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Gamma-ray astronomy and Astroparticle Physics
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Astroparticle physics avant la lettre: 
the discovery of cosmic  rays!

Victor Hess (1911)

Origin of cosmic rays:  
•Galactic acceleration up to knee? (3x1015eV) 
•Extragalactic: origin highest energy cosmic rays? 
•Cosmic ray budget of sources?  
•How are cosmic rays accelerated? 
•Cosmic rays→ no or poor directionality

•Rely on secondary messengers 
•Neutrinos 
•uniquely “hadronic”  
•poor statistics 
•Gamma-rays: 
•good statistics, arcmin angular resolution 
•both “hadronic” (pion decay) & “leptonic” origin 
•rule of thumb: Eγ ≈ 10 % ECR



Locating cosmic-ray sources
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Current gamma-ray  facilities
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VERITAS (Arizona) MAGIC (La Palma)

H.E.S.S (Namibia)

Very high energy domain (VHE):  
Atmospheric and Water Cherenkov telescopes: >50 GeV

HAWC (Sierra Negra, Mexico)

High energy domain (HE):  
Fermi gamma-ray telescope 
(100 MeV-100 GeV)



Some recent gamma-ray highlights (2018-2021) (Galactic)
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•Resolved SNR   
•Leptonic or hadronic? 
•SNRs sources Galactic CRs? 
•gamma- size > X-ray size 
•escaping cosmic rays?

•Nearby pulsar 
•Few degrees TeV halo 
•HAWC&H.E.S.S. 
•purely leptonic (?) 
•e+/e- escaping pulsar? 
•Origin of e+ excess? 
•Geminga itself?  
•Similar sources? 
•dark matter?

Geminga PWN halo

•Extended emission SGR A* 
•Evidence for CR acc. by SGR A*? 
•Could SGR A* be a PeVatron?  
•The acceleration mechanism?

H.E.S.S.



Some recent gamma-ray highlights (extra-galactic)
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•Blazar TX 0506+056 
•neutrino detection (IceCube) 
coinciding with γ-ray activity 
•Significance ~3σ 
•Signature of future 
multimessenger activity 
•Origin of VHE neutrinos?

•Centaurus A 
•Extended emission >100 GeV 
•Presence of >TeV electrons 
•Resolves issue X-ray origin: 
•synchrotron 
•not inverse Compton 
• Importance:  
•Cen A is Auger CR “hot spot” 
• Is Cen A source of UHECRs?

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7!0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Some recent gamma-ray highlights (transients)
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•2018: First VHE detection from gamma-
ray burst! 
•8 hours after burst 
•Events detected by MAGIC & H.E.S.S. 
•More optimised observations! 
•Most likely inverse Compton process 
•Are GRBs sources of UHRCs?

•GW170817 (NS-merger) 
•Gamma-ray participation in follow 
up campaigns

 
 

Investment	Grant	NWO	Large	

 

 

innovations	have	required	the	development	of	an	automated,	real-time	analysis	pipeline,	which	is	an	absolute	first	for	
the	field.	Not	only	will	CTA	be	able	to	discover	new	transients,	it	will	also	alert	multi-messenger	facilities	world-wide.			
	

Gravitational	Wave	counterparts:		An	example	of	how	CTA	will	galvanise	an	area	of	active	research	in	the	Netherlands	
is	 the	 search	 for	 electromagnetic	 counterparts	 of	GWs.	Merging	neutron	 stars	 have	 long	been	predicted	 to	be	 the	
origin	 of	 GRBs,	 and	 to	 be	 associated	 with	 a	 nuclear	 blast	 wave	 called	 a	 “kilonova”	 [49].	 In	 2017,	 this	 theory	 was	
confirmed	with	LIGO/VIRGO’s	discovery	of	the	first	GWs	from	a	binary	NS	merger,	an	event	named	via	 its	discovery	
date:	 GW1710817	 [3].	 This	 represented	 the	 true	 “birth”	 of	 the	 multi-messenger	 era,	 because	 pretty	 much	 every	
cosmic	messenger	that	could	come	out	seemed	to	have	come	out,	from	GWs	to	accelerated	CRs,	due	to	a	magnetised	
jet	emerging	at	 later	 times,	 to	the	associated	broadband	emission	from	radio	to	gamma-rays.	The	key	point	here	 is	
that	 it	was	the	burst	of	GeV	gamma-rays	seen	by	the	Fermi	Space	Telescope	that	was	the	 first	counterpart	 in	 light,	
indicating	the	importance	of	gamma-rays	as	‘harbingers’	of	extreme	particle	acceleration	(Fig.	2.1.5).	 	

