The exciting (and imminent!) science of CTAO*
and its connections to Dutch research <
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Where do the highest energy cosmic rays come from?

Galactic = Supernova remnants Extragalactic = AGN jets

Cas A, Credit: NASA/CXC/SAO Hercules A, Credit: Xray (NASA/CXC/SAQO), Optical (NASA/HST), Radio (NSF/NRAO/VLA)



Where do the highest energy cosmic rays come from?

Galactic = Supernova remnants Extragalactic = AGN jets
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VHE y-rays: Imaging Atmospheric Cherenkov Telescopes (IACTs
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VHE y-rays: Imaging Atmospheric Cherenkov Telescopes (IACTs)
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CTAO will offer full N/S sky coverage with unprecedented sensitivity

« 2-mirror Schwarzschild-Couder « Davies-Cotton optical design « Parabolic optical design
optical design * 12m reflective surface e 23m reflective surface
¢ 4.3m primary reflective « PMT camera - 2 designs: ... *PMT camera: 1855 pixels (0.1-)
surface « NectarCam: 1855 pixels *4.3°FoV
« SiPM camera: 2048 pixels (0.16 ) « FlashCam: 1764 pixels * 100 ton
« 8.8°FoV « ~7°FoV
«17.5 tonne « 82 tonne

Small-Sized Telescope Medium-Sized Telescope Large-Sized Telescope

Slide adapted from R™*Zann/CTAO



“Alpha” configuration currently under construction

CTAO Northern Array

¢ 4 LSTs + 9 MSTs
‘ * 0.25 km2 footprint
= S By e focus on extragalactic science
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e focus on Galactic science

Slide adapted from R. Zanin/CTAO



Plus for CTAO-N: two other nearby VHE facilities (MAGIC & ASTRI
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CTAO steady source performance compared to other facilities

_15-30" localization
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CTAO designed to be an incredibly powerful survey machine
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Slide adapted from R. Zanin/CTA



CTAO designed to be an incredibly powerful survey machine

SENSITIVITY 10x

TeVCat TeVCat
CTA

ARCMINUTE ANGULAR
RESOLUTION

<10% ENERGY
RESOLUTION

WIDE ENERGY RANGE
20 GeV - 300 TeV

8° FoV (2x)

log1lO0(L[> 125 GeV] [erg/s])

FULL SKY COVERAGE

30s RESPONSE TO
ALERTS + RTA | e detected sources (TeVCat)

spiral arms model
-20 -15 -10 -5 0 10 15 20
[kpc]

CTA GPS detectability zone

Slide adapted from R. Zanin/CTA Remy++2021, ICRC/CTA GPS KSP



CTAO is a major advance in many areas, but groundbreaking for transients!

—— - sac b el VHE variability is the unique key CTAO ofters
X-ray transient sky to identify and characterise CR/v sources!
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CTAO is a major advance in many areas, but groundbreaking for transients!

VHE variability is the unique key CTAO offers

10 00 keV SLX 1737 _Mar-06__
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CTAO synergies with the Dutch MWL/MM community (through ~2030s)
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CTAO Key Science Projects (KSPs)
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CTAO Key Science Projects (KSPs)
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CTAO Key Science Projects (KSPs

.. \_‘

4 ‘ a telescope .
. -an ray B P

arXiv:1709.07997

» Defines key science questions and synergies, and

the large observational programs (KSPs) meant to
address them

> Since its writing, entirely new fields have opened
up and the KSPs are being redefined as we speak:

GRBs

GWs from BNSs

Novae

Microquasars




in China
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Large High Altitude Air Shower Observatory (LHAASO
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Surprise! Since 2017 already 6 GRBs detected in VHE (>100 GeV)'

photoelectric abs. pair production (EBL=y-ray cosmology)

GRB 19011

Fﬁjii‘.* . ————— e —————

110-180S V.

