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Where do the highest energy cosmic rays come from?

Cas A, Credit: NASA/CXC/SAO

Galactic = Supernova remnants 
Emax ~ 1015 eV (PeV)

Extragalactic = AGN jets 
Emax ~ 1020 eV

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



Where do the highest energy cosmic rays come from?

Cas A, Credit: NASA/CXC/SAO

Galactic = Supernova remnants 
Emax ~ 1015 eV (PeV)

Extragalactic = AGN jets 
Emax ~ 1020 eV

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

If these sources accelerate HE CRs (p’s, ions), they will 
interact to produce ~equal fluxes in HE γ’s and ν’s ➠ MM 
Inevitably you also accelerate or get (decays) HE e-/e+s 

and thus correlated radio through X-ray emission ➠ MWL
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VHE γ-rays: Imaging Atmospheric Cherenkov Telescopes (IACTs)

3

Northern Array – construction stagesImaging Atmospheric 
Cherenkov Telescopes

Credits to W. Hoffmann

H.E.S.S.

MAGIC

VERITASVERITAS
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VHE γ-rays: Imaging Atmospheric Cherenkov Telescopes (IACTs)

3

Northern Array – construction stagesImaging Atmospheric 
Cherenkov Telescopes

Credits to W. Hoffmann

H.E.S.S.

MAGIC

VERITASVERITAS

Result: VHE (>100GeV) γ-ray astronomy is now a 
“mature” field with:  
— >315 detected sources in >15 different source classes 
— 𝒪(arcmin) resolution skymaps 
— energy spectra from 30 GeV - PeV!  
— time-resolved lightcurves down to mins  



Medium-Sized Telescope Large-Sized TelescopeSmall-Sized Telescope

ENERGY

20 GeV200 GeV5 TeV300 TeV

• Davies-Cotton optical design 
• 12m reflective surface 
• PMT  camera – 2 designs: 

• NectarCam: 1855 pixels 
• FlashCam: 1764 pixels 

• ~7° FoV 

• 82 tonne

• 2-mirror Schwarzschild-Couder 
optical design 

• 4.3m primary reflective  
surface 

• SiPM  camera: 2048 pixels (0.16 ∘) 
• 8.8° FoV 

• 17.5 tonne

• Parabolic optical design 
• 23m reflective surface 
• PMT  camera: 1855 pixels (0.1∘) 
• 4.3° FoV 

• 100 ton

Slide adapted from R. Zanin/CTAO

CTAO will offer full N/S sky coverage with unprecedented sensitivity



“Alpha” configuration currently under construction

PRELIMINARY

• 4 LSTs + 9 MSTs 
• 0.25 km2 footprint 
• focus on extragalactic science

• 14 MSTs + 37 SSTs 
• 3 km2 footprint 
• focus on Galactic science

CTAO Northern Array

CTAO Southern Array

CTA North 
ORM La Palma, Spain 

CTA South 
ESO, Chile “Beta” Configuration

Slide adapted from R. Zanin/CTAO



Plus for CTAO-N: two other nearby VHE facilities (MAGIC & ASTRI)

PRELIMINARY

• 4 LSTs + 9 MSTs 
• 0.25 km2 footprint 
• focus on extragalactic science

• 14 MSTs + 37 SSTs 
• 3 km2 footprint 
• focus on Galactic science

CTAO Northern Array

CTAO Southern Array

CTA North 
ORM La Palma, Spain 

CTA South 
ESO, Chile 

CTA LST2

Slide adapted from R. Zanin/CTAO



CTAO steady source performance compared to other facilities

LHAASO 
@30 TeV

LAT 
@10GeV

HAWC 
@10TeV

ASTRI  
10 TeV

CTAO 
2 TeV

SWGO 
@10TeV
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IACT-North (50 h)
HAWC (5 y)

LHAASO (1 y)
ASTRI-MA (50 h)
LACT (50 h, 32 telescopes)

Slide adapted from R. Zanin/CTAO



CTAO designed to be an incredibly powerful survey machine

PRELIMINARY
PRELIMINARY

Slide adapted from R. Zanin/CTA
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PRELIMINARY
PRELIMINARY