	

Until	recently	there	were	still	questions	about	whether	GRBs	in	general,	as	well	as	those	associated	with	GW	events,	
could	even	be	detected	by	CTA.	This	situation	has	changed	dramatically	in	the	last	year	with	the	detection	of	two	GRB	
afterglows,	 announced	 by	 existing	 VHE	 facilities	 [7,9],	 so	 we	 are	 now	 certain	 that	 CTA	 will	 detect	 more	 of	 the	
population	underlying	this	“tip	of	the	iceberg”.	At	the	same	time,	other	classes	which	until	recently	were	not	certain	
to	 be	 VHE	 emitters	 are	 starting	 to	 be	 detected,	 including	 the	 progenitors	 of	 GW	 sources,	 XRBs.	 	 One	 of	 the	most	
luminous	Galactic	XRBs,	SS433,	 likely	fueled	by	a	black	hole,	has	been	detected	in	the	VHE	γ-ray	band	by	HAWC	[4].	
While	this	is	not	a	transient	object,	this	proves	that	the	magnetised,	mildly	relativistic	jets	produced	in	this	object	can	
accelerate	particles	to	at	least	100	TeV,	and	for	transients	CTA	is	simply	off	the	scale,	and	will	have	enormous	synergy	
with	radio/optical	transient	factories.	For	instance,	there	are	new	radio	transients	being	discovered	that	do	not	fit	the	
picture	of	 any	other	 source	 class	we	 know,	except	perhaps	 to	be	a	 transient	 version	of	 the	 SS433	phenomenon	 (a	
radio	jet	“lighting	up”	an	ultraluminous	X-ray	source	bubble).	The	AARTFAAC	transient	finder	on	Dutch-based	LOFAR	is	
also	finding	extreme	transients	that	are	not	yet	identified	otherwise;	these	could	also	be	TeV-bright.		

	

These	results	firmly	demonstrate	that	the	discovery	space	for	the	VHE	gamma-ray	sky	is	still	far	from	being	“tapped	
out”,	and	we	have	not	even	begun	to	explore	the	potential	for	short-duration	VHE	gamma-ray	transients.	The	physics	
of	matter	at	its	extremes	suggests	that	prompt	emission	from	GRBs,	GW	counterparts	and	FRBs	could	first	be	seen	by	
CTA,	which	would	be	a	major	breakthrough	for	the	field,	and	a	boon	to	Dutch	involvement	in	follow-up	campaigns.		
The	Netherlands	are	heavily	 involved	in	and/or	building	some	of	the	world’s	top	multi-messenger	facilities	targeting	
transients,	 from	 GWs	 (Caudill,	 Hinderer,	 Nissanke),	 to	 neutrinos	 (Heijboer,	 Samtleben)	 to	 radio	 (Hessels,	Marcote,	
Rowlinson,	Wijers),	 optical	 (Levan,	 van	 Velzen)	 and	 even	 X-ray	 (Degenaar,	Mendez,	 Uttley,	Wijnands)	 light.	Within	

Figure	2.1.5:	Timeline	of	the	

multi-messenger	 campaign	

on	 the	 first	 ever	 GW	 event	

from	a	merging	neutron	star	

binary	 GW170817	 [Abbott	
et	al.	2017b].		
	

Note	that	gamma	rays	were	

the	 first	 radiation	 emitted	

from	 the	 source	 after	 the	

GWs,	 and	 in	 fact	 for	 many	

transient	 phenomena	 we	

expect	 VHE	 gamma-rays	 to	

“announce”	 interesting	

activity.	 CTA	 with	 its	 real-

time	 monitoring	 mode	 will	

allow	 sources	 to	 be	

discovered	 by	 VHE	 gamma-

rays	 first,	 which	 is	 a	 game-

changer	 for	 probing	

extreme	environments.	



Dutch involvement in gamma-ray astrophysics
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History (<2000) 
•Netherlands active in rocket/satellite experiments (SRON): COS-B, Comptel,… 
•Some activity toward Fermi satellite (SRON)

Dutch involvement since 2006: 
•2006: First CTA science meeting hosted in NL 
•2012+:UvA, RUG, and Radboud: members of CTA-Consortium 
•2012: Netherlands hosted the CTA consortium meeting 
•2013+: Involved in prototyping for CTA (NOVA/NWO supported) 
•2016-18: Sera Markoff CTA coordinator multiwavelength working group 
•2015+: NWO/NL associate member of CTA-Observatory  
•2015+: UvA joined H.E.S.S. collaboration 
•2020+:  
•JV H.E.S.S. working group leader SNRs/PWN/PeVatrons 
•Manuela Vecchi: member publication board CTA 
•2021+: hardware/software manufacturing SST camera CTA



Work of H.E.S.S. @ UvA

JV, Rachel Simonis, Dmitry Prokhorov
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Cen A H.E.S.S.