__ 15.4-28.4ks 4/ 3 VHE GRBS

97.9-114.8ks

0.34-0.35ks

0.91-0.96ks data from:

MAGIC Nature 575 (2019)
Swift+Fermi ApJ 890 (2020)
MK++ MNRAS 520 (2023)
H.E.S.S. Science 372 (2021)

0.68-0.73KS o ol

21.6-22.1ks

| Zhang++ ApJL 956 (2023)
21.1-23.4Ks Liu++ APJL 943 (2023)
102 103 104 10° 105 107 108 109 10101011101271013 Tavani++ ApJL 956 (2023)
E |eV]| LHAASO Science 380 (2023)

MK++ MNRAS 5291 (2024)
Slide adapted from M. Klinger-Plaisier MK++ Apd 977 (2024)



VHE GRBs show unprecedented/unanticipated hard spectra!

¥190114C
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1190829A ' = MAGIC Coll.
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Slide adapted from M. Klinger-Plaisier MK++ Apd 977 (2024)



VHE GRBs show unprecedented/unanticipated hard spectra!

GRB 190114C

W4

GRB 190829A J) j i

single power-law up
to TeV energies?!?

15.4-28.4KS

97.9-114.8ks

0.34-0.4ks GRB 221009A

) 34-0.35KS

0.91-0.96ks [ m data from:

0.68-0.73ks 0.9—2ks MAGIC Nature 575 (2019)

) Swift+Fermi ApJ 890 (2020)
MK++ MNRAS 520 (2023)
H.E.S.S. Science 372 (2021)

21.6-22.1Ks Zhang++ ApJL 956 (2023)
AHA~25AKS Liu++ APJL 943 (2023)
102 103 104 105 105 107 108 10° 1010101110121013 Tavani++ ApJL 956 (2023)
E [eV] LHAASQO Science 380 (2023)

MK++ MNRAS 529 (2024)
Slide adapted from M. Klinger-Plaisier MK++ Apd 977 (2024)



GW170817: first off-axis sGRB!

NS merger Short GRB
@ t0 1.7s +5.23hrs +10.87 hrs
LHV sky localization UV/Optical/NIR Kilonova

X-ray Radio afterglow

+9 days +16 days

Slide adapted from M. Branchisi & A. Stamerra/CTAO LVC + astronomers, Abbott++17, ApJL, 848, L12



GW170817: first off-axis sGRB!
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Understanding = localising: particle acceleration and VHE y-rays

3C273 (Jester++2006), jet “colour” (wavelength) traces particle acceleration:
Blue: X-rays (Chandra), Green: Optical (HST), Yellow: Optical & Peak Radio,

. °—~

Magnetospheres

Low Plasma Supply

Shocks/shear/turbulence (umbrella terms for many mechanisms)

e.g. Rieger & Mannheim 2000; Rieger & Aharonian eg. Crumley++2019, Sironi++2021; and see numerical/semi-analytical work by eg,
2008; ... Parfrey, Philippov & Cerutti 2019; Aharonian; Bai; Bell; Bottcher; de Gouveia Dal Pino; Drury; Giannios; Jokipii; Kirk;
Bransgrove, Ripperda & Philippov 2021; Hakobyan, Lazarian; Marscher; Oikonomou; Petropoulou; Reimer; Reville; Winter; ++ many

Ripperda & Philippov 2023; + work by many others... many others...



Neutrinos challenging the “classic” blazar picture

2017.86 2018.35

SRR ks ’ PKS1424+240 ' . SRt TN s
. v S @ ey R A o .
: : s VR : ' TXS 05064056

NGC 1068

NGC 1068 = Seyfert... 21
lceCube Collaboration 2018: 2022, Science



%@ 2LAC Blazar Upper Limit - Ecqual chighting
0 ' .
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Y —_— gy = =22 F, > 10 TeV

(Rqs+922020) _

102 10* 10> 10 107
NGC 1068 = Seyfert...?! Neutrino Energy [GeV]
lceCube Collaboration 2018: 2022, Science lceCube Collaboration 2017




Neutrmos challengmg the “classic” blazar picture

=== Upper limits
mm KM3-230213A
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Overall Quasi-quiet

LHAASO revolution!