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



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

VHE variability is the unique key CTAO offers 
to identify and characterise CR/ν sources! X-ray transient sky

Radio transient sky (ThunderKAT)

https://www.cta-observatory.org

https://www.cta-observatory.org


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

VHE variability is the unique key CTAO offers 
to identify and characterise CR/ν sources! X-ray transient sky

Radio transient sky (ThunderKAT)

https://www.cta-observatory.org

On time scales <1 h 
CTA is 103 x (@25 GeV) 
to 106 x (@250 GeV) more  
sensitive than Fermi-LAT!! 

LSTs can reposition to any point on the sky in 20” (!!) 

Real-time analysis will issue science alerts in 30” (!!)

https://www.cta-observatory.org
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CTAO synergies with the Dutch MWL/MM community (through ~2030s) 

MeerKAT→SKA

ALMA NewAthena

ALMA

Slide adapted from M.Vecchi/CTAO

KM3NeT: neutrinos

LIGO/Virgo/Kagra: 
gravitational waves

LISA: gravitational waves

Radio      mm    microwave  IR        Optical          UV              X-ray         γ-ray

JWST

⟻ HST

IXPE

COSI?



CTAO Key Science Projects (KSPs)

Plus several fundamental physics and MMA 
WGs looking at e.g. GW follow up, neutrino 

synergies, axions & Lorentz invariance



CTAO Key Science Projects (KSPs)



CTAO Key Science Projects (KSPs)

‣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:

arXiv:1709.07997 

GRBs GWs from BNSs Novae Microquasars



Large High Altitude Air Shower Observatory (LHAASO) in China

Consists of three arrays: 1.3 km2 array (KM2A) electromagnetic particle and muon 
detectors, a water Cherenkov detector array (WCDA) with a total active area of 
78,000 m2, and 18 wide FoV air Cherenkov telescopes (WFCTA)



Surprise!  Since 2017 already 6 GRBs detected in VHE (>100 GeV)!

Slide adapted from M. Klinger-Plaisier

data from: 
MAGIC Nature 575 (2019) 
Swift+Fermi ApJ 890 (2020) 
MK++ MNRAS 520 (2023) 
H.E.S.S. Science 372 (2021) 
Zhang++ ApJL 956 (2023) 
Liu++ APJL 943 (2023) 
Tavani++ ApJL 956 (2023) 
LHAASO Science 380 (2023) 
MK++ MNRAS 529L (2024)

3 VHE GRBs

MK++ ApJ 977 (2024)

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



Slide adapted from M. Klinger-Plaisier MK++ ApJ 977 (2024)

MAGIC→  

H.E.S.S.→  

LHAASO→  

MAGIC Coll.

H.E.S.S. Coll.

VHE GRBs show unprecedented/unanticipated hard spectra!



Slide adapted from M. Klinger-Plaisier MK++ ApJ 977 (2024)

MAGIC→  

H.E.S.S.→  

LHAASO→  

data from: 
MAGIC Nature 575 (2019) 
Swift+Fermi ApJ 890 (2020) 
MK++ MNRAS 520 (2023) 
H.E.S.S. Science 372 (2021) 
Zhang++ ApJL 956 (2023) 
Liu++ APJL 943 (2023) 
Tavani++ ApJL 956 (2023) 
LHAASO Science 380 (2023) 
MK++ MNRAS 529L (2024)

single power-law up 
to TeV energies?!?

VHE GRBs show unprecedented/unanticipated hard spectra!



t0     1.7s                     +5.23hrs        +10.87 hrs                +9 days                 +16 days   

Short GRBNS merger

UV/Optical/NIR Kilonova

X-ray                        Radio afterglow

LHV sky localization

Slide adapted from M. Branchisi & A. Stamerra/CTAO

GW170817: first off-axis sGRB!

LVC + astronomers, Abbott++17, ApJL, 848, L12
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Short GRBNS merger

UV/Optical/NIR Kilonova

X-ray                        Radio afterglow

LHV sky localization

Slide adapted from M. Branchisi & A. Stamerra/CTAO

Being fast!