A&A 612, A6 (2018)

Fig. 2. Gamma-ray excess map and radial profiles. Top left: the H.E.S.S. gamma-ray count map (E > 250 GeV) is shown with XMM-Newton X-ray
contours (1–10 keV, smoothed with the H.E.S.S. PSF) overlaid. The five regions used to compare the gamma-ray and X-ray data are indicated
along with concentric circles (dashed grey lines) with radii of 0.2� to 0.8� and centred at RA: 17h13m25.2s, Dec: �39d46m15.6s. The Galactic plane
is also drawn. The other five panels show the radial profiles from these regions. The profiles are extracted from the H.E.S.S. maps (black crosses)
and from an XMM-Newton map convolved with the H.E.S.S. PSF (red line). The relative normalisation between the H.E.S.S. and XMM-Newton

profiles is chosen such that for regions 1, 2, 4 the integral in [0.3�, 0.7�] is the same, for regions 3, 5 in [0.2�, 0.7�]. The grey shaded area shows
the combined statistical and systematic uncertainty band of the radial gamma-ray extension, determined as described in the main text. The vertical
dashed red line is the radial X-ray extension. For the X-ray data, the statistical uncertainties are well below 1% and are not shown.

A6, page 4 of 25

H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. 1. H.E.S.S. gamma-ray excess count images of RX J1713.7�3946, corrected for the reconstruction acceptance. On the left, the image is made
from all events above the analysis energy threshold of 250 GeV. On the right, an additional energy requirement of E > 2 TeV is applied to improve
the angular resolution. Both images are smoothed with a two-dimensional Gaussian of width 0.03�, i.e. smaller than the 68% containment radius
of the PSF of the two images (0.048� and 0.036�, respectively). The PSFs are indicated by the white circles in the bottom left corner of the images.
The linear colour scale is in units of excess counts per area, integrated in a circle of radius 0.03�, and adapted to the width of the Gaussian function
used for the image smoothing.

ies of the SNR, a smaller data set of 116 h is used as explained
below.

The data analysis is performed with an air-shower tem-
plate technique (de Naurois & Rolland 2009), which is called
the primary analysis chain below. This reconstruction method is
based on simulated gamma-ray image templates that are fit to the
measured images to derive the gamma-ray properties. Goodness-
of-fit selection criteria are applied to reject background events
that are not likely to be from gamma rays. All results shown
here were cross-checked using an independent calibration and
data analysis chain (Ohm et al. 2009; Parsons & Hinton 2014).

3. Morphology studies

The new H.E.S.S. image of RX J1713.7�3946 is shown in Fig. 1:
on the left, the complete data set above an energy threshold of
250 GeV (about 31 000 gamma-ray excess events from the SNR
region) and, on the right, only data above energies of 2 TeV.
For both images an analysis optimised for angular resolution
is used (the hires analysis in de Naurois & Rolland 2009) for
the reconstruction of the gamma-ray directions, placing tighter
constraints on the quality of the reconstructed event geome-
try at the expense of gamma-ray e�ciency. This increased en-
ergy requirement (E > 2 TeV) leads to a superior angular res-
olution of 0.036� (68% containment radius of the point-spread
function; PSF) compared to 0.048� for the complete data set
with E > 250 GeV. These PSF radii are obtained from simu-
lations of the H.E.S.S. PSF for this data set, where the PSF is
broadened by 20% to account for systematic di↵erences found
in comparisons of simulations with data for extragalactic point-
like sources such as PKS 2155–304 (Abramowski et al. 2010).
This broadening is carried out by smoothing the PSF with a
Gaussian such that the 68% containment radius increases by
20%. To investigate the morphology of the SNR, a gamma-
ray excess image is produced employing the ring background
model (Berge et al. 2007), excluding all known gamma-ray emit-
ting source regions found in the latest H.E.S.S. Galactic Plane

Table 1. Overview of the H.E.S.S. observation campaigns.

Year Mean o↵set1 Mean zenith angle Livetime
(degrees) (degrees) (h)

2004 0.74 30 42.7
2005 0.77 48 42.1
2011 0.73 42 65.3
2012 0.90 28 13.4

Notes. The livetime given in hours corresponds to the data fulfilling
quality requirements. (1) Mean angular distance between the H.E.S.S.
observation position and the nominal centre of the SNR taken to be at
RA: 17h13m33.6s, Dec: �39d45m36s.

Survey catalogue (H.E.S.S. Collaboration 2018b) from the back-
ground ring.

The overall good correlation between the gamma-ray and
X-ray image of RX J1713.7�3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visible
in Fig. 2 (top left) from the hard X-ray contours (XMM-

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five param-
eters to the data as follows: the normalisation, the x and y co-
ordinates of the centre, and the inner and outer radius of the
thick shell. The resulting centre point is RA: 17h13m25.2s, Dec:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover the
fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest

A6, page 3 of 25

•Extended emission Cen A•Evidence for escaping CRs from SNRs 
•At what age maximum energy CRs? 
•And when do these escape?