NGC 4278 NGC 4278

» Now detecting VHE (> 10 -

TeV) y-ray emission from
non-blazar, LLAGN!
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(LHAASO Collaboration; Cao++23; Cao++24ab) 185 185



Overall Quasi-quiet

LHAASO revolution!

NGC 4278

‘

NGC 4278
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» Now detecting VHE (> 10

TeV) y-ray emission from
non-blazar, LLAGN!
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Opens up an amazing synergy with global mm-VLBI (EHT/GMVA)

4/2019 & 5/2022: first images supermassive

black hole in the heart of a galaxy (then) Now!!
M87* Sgr A*
2017 2018

Event Horizon Telescope Collaboration M87 2017 Image (2019), M87 2017 Polarisation (2021), Sgr A* 2017 Image (2022), Sgr A* 2017 Polarisation (2024),
M87 2018 image (2024)



Models need to explain not only images but also MWL spectra

Knot A

/ -

Knot A
/ Fermi-LAT 3-1000 GeV
Swift 251 nm 2 degrees

e CUT 2017

\ M3/ MWL
Campaiar

ALMA 1.3 mm
5 arcsec

405 pc

E 170 mm
100 mas

146 kpc

‘ NuSTAR 3-79 keV
10 arcmin
\\\\ 49 kpc R e .
\ ®
\ : S Knot A

Chandra 0.2-10 keV

L A ' 5 arcsec
L

1pc

) \

‘ Swift 439 nm
EA N13 mm 10 arcsec
i ' 810 pc

1 pc .
)
LBA 7 mm
5 mas
4 pc
GMVA 3.5 mm
1 mas

.08 pc

405 pc

HST 588 nm
5 arcsec i

405 pc

EHT 1.3 mm
50 pas

(EHT Multiwavelength Science WG, EHTC, Fermi-LAT, HESS, MAGIC, VERITAS, EAVN++ 2021, ApJL)




Models need to explain not only images but also MWL spectra

Knot A

/ Fermi-LAT 3-1000 GeV

Swift 251 nm Zsizgiees

ALMA 1.3 mm 10 arceae be |
arcsec 310 o .

EAVN13YU/M}m . 10 arcsec
10 mas

cccccc

HST 588 nm
5 arcsec

405 pc .

(EHT Multiwavelength Science WG, EHTC, Fermi-LAT, HESS, MAGIC, VERITAS, EAVN++ 2021, ApJL)



EHT M87 2018 MWL campaign: first VHE y-ray flare!

-~ HST Optical
. 5 arcsec
- 405 pc
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. . 0.004 pc
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flare since 2010!
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(Radio) [
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EHT Multiwavelength Science WG, EHTC, Fermi-LAT, HESS, MAGIC, VERITAS, EAVN++ A&A 2024



Pilot for CTA AGN KSP: 2026 EHT M87 "movie” campaign!

» We (EHTC) are conducting a groundbreaking ~2 month VLBI campaign
in March/April 2026, on M87* (plus calibrators: 3C273, 3C279)!!

> Baseline schedule is every 3-4 days for 4 hours w/ALMA, some days
longer with the rest of the array not including ALMA

» We have significant cm-radio VLBI through VHE y-ray multi-wavelength

coverage lined up, including Chandra, NuSTAR, Fermi, HESS, MAGIC,
VERITAS and hopefully LST-1!!

10.91 UT
> Sgr A* gives us Truth Kine resolve ehtim doghit ngmem

30
some idea what j 0%
0




LHAASO revolution Il

» >100 galactic sources so far

» ~30% never seen by any
other instrument!

» ~50% have E>100 TeV

» Milky Way is full of (non-

SNR but non-ID’d)
PeVatrons!

