Alpha config. funded @
2023: CTAO-N construction ongoing @
2024: CTAO-S construction start @

-2 Large prOJeCtS take a Iong time. 2027-8: Interim arrays — initial data



CTAO Consortium CTAND

Cherenkov Telescope Array Observatory

25 Countries
over 150 Institutes
over 1000 Scientists

Consortium scientists

will supply CTAO hardware
and software as in-kind-
contributions (IKCs)




Large
Telescope

23 m diameter
390 m? dish area
28 m focal length
1.5 m mirror facets

4 .50 field of view
0.1° pixels (PMTs)
Camera @ over 2 m

Carbon-fiber structure
for 20s positioning

Active mirror control

2-3 LSTs on South site
4 LSTs on North site

LST-1 operational (La
Palma), LST-2, LST-3,
LST-4 in construction




Medium Telescope (MST) CTAD

Cherenkov Telescope Array Observatory

Wi

12m diameter
100 m? mirror dish area
16 m focal length

x 1.2 m mirror fagets
3 8° field of view
A | i ~2000 x 0.18° pixXels

(PMTS)

1@@1;%3 th site

9 MSTs on Nort site

Prototype near Bé‘rlln -




Small Telescope (SST)

ASTRI-1 at Tenerife

Schwarzschild-Couder design
5 m? dish area

4.3m primary mirror

1.8m secondary mirror

SiPM camera

8.8° field of view

0.16° pixels (SiPMs)

42 SSTs on South site

Major contribution of Italy




The CTAO Sites




Vulcano Llullaillaco
6739 m, 190 km east

= EheranlauiTelescape Array Site
——— : —
Cerro Paranal RS T e Nk T =2
Very Large Telescope = ' ' : e

Atacama Desert, Chile, below Cerro Paranal
Existing observatory (ESO)

Near existing (VLT) and future (ELT) telescopes

Site agreement in place since 2018




Beta Configuration:

CTAO-S - 2.3LSTs ‘

> 14 MSTs | »
e 42 SSTs o s | J» o
o sie e
o o VY e o o
@
® o:o 0
----- -0 OGO @i
O
@ 0 0
® o o. @ @ 0 9
® .. ©
° ® ) ) ) »

Currently mostly empty desert, but i
significant construction (21M€) to start ® * ®

later in 2024

LEGEND
= Power system, sub-station 1 WPIPRRMIWEIRS N —
Small-Sized Telescope (SST) e Stellar Photometer

= Road network, earthing grid

Large-Sized Telescope (LST)
Foundation

=  Start of foundations SST Foundation

Raman LIDAR

‘ .&},

|2 @ > ¢

Other Calibration Devices




La Palma, Canary Islands, Spain
Observatorio del Roque de los Muchachos

Existing observatory (IAC
Site of LST-1 & existing MAGIC and optical telescopes
Site agreement in place since 2017



Beta Configuration:

CTAO-N aLse

* 9 MSTs

LEGEND
Large-Sized Telescope (LST) ‘

Medium-Sized Telescope (MST) .

CTAO Operations Building & 0
Other Calibration Devices

Weather Station *
Stellar Photometer A
Raman LIDAR ®
Road —
Gradient e
MAGIC Telescopes

External Facilities [:

LST-1:

= Commissioned in 2018; regular observations
started in 2019, with a number of high profile
results so far

Additional telescopes

= LST-2, LST-3, LST-4 currently under construction
with planned completion at end of 2025

= MST-1 (pathfinder) scheduled for Q3 2025




LST Construction
Feb 2024

- Y
Wy e L,

Credit;: D. Mazin



LST Construction
March 2024




LST Construction
April 2024




CTAO Status c2024 CTANAD

Cherenkov Telescope Array Observatory

CTAO has been in development since 2008, with many significant
milestones achieved:

= Strong science case developed by the Consortium and well recognized
within the community.

= Excellent progress made on the development of hardware — telescopes,
cameras, readout electronics, atmospheric monitoring, computing, etc. —
carried out by the IKC providers.

= Software development is progressing well — both back-end (pipeline,
low-level data products, etc.) and front-end (scheduler, data portal, user
tools, etc.). 2" Science Data Challenge to take place this year (internal)
and next year (open).

= Major funders have agreed to budget envelope for alpha (now beta)
configuration. CTAO to hire ~30 additional people to ramp up the
construction effort.

= CTAO-N development is well underway; CTAO-S development to start
later in 2024. New: interim arrays announced for both sites with
plan to start initial data taking in 3-4 years.



CTAO
SCIENCE

During the first decade:
~40% Key Science Projects
(CTAO Consortium)
~60% User time, including Host time

All data made public after a
nominal proprietary period

'-:i-_':_i;;:.;_ri = .

- —
i - - -

4 B LS -'r =
- d » . -\I‘H‘-,
cherenkov $
C a telescope . - 5.
array -~
: o = 9.? g.. :

- Saence m:--‘{;,,,
W|ththe__ e e A

o Cherenkov
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www.worldscientific.clom/worldscibooks/lO.1142/10986
arXiv:1709.07997 '



KEY SCIENCE PROJECTS

Theme 1: | [, \ : .

Provide legacy data sets and data Cosmic Particle s o

products Acceleration 2 S
1. Dark Matter Programme i '
2. Galactic Centre

3. Galactic Plane Survey Theme 2:

4. Large Magellanic Cloud Surve :

S e Probing Extreme

5. Extragalactic Survey ' Environments
f Transients _— ,

.~ Cosmi tay PeVatrons
= 8. Star-forming Systems

9. _ Active Galactic Nuclei : | =)
10. Cluster.of Galaxies : o1
11. Beyond Gamma Rays - Theme 3: | - R
j ‘ 1-‘."**';'.'-',..- e
PhyS|c|_§,sFront|ers bl s S

www.worldscientific.com/worldscibooks/10.1142/10986
arXiv:1709.07997
LSS



Galactic Plane Survey (GPS)

Full plane survey to depth of 1.5-2.5 mCrab

log(Nexcess)
0.0 05 1.0 1.5 20 25

Excess counts (0.07-200 TeV)
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y-rays trace DM annihilation or decay

Weakly Interacting
Dark Matter Particles

Excluded

Annthilation™
Cross section
known from

—— H.E.S.S. GC halo

—— Fermi dSph stacking Dark Matter
—— CTA Galactic Halo abundance
—— CTA Sculptor dwarf

CTA LMC

particle p yS|c

“Sensitivity of the Cherenkov Telescope Array to a Dark
Matter Signal from the Galactic Centre”
A. Acharyya et al. JCAP 01, 057 (2021)

0.05 0.1 0.2 1 2 3456 10 2030
DM mass (TeV)




2nd CTAO Science Symposium

https://www.ctao-symposium.org/

“

2nd Edition
CTAO Science Symposium

S 15-18 April 2024
= Bologna, Italy

Focus: Broader science and synergies with CTAO



CONCLUSIONS CTAO

Wlth many dlscoverles VHE y—rays are now a well recegnlzed
astrophysucal dlsmpllne & a key part of growlng multl messenger i il
smence ----- LA T R e S T SR CIC S S PO SR U W T
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CTAO requires a broad partnership of countries and e —
communities.
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THANK YOU !



LST Movie CTAND

Cherenkov Telescope Array Observatory