Work of H.E.S.S. @ UvA
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H.E.S.S. Collaboration: A TeV gamma-ray SNR with no evidence for a spectral cut-o↵

The excess corresponds to 337 "ON" events and 11179
"OFF" events, and a normalization parameter ↵= 0.0216 estab-
lished with the Ring Background method with standard settings.
ON events were extracted in a circle of radius 0.07 deg centered335

on the X-ray source position (RA 5h25m2.2s, Dec �69�3803900).
The corresponding excess map is shown in Fig. 2.
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Fig. 2: H.E.S.S. excess map with a size of 1.6 deg, smoothed
with a gaussian of width 0.1 deg. The ON region with a radius
of 0.07 deg, centered on the N132D X-ray source position, is
shown in green; 1 and 2 sigma contours of the best fit position
(see section 3.2) are represented in red.

Fig. 3 shows the combined H.E.S.S. and Fermi-LAT photon
energy spectrum spanning an energy range of 1 GeV to 40 TeV,
where H.E.S.S. data points start at 1.3 TeV. The H.E.S.S. spec-340

trum was extracted using the same analysis cuts as for the maps
and the Reflected Background method (for background methods
see Berge et al. 2007). Spectral points between 1.3 and 40 TeV
are binned in energy bands requiring a minimum of 2 � sig-
nificance per pointIt is worth noting that the H.E.S.S. spectrum345

exhibits a 2 � significant spectral bin at ⇠ 15 TeV.
The H.E.S.S. spectrum is well fitted with a single power law

(dN/dE = �0 ⇥ (E/1TeV)��) with an index � = 2.3 ± 0.2 and a
di↵erential flux normalization at 1 TeV of �0 = (1.31 ± 0.43) ⇥
10�13 TeV�1cm�2s�1, with a �2 of 3.9 for 2 degrees of freedom.350

The derived photon index is consistent with the previous esti-
mate by H.E.S.S. yielding � = 2.4 ± 0.3 (Abramowski et al.
2015b). The corresponding luminosity assuming a distance, d,
to the source of 50 kpc is L(1 � 10 TeV) = (1.05 ± 0.29) ⇥
1035(d/50kpc)2 erg s�1). This value is consistent with previous355

results and is comparable to the luminosity of the brightest TeV
SNRs: N132D is as luminous as HESS J1640-465 (Abramowski
et al. 2014) and ⇠28 times more luminous than Cassiopeia A
(Aharonian et al. 2001).

A combination of the H.E.S.S and Fermi-LAT data allows360

us to perform an independent investigation of the spectral prop-
erties in a wide energy range. The fit is performed on the un-
binned H.E.S.S spectrum, consisting of 16 data points to which
we add the four Fermi-LAT points (cf. section 2.4). The fit pa-
rameters are reported in Table 1. The combined spectrum can be365

perfectly fitted with a single power law resulting in a reduced
�2 of 10.7 for 18 degrees of freedom. The derived photon index,

� = 2.12 ± 0.05, is consistent with the index obtained with the
H.E.S.S. data only. The fit with a power law and an exponential
cut-o↵, dN/dE = �0⇥ (E/1TeV)�� exp(�E/Ec), is as likely as a 370

fit with a simple power law. The resulting cut-o↵ energy is quite
high, exhibiting large errors (Ec =33.7+122.9

�18.2 TeV). A value of the
cut-o↵ energy less than 8 TeV can be excluded with 95% CL.
Similarly no break in energy is needed to explain the GeV-TeV
spectrum, as a broken power-law fit to the joint Fermi/H.E.S.S. 375

data is as likely as a power-law fit. The derived energy break
value lies between 7.45 GeV and 84.5 GeV, with a best-fit at
19.9 GeV. These lower and upper bounds were established by
fitting the data with a fixed value for the energy break, until a
��2 = 1 is reached (68%CL), leaving all other parameters free. 380

3.2. Morphology in the VHE gamma-ray band

The position of the TeV gamma-ray source has been ob-
tained from a two-dimensional fit of the H.E.S.S. so-called
“ON“ map constituted of gamma-ray events in the source re-
gion and a “background” map, using the gamma-ray events se- 385

lected in the “OFF“ region multiplied by a scaling factor map
in order to reach the source exposure level. The fit was per-
formed using the Sherpa package (Freeman et al. 2001), with
a log-likelihood approach (Cash statistic (Cash 1979)) and the
Levenberg-Marquardt algorithm (Moré 1978). The source was 390

modeled by a two-dimensional Gaussian profile convolved with
the analysis PSF (0.06 deg) multiplied by the exposure map to
take into account any asymmetry in the exposure across the field
of analysis, and with the background amplitude fixed to 1. The
fit results in a best fit position of RA 5h24m51s ± 5s

stat and Dec 395

�69�3805300 ± 2300stat at ⇠ 10 from the X-ray source position. The
best-fit position and the confidence region is shown in Fig. 2, and
it is consistent with the center of N132D within ⇠2 �.