Sky-localization!

Multi-wavelength 

coverage!

GW170817: first off-axis sGRB!

LVC + astronomers, Abbott++17, ApJL, 848, L12

CTAO GW planning:



Understanding = localising:  particle acceleration and VHE γ-rays

e.g. Rieger & Mannheim 2000; Rieger & Aharonian 
2008; … Parfrey, Philippov & Cerutti 2019; 
Bransgrove,  Ripperda & Philippov 2021; Hakobyan, 
Ripperda & Philippov 2023; + work by many others… 

Magnetospheres

eg. Crumley++2019, Sironi++2021; and see numerical/semi-analytical work by eg, 
Aharonian; Bai; Bell; Böttcher; de Gouveia Dal Pino; Drury; Giannios; Jokipii; Kirk; 
Lazarian; Marscher; Oikonomou; Petropoulou; Reimer; Reville; Winter; ++ many 
many others…

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

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



IceCube Collaboration 2018; 2022, Science 

Neutrinos challenging the “classic” blazar picture

NGC 1068 = Seyfert…?!

TXS 0506+056     (Ros++2020)
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Neutrinos challenging the “classic” blazar picture
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IceCube Collaboration 2017 



IceCube Collaboration 2018; 2022, Science 

Neutrinos challenging the “classic” blazar picture

NGC 1068 = Seyfert…?!

TXS 0506+056     (Ros++2020)

IceCube Collaboration 2017 
KM3NeT++2025 



LHAASO revolution!

(LHAASO Collaboration; Cao++23; Cao++24ab) 

‣Now detecting VHE (> 10 
TeV) γ-ray emission from 
non-blazar, LLAGN!



LHAASO revolution!

(LHAASO Collaboration; Cao++23; Cao++24ab) 

‣Now detecting VHE (> 10 
TeV) γ-ray emission from 
non-blazar, LLAGN!



Opens up an amazing synergy with global mm-VLBI (EHT/GMVA)

M87*                                                                                  Sgr A*

4/2019 & 5/2022: first images supermassive 
black hole in the heart of a galaxy (then)

 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)

2017

Now!!

2018



Models need to explain not only images but also MWL spectra

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

EHT 2017 
M87 MWL 
Campaign



Models need to explain not only images but also MWL spectra

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

EHT 2017 
M87 MWL 
Campaign

Can finally break degeneracy in identifying acceleration sites



EHT Multiwavelength Science WG, EHTC, Fermi-LAT, HESS, MAGIC, VERITAS, EAVN++ A&A 2024 (arXiv: 2404.17623)

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

‣Offers chance to test particle acceleration 
scenarios via an unprecedented set of 
constraints  ➠ value of monitoring, link to 
neutrino results & puzzle over UHECRs

‣Most significant γ-ray 
flare since 2010!



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

‣Sgr A* gives us 
some idea what 
to expect!



LHAASO revolution II
‣>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! 
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contribute to the GC CR 
population (Pevatrons?)!!

‣>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! 



LHAASO revolution II

‣Many microquasars are VHE 
emitters, and could 
contribute to the GC CR 
population (Pevatrons?)!!

‣>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! 

SS 433: L.Olivera-Nieto++ 2021, 2022;  HESS Collab, 2023 

(LHAASO Collaboration; Cao++23; Cao++24 x2) 



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

TDEs (eg. Stein, v. Velzen++21; 
Cendes++24)

OB associations/young stellar clusters (Cao++21;24)

SNR (Xing++2022)

LHAASO 
PSF 

Fermi

HESS 
PSF 

CTA PSF  

Spitzer 3 colour map; Kobulnicky++2014

PWN (eg Cao++21; 24) Dwarf Nova (HESS 2022)
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Construction has started!
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Slide adapted from R. Zanin/CTAO
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Access policy

ASTRI full configuration

• Guaranteed Time Observations (GTOs = 
KSPs) as reward to the Contributing 
Parties (CPs) for the contribution to the 
construction project 

• KSP Time is ~40% of the observing time 
over the first 10 years 

• KSP Time profile is not flat: ~70% of the 
available time the first 2 yrs, then 
decreasing (i.e. the key discovery time!)  