WCDA (1 TeV <E < 25 TeV) Significance Map
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LHAASO revolution Il

» >100 galactic sources so far

» ~30% never seen by any
other instrument!

» ~50% have E>100 TeV

» Milky Way is full of (non-

SNR but non-ID’d)
PeVatrons!

» Many microquasars are VHE
emitters, and could
contribute to the GC CR
population (Pevatrons?)!!
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. - -24.000 above 25 TeV | above 25 TeV
- -25.000 V4 Sgr |
» >100 galactic sources so far

-25.500

-26.000

» ~30% never seen by any
other instrument! o O |

> ~50% have E>1 OO TeV ,ooo

SS 433: L.Olivera-Nieto++ 2021, 2022: HESS Collab, 2023
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(LHAASO Collaboration; Cao++23; Cao++24 x2)




Rapidly evolving picture: many even previously unsuspected
objects are now potential CTAO and lceCube/KM3NeT targets

SNR (Xing++2022) WN (eg Cao++21; 24) Dwarf Nova (HESS 2022)
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Spitzer 3 colour map; Kobulnicky++2014 - 80.0 - 79.8
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% Early science planning (why we'want in!)
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Construction has stantedl

Intermediate Alpha
Array Milestones Configuration
North Site
—— — 4 L.STs 4 LSTs
LST1 1 MST 9 MSTs

R0 2 MSTs | _D 14 MSTs
AHEAD 5 SSTs 37 SSTs

Probakle improvements: 24.STs in south (PNRR)

L 4 current IACT arrays

sub-TeV TeV multi-TeV
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Access policy

 Guaranteed Time Observations (GTOs =
KSPs) as reward to the Contributing

CTAO ERIC
Parties (CPs) for the contribution to the 10 - 13 partners
construction project 1 intergovernamental organization: ESO

9 Members/Observer:
¢ KSP Timeis ~40% of the observing time Austria - Czech Rep - France - Germany - ltaly

over the first 10 years - Poland - Spain - Slovenia - Switzerland
1 strategic partner: Japan
« KSP Time profile is not flat: ~70% of the 3 Third Parties under negotiation

available time the first 2 yrs, then

) , , . CTAOQO ERIC partners are contributing parties (CP)
decreasing (i.e. the key discovery time!)

All CPs are equivalent w/r/t the access policy!

« Leadership positions of the KSP

proposals proportional to All KSP data public after 1 year (long time from now...)

the construction share | |
Slide adapted from R. Zanin/CTAO



Mid-term observatory plan
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CTAO: a national and international priority
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NWO-M, NOVA, NWO-G: ~4M€ in hardware/software investments
Enough to be counted towards ERIC membership!



: 0N PAX®
Science Data Challenge

fully open and blind!
several yr of simulated CTAO observations provided as science-ready data sets

log,o(Nexcess)
2

Excess counts (0.07-200 TeV)

Goals:

* #1: allow the gamma-ray community as
well as the broad astronomical community
to explore the CTAO scientific capabilities

« #2: allow the users to familiarize with the
technicalities of the analysis as well as
with the CTAQO science analysis tools

—130 —140
Longitude [deg]

| | coming soon!
Slide courtesy R. Zanin/CTAO



CTAO School

2nd Edition | 14-25 June 2025

9 Bertinoro, Iltaly

9 La Palma, Spain

Two weeks, two locations
Real observations, data analysis and science
The full astronomer experience

https://school.ctao.org/



Summary

¥ CTAO will be revolutionary, and the first y-ray ground-based
observatory to allow open, proposal-drivén science and RT analysis

¥ The CR 'paradigm’ is radically shifting’and CTAO + MWL/MM
observations are essential for advancing our physical understanding

¥ CTAO really offers something for everyone, from astronomy to
astroparticle to cosmology, and from GWs to fundamental physics!

¥* First data are coming in a few years. For our significant investments
over the last ~20 years we should be onboard and getting ready!
This includes planning science collaboration across messengers!!