The two-dimensional fit with a Gaussian profile centered on
the X-ray source position provides us with a 90% CL upper 400

limit on the source extension in gamma rays corresponding to
�2D,Gauss = 2.7 arcmin. Since the 68% containment radius (PSF)
is 3.8 arcmin, the localization of the emitting region is well in-
side this radius. With the reported data, it cannot be concluded
that the source is extended. However, given both the diameter 405

of N132D in X-rays of 1.6 arcmin and the presence of a nearby
molecular cloud at ⇠arcmin distance, it is likely that the gamma-
ray source has structure on the arcmin scale.

Observations with the Cherenkov Telescope Array (CTA)
with a better angular resolution should be conducted to disen- 410

tangle between two scenarios, namely whether the gamma-ray
emission of N132D is slightly extended at the nominal position
of the remnant, or whether it is compatible with an origin within
the molecular cloud, illuminated by CRs di↵using away from
N132D. 415

4. Multi-wavelength Spectrum modeling

We further analyse the results in the context of the multi-
wavelength studies of N132D. We consider radio observations at
wavelengths 3cm and 6cm by Dickel & Milne (1995), and non-
thermal X-ray upper limits in the 0.2 to 4 keV band (Hughes 420

et al. 1998) and in the 2-10 keV band provided by Bamba et al.
(2018). This leads to a multi-wavelength spectrum spanning 9
orders of magnitude. Radio and non thermal X-ray emissions
can be related to GeV - TeV gamma-ray emission in two di↵er-
ent scenarios. The “pure leptonic scenario” assumes that a single 425

population of CR electrons can generate synchrotron emission
in the radio to X-ray range, and inverse Compton emission in

Article number, page 5 of 14
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Data �2/ndof � �0 (1 TeV) Ec/Eb
⇥10�14TeVcm�2s�1

H.E.S.S. PL 3.9/2 2.3 ± 0.2 13.1 ± 4.3 –
Fermi-LAT + H.E.S.S PL 10.7/18 2.12 ± 0.05 10.0 ± 1.55 –
Fermi-LAT + H.E.S.S ECPL 9.6/17 2.08 ± 0.06 11.8 ± 2.5 Ec = 33.7+123

�18 TeV
Fermi-LAT + H.E.S.S BPL 6.8/16 1.47 ± 0.43 2.28 ± 0.13 12.6 ± 2.5 Eb= 19.9+84.5

�7.5 GeV

Table 1: Spectral fit parameters for both H.E.S.S. and Fermi-LAT plus H.E.S.S. data sets. PL stands for "power law", ECPL for
"power law with an exponential cut-o↵" and "BPL" for "broken power law" (see text for details).
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Fig. 3: Left: Fermi-LAT and H.E.S.S combined spectrum fitted with a power law. Right: Fermi-LAT and H.E.S.S combined spectrum
fitted with a power law with an exponential cut-o↵ (blue) and a broken power-law (green) . For both figures, the best fit functions
are shown with 68 % error bars in shaded region, as well as residuals compared to the fit. The fit parameters are reported in Table 1.

gamma rays. Alternatively, in the hadronic scenario, CR elec-
trons are responsible only for the synchrotron radio and X-ray
emissions, while CR hadrons produce the GeV-TeV emission430

via neutral pion decaying into two photons. In that case, a ratio
of ne/np is one of the parameters, for which the canonical value
is 1/100, based on the ratio of electron to proton cosmic rays
measured near the Earth (see e.g. Longair 2011; Katz & Wax-
man 2008). However, the ne/np ratio at Earth may not reflect the435

ratio in SNRs, and there may be variations among SNRs.
Here we model these radiation processes using theoretical

frameworks developed in Aharonian et al. (2010) for the syn-
chrotron radiation, in Khangulyan et al. (2014) for the inverse
Compton mechanism, Baring et al. (1999) for bremsstrahlung440

emission, and Kafexhiu et al. (2014) for the pion decay. For
modelling the multi-wavelength spectrum of N132D for the two
scenarios we employed the Naima package (Zabalza 2015).

4.1. Pure Leptonic model

From a purely statistical point of view the multi-wavelength data445

can be reasonably well fitted with a pure leptonic model assum-
ing synchrotron emission with a magnetic field of 20 µG and
inverse Compton emission with two background radiation com-
ponents, corresponding to the Cosmic Microwave Background
(CMB) radiation with an energy density of 0.26 eV cm�3 and450

an infra-red component (IR) intrinsic to the remnant itself with
a temperature of 145 K, an energy density of of 1 eV cm�3 (see
Abramowski et al. 2015b). The latter component is due to dust
emission from and around the SNR. The model assumes an elec-
tron distribution following a power law with exponential cut o↵,455

with an index of 2.2, and a cut-o↵ energy of 7 TeV. Fig. 4 shows
the model and corresponding parameters are reported in Table
2. For this model, the required total electron energy is We( >