• Leadership positions of the KSP 
proposals proportional to  
the construction share

A

Slide adapted from R. Zanin/CTAO

CTAO ERIC 
10 – 13 partners  

1 intergovernamental organization: ESO 
9 Members/Observer:  

Austria – Czech Rep - France - Germany – Italy  
– Poland - Spain – Slovenia - Switzerland 

1 strategic partner: Japan 
3 Third Parties under negotiation 

 
CTAO ERIC partners are contributing parties (CP)  
All CPs are equivalent w/r/t the access policy! 

All KSP data public after 1 year (long time from now…)



Mid-term observatory plan
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CTAO: a national and international priority 
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CAN
Committee for
Astroparticle
Physics in
the Netherlands 

Strategic plan for
Astroparticle Physics 
in the Netherlands

2014–2024

March 2014

Astroparticle Physics Roadmap Phase I 

Status and Perspective Status and Perspective 
of Astroparticle Physics in Europeof Astroparticle Physics in Europe

The ASTRONET  
Infrastructure Roadmap: 
A Strategic Plan for European Astronomy
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Aroadmap & strategy report

European Strategy Forum 
on Research Infrastructures ESFRI

 
 

strategy
 report 

 on research 
infrastructures

CTA listed as priority in national and European strategic plans 
“landmark" project in European Research Infrastructure (ESFRI) 

 
 

Investment	Grant	NWO	Large	

 

 

progress	in	the	development	of	new	statistical	tools	and	machine-learning	techniques,	as	applied	for	instance	to	dark	
matter	searches	where	co-applicant	Weniger	is	an	expert.	Another	example	of	where	this	can	be	applied	is	in	choosing	
which	parts	of	the	vast	data	sets	are	archived.	For	example,	our	SSTCAM	records	the	full	electronic	signal	of	an	event,	
but	 due	 to	 storage	 limitations,	 it	 is	 only	 possible	 to	 store	 part	 of	 that	 raw	 signal	 long-term.	 New	 techniques	 in	
classification	 and	 compression	will	 be	 developed	 that	 allow	 later	 reconstruction	 of	 the	 full	 raw	 signal.	 All	 of	 these	
techniques	have	potential	broad	applicability	beyond	CTA,	e.g.	at	data	intensive	research	facilities	such	as	SKA	or	LHC.	
	

Given	 the	 broad	 applicability	 of	 CTA’s	 technological	 challenges,	 it	 is	working	 actively	with	 other	 Big	 Data	 research	
infrastructures	 as	 part	 of	 the	 EC	 H2020	 ESCAPE	 project	 to	 pursue	 common	 solutions.	 ESCAPE	 (European	 Science	
Cluster	of	Astronomy	&	Particle	physics	ESFRI	research	infrastructures)	aims	to	address	the	Open	Science	challenges	
shared	 by	 ESFRI	 facilities	 (SKA,	 CTA,	 KM3Net,	 EST,	 ELT,	 HL-LHC,	 FAIR)	 as	 well	 as	 other	 pan-European	 research	
infrastructures	(CERN,	ESO,	JIVE)	in	astronomy	and	particle	physics.	ESCAPE	is	focused	on	developing	solutions	for	the	
storage,	processing,	and	analysis	of	the	large	data	sets	produced	by	the	ESFRI	facilities	such	as	CTA.	
	

Dealing with unforeseen opportunities for scientific and/or societal impact 
On	 the	 technology	 front,	 host	 institute	 UvA	 has	 a	 dedicated	 office	 (Innovation	 Exchange	 Amsterdam,	 IXA)	 to	
facilitate	the	collaboration	between	fundamental	science	technology	and	industry.	In	additional	there	are	frequent	
Dutch	conferences	focused	on	bringing	scientists	working	on	Big	Science	into	contact	with	Dutch	industry	(so-called	
Big	Science	Days,	https://www.bigscience.nl).	Between	these	two	avenues	we	can	establish	important	connections	
for	any	interesting	offshoots	from	our	work.			
	