1GeV) = 4.50⇥ 1049 erg which is higher than observed in other,
well-studied SNRs (as discussed in section 5.2). Even if we con- 460

sider an initial released energy higher than the canonical value,
e.g. ⇠5⇥1051 erg (see e.g. Bamba et al. 2018), then 10 % of this
energy can be transmitted to CR protons, which would imply a
maximum energy for the electron of We ' 5 ⇥ 1048 erg if we
assume ne/np = 0.01. 465

Di↵usive shock acceleration should lead to a particle distri-
bution that is a power law in momentum (e.g. Malkov & Drury
2001). This means that the energy distribution breaks around the
rest-mass energy of the particles. Hence, the electron spectrum
is expected to continue as an unbroken power law to energies 470

well below 1 GeV (e.g. Asvarov & Guseinov 1991; Vink 2008),
unlike the hadronic cosmic-ray distribution. For example, if we
take the lower limit to be 10 MeV we get We( > 10 MeV) =
1.3 ⇥ 1050 erg, which suggests that an implausibly high fraction
of > 2% of of the explosion energy is contained in relativistic 475

electrons.
The value of 20 µG for the magnetic-field strength re-

quired by the leptonic model is similar to what was inferred
by Abramowski et al. (2015b) and Bamba et al. (2018). Such
a magnetic-field strength is surprisingly low for as bright a ra-
dio source as N132D, and this is di�cult to reconcile with the
minimum energy principle. This principle states that the total
energy in relativistic particles and the magnetic field necessary
to explain the radio synchrotron luminosity is minimized for a
magnetic-field strength, Bmin, that corresponds to a magnetic-
field energy density that is close to equipartition with the energy
density in relativistic particles. It leads to the following relation
for Bmin (Longair 2011): Bmin(G) = 1.8 ⇥ 104

⇣
⌘L⌫
V

⌘2/7
⌫1/7, with

L⌫, the radio luminosity in W Hz�1 at a frequency ⌫ in Hz, V
the SNR volume in m3, and ⌘, a parameter taking into account
the ratio of the energy present in cosmic-ray nuclei versus elec-
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•Detection TeV emission from N132D 
(LMC, 50 kpc) 
•>200 hr of observations! 
•Unbroken power-law up to ~10 TeV 
•N132D is ~2500 yr 
•SNR is very bright  
•Why haven’t highest E CR escaped?
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Fig. 4. Predicted flux above 1 TeV using Eq. (1) as a function of the distance to the source. Mass-loss rates are given in units of M� yr�1 assuming
uw = 10 km s�1 and the parameters described in Sect. 3.1, for t = 20 days (solid lines) and t = 150 days (dashed lines) after the SN explosion. The
Mass-loss rate is given for each pair of lines of the same color. The expected flux for SN 1993J is computed using Eq. (1) and t = 20 days. The
CTA sensitivity for a 50 h long observation is taken from Acharya et al. (2013). The ten ULs on the flux above 1 TeV derived in this study are also
shown (see text).

circumstellar medium of SN 2008bp was less dense than that
of the rest of the sample. Outlier behaviour was also discovered
for SN 2009js. Gandhi et al. (2013) found the event to be sublu-
minous, suggesting a low ejecta mass and explosion energy. It
follows that the environments of SN 2008bp and SN 2009js are
not likely conducive to the TeV gamma-ray detection sought in
our study, but are consistent with the mass-loss rate upper-limits
of ⇠1.6⇥ 10�3 and ⇠3.1⇥ 10�4 M� yr�1, respectively, as derived
from the H.E.S.S. observations.

3.5. Prospects for future observations

In order to put the flux ULs derived in this work in perspec-
tive, Fig. 4 shows the gamma-ray flux computed with Eq. (2)
as a function of the distance for different values of the pre-SN
mass-loss rate, together with the typical five sigma point-source
sensitivities of H.E.S.S. and of the next generation of IACTs,
the Cherenkov Telescope Array (CTA, Acharya et al. 2013). For
comparison our upper limits are shown, which, as expected,
are close to the 50 h H.E.S.S. sensitivity, '2⇥ 10�13 cm�2 s�1

(Aharonian et al. 2006), bearing in mind the exposure times.
Parameters are chosen as described in Sect. 3.1, with q↵ corre-
sponding to a flat spectral index. Two different values for the
time delay since the SN explosion are considered: t = 150 days
corresponds to a value that is representative of our sample,
whereas t = 20 days roughly corresponds to the optical peak
luminosity of a SN. As seen in Fig. 4, the VHE gamma-ray
flux at t = 20 days from a SN 1993J-like event is within reach
with current IACTs like H.E.S.S., and would clearly be detected

by CTA. At t = 150 days, and for mass-loss rates higher than
10�4 M� yr�1, CTA may detect cc-SNe as far out as the Virgo
cluster (16 Mpc).

Mass-loss rates above 10�4 M� yr�1 are not uncommon,
but are usually confined to Type IIb and IIn SNe. Each of these
types represent, respectively, ⇠10 and ⇠8% of the total cc-SN
rates according to Smith et al. (2011). The number of cc-SNe
occurring in a year can roughly be expressed as a function of
the total available stellar mass in 1010M� units. In our Galaxy,
this implies a cc-SN rate of about two per century (see e.g.
Li et al. 2011). A galaxy cluster in the local Universe, as the
Virgo cluster, has a total stellar mass of the order of 1013M�
(see e.g. O’Sullivan et al. 2017), which would bring the number
of cc-SNe up to ⇠10 per year in a near radius of 16 Mpc. This
number is very similar to the number of objects predicted by
Horiuchi et al. (2011) for a volume of radius .10 Mpc. Another
example is given by Smartt et al. (2009), who identified 5 type
IIP SNe in 1999 within ⇠18 Mpc, which may represent 60–70%
(see e.g. Smartt et al. 2009; Smith et al. 2011) of the whole
sample of cc-SNe of that year. Note that type II objects can also
exhibit enhanced pre-SNe mass-loss rates above 10�3 M� yr�1

(e.g. Das & Ray 2017; Arcavi et al. 2017), and other studies
have shown that such high mass-loss rates are not so rare among
type IIb SNe (Fuller 2017; Ouchi & Maeda 2017). It is then
reasonable to expect ⇠1 to 2 cc-SNe with Ṁ > 10�4 M� yr�1

occurring per year, within a radius of 16 Mpc, whatever the
sub-type. Such nearby cc-SN events offer a great opportunity for
the detection of gamma rays using IACT observations triggered
by observations at optical wavelengths. Such a ToO program
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N132D

•Limits on gamma-ray emission 
supernovae 
•Could SNe be PeVatrons for t<1 yr? 
•Detection/acceleration: dense gas 
•Non-detection implies low mass loss 
progenitor stars
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The Future: CTA!

Small Sized 
Telescopes (SST) 

Medium Sized Telescopes 
(MST) 

Large Sized Telescopes 
(LST) 
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commonalities.	 However,	 the	 debate	 revolving	 around	 the	 acceleration	 (or	 not)	 of	 hadronic	 CRs	 is	 currently	 a	

roadblock	in	the	goal	to	derive	a	complete	picture	of	any	of	these	objects’	inner	working.		We	are	still	not	even	sure	
we	have	a	full	census	of	all	the	forms	of	extreme	matter	in	the	Universe,	let	alone	understand	the	ones	we	do	know.	

This	theme	thus	encompasses	both	known	phenomena,	as	well	as	the	potential	for	discovery,	and	the	connection	to	
the	rapidly	developing	field	of	multi-messenger	detection.					
		

CTA	as	a	Transient	Detector:	The	past	decade	has	shown	that	if	one	blindly	peers	into	the	sky	long	enough	in	a	new	
waveband,	with	a	wide	field	of	view,	entirely	new	types	of	objects	(or	new	behaviors	in	known	objects)	are	found.	This	

principle	 has	 been	 applied	 to	 the	 radio,	 optical	 and	 X-ray	 skies,	 leading	 to	 the	 discovery	 of,	 e.g.,	 transient	 XRBs,	
gamma-ray	burst	(GRB)	afterglows	[30,57],	Fast	Radio	Bursts	(FRBs)	;	[41],	now	thought	to	be	powered	by	incredibly	
strongly	magnetised	neutron	stars	 [46],	and	Tidal	Disruption	Events	 (TDEs);	 [44]	where	a	dormant	black	hole	eats	a	
nearby	star	and	becomes	“active”	like	a	temporary	AGN.	These	phenomena	are	all	explosive,	strongly	magnetised	and	

involving	 extremes	of	matter	 and	 gravity,	 and	 clearly	 involve	high-energy	particle	 acceleration,	 yet	we	do	not	 fully	
understand	 them.	 A	 key	 diagnostic	 for	 differentiating	 between	 competing	 theories	 is	 identification	 of	 multi-

wavelength	counterparts,	but	we	need	CTA	sensitivity	before	we	can	really	start	ruling	out	some	of	the	theories	[31].	
	

At	 a	 time	 when	 the	 radio	 and	 optical	 communities	 are	 building	 “transient	 factories”	 like	 AARTFAAC/SKA	 and	

BlackGEM/LSST	 (see	 Additional	 Information,	 Fig.	 2.6.1),	 LIGO/VIRGO	 and	 KM3NET	 are	 expanding	 in	 the	 coming	
decade,	it	is	clear	that	there	is	exciting	discovery	space	and	synergy	to	be	found	in	multi-messenger	transient	science.	

CTA	has	groundbreaking	capabilities	to	 join	this	burgeoning	field	as	the	first	VHE	facility	able	to	send	its	own	alerts,	
but	doing	 so	 requires	 special	observing	 techniques	and	modes	 that	are	 relatively	new	 for	 the	VHE	community.	The	

Netherlands	 is	 extremely	 active	 in	 the	 field	 of	 transient	 and	GW	detection,	 and	 can	 play	 a	 leading	 role	 in	 helping	
integrate	CTA	into	the	wider	transient	community,	as	well	as	‘harvesting’	its	new	window	on	the	sky.		
		