On	the	scientific	front,	the	best-case	scenario	for	CTA	is	the	‘unforeseen’	new	class	of	source	discovered	for	the	first	
time	via	the	real	time	analysis	pipeline.	One	can	imagine	phenomena	that	are	VHE	gamma-ray	“orphans”	with	no	
other	 signals	 at	 least	 simultaneously,	 as	 is	 already	 the	 case	 for	 some	 radio	 transients.	 The	 transient	 alert	
infrastructure	discussed	above	for	science	impact	will	ensure	that	NL-CTA	are	exactly	placed	to	exploit	this	type	of	
random	event,	and	to	be	first	in	the	race	to	try	to	identify	it.	 

2.3    TECHNICAL, FINANCIAL, AND ORGANIZATIONAL ASPECTS 
	

2.3.1		Technical	feasibility	
The	aim	of	the	current	proposal	is	to	realise	the	manufacturing	of	the	cameras	needed	for	the	first	installment	of	the	
SST	 array	 (section	 2.1).	 Eventually	 the	 array	 should	 consist	 of	 70	 telescopes	 but	 for	 phase	 1	 a	 reduced	 number,	
currently	estimated	to	be	50,	will	be	installed.	

	

The	Small-Sized	Telescopes	(SSTs)	
The	 SSTs	will	 form	 an	 essential	 part	 of	 CTA.	 In	 2019	 CTA	 formally	
selected	the	Compact	High	Energy	Camera	(CHEC)	[62]	from	several	
candidates	 to	 form	 the	 basis	 of	 the	 final	 SST	 camera	 (SSTCAM)	
design.	CHEC	 is	 a	prototype	camera	developed	 jointly	between	an	
international	collaboration	including	the	Netherlands.	The	resulting	
SSTCAM	 is	 now	 being	 developed	 by	 a	 consortium	 from	 Germany	
(MPI-K,	ECAP,	DESY),	the	UK	(Leicester,	Durham,	Oxford,	Liverpool),	
Netherlands	(Amsterdam,	Groningen),	Japan	(Nagoya)	and	Australia	
(Adelaide).	The	SSTs	will	be	of	a	dual-mirror	design,	with	a	primary	
mirror	~4	m	in	diameter	and	a	secondary	mirror	~2	m	in	diameter.	
Light	 is	 focused	 onto	 a	 curved	 focal	 surface	 0.5	 m	 from	 the	
secondary	mirror.	The	focal	of	the	SSTCAM	provides	2048	pixels	to	
cover	 a	9o	 field	of	 view	on	 the	 sky.	 The	prototype	CHEC-S	 camera	
and	ASTRI	structure	are	shown	in	Fig.	2.3.1.	
	

Figure	2.3.1:	The	CHEC-S	prototype	camera	(t)	and	CHEC-S	installed	
on	the	ASTRI-Horn	prototype	telescope	on	Mt.	Etna,	Sicily	(b).	
	
The	SST	Camera	(SSTCAM)	
Two	camera	prototypes	have	been	built	and	tested.	The	first,	CHEC-
M,	 was	 based	 on	 multi-anode	 PMTs	 and	 served	 as	 a	 proof	 of	
principle	 of	 the	 digitisation,	 trigger,	 control	 and	 readout	 systems	

NWO-M, NOVA, NWO-G: ~4M€ in hardware/software investments 
Enough to be counted towards ERIC membership!
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ASTRI full configuration

A

Science Data Challenge

include IRFs

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 CTAO science analysis tools 

several yr of simulated CTAO observations provided as science-ready data sets

coming soon!

fully open and blind!

Slide courtesy R. Zanin/CTAO
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ASTRI full configuration

A

Science Data Challenge

include IRFs

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 CTAO science analysis tools 

several yr of simulated CTAO observations provided as science-ready data sets

coming soon!

fully open and blind!

Slide courtesy R. Zanin/CTAO
https://school.ctao.org/



✸ CTAO will be revolutionary, and the first γ-ray ground-based 
observatory to allow open, proposal-driven 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!!

Summary