The	 current	 state	 of	 the	 art	 VHE	 gamma-ray	 instruments	 have	 fields	 of	 view	 of	 ~3-5	 degrees	 in	 diameter,	 peak	
sensitivity	around	1	TeV	and	no	sensitivity	below	100	GeV	(Fig.	2.1.3).	Most	transients	produce	non-thermal	radiation	

that	 peak	 below	 100	 GeV,	 so	 these	 facilities	 operate	 in	 follow-up	 mode	 on	 discoveries	 of	 new	 sources	 via	 other	
instruments,	 and	 then	 pointing	 at	 them	 for	 a	 long	 time	 to	 integrate	 photons	 until	 statistics	 are	 significant	 for	

detection.	To	discover	new	transients	‘blindly’,	which	is	always	the	cutting	edge	one	needs	a	combination	of	sensitivity	
and	a	wide	enough	field	of	view	to	cover	a	decent	fraction	of	the	sky	at	high	cadence.	The	only	facilities	right	now	that	

have	the	potential	to	survey	a	large	piece	of	the	sky	in	gamma-rays	are	the	Fermi	Space	Telescope	(GeV	range),	the	

High-Altitude	Water	 Cherenkov	 Observatory	 (HAWC),	 and	 in	 the	 near	 future	 LHAASO	 [37].	 However,	 LHAASO	 and	
HAWC	needs	1-5	years	to	match	what	CTA	can	do	at	the	highest	energies	(>	10	TeV)	in	50	hours	(Fig.	2.1.3),	and	both	
also	have	poor	sensitivity	in	the	20-1000	GeV	range,	so	they	are	not	designed	for	transient	detections.		

	

Figure	2.1.4:	The	sensitivity	of	CTA	and	Fermi	
as	 a	 function	 of	 observation	 time	 (source:	
www.cta-observatory.org).	
	

The	 more	 interesting	 comparison	 is	 with	
Fermi,	 which	 has	 been	 the	 key	 workhorse	

for	 gamma-ray	 transient	 detection	 in	 the	
last	 decade,	 discovering	 myriads	 of	 new	

GRBs	 and	 other	 objects.	 Fig.	 2.1.3	 shows	
that	 its	 10	 year	 sensitivity	 matches	 CTA’s	
50h	 sensitivity	 around	 100	 GeV.	 But	 Fig.	
2.1.4	provides	a	much	clearer	 illustration	of	
the	 crucial	 difference	 between	 this	 prior	

workhorse	 and	 the	 new,	 by	 comparing	 the	
sensitivity	of	CTA	to	Fermi	as	a	function	of	observation	time.	The	dependence	of	Fermi	(and	HAWC)	on	accumulation	

of	data	over	 long	stretches	of	 time	 is	not	adapted	to	 transient	sources,	particularly	 the	ones	varying	on	day	or	 less	

timescales.	For	25-250	GeV,	CTA	will	be	four	to	six	orders	of	magnitude	more	sensitive	than	the	Fermi-LAT	instrument.		
	

Furthermore,	CTA’s	8	degree	diameter	field	of	view	translates	into	~50	deg2	on	the	sky,	which	is	quite	large	(the	moon	

subtends	half	a	degree	diameter	on	the	sky)	and	opens	the	door	to	the	first	ever	TeV-discovered	transients.	Within	

that	field	of	view,	CTA	can	detect	and	localise	bright	point	sources	to	within	10”	in	less	than	an	hour,	and	then	with	
more	 statistics,	 make	 images	 with	 resolutions	 an	 order	 of	 magnitude	 better	 (1’)	 than	 current	 instruments.	 These	

CTA is better and faster: 
• 10x more sensitive 
• 2x sharper 
• 5x better source positions 
• 2.5x larger field of view
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CTA	as	the	Next	Generation	Facility		
We	are	 currently	 in	 an	exciting	 time	 for	CR	observations,	 as	members	of	H.E.S.S.,	MAGIC	and	VERITAS	have	 joined	
forces	to	design	and	build	the	next-generation	facility,	the	Cherenkov	Telescope	Array	(CTA).	With	over	100	telescopes	
divided	 into	 two	 locations,	one	 in	Chile	on	 the	European	Southern	Observatory	 (ESO)	 Paranal	 site,	 and	one	on	 the	
island	of	La	Palma,	CTA	will	cover	the	entire	sky.	CTA	will	also	be	an	order	of	magnitude	better	than	the	current	gold	
standard,	H.E.S.S.,	 in	most	metrics,	 achieved	by	using	an	array	of	 three	 sizes	of	 telescopes,	 from	4	meter	diameter	
(small-sized	telescopes,	or	SSTs)	to	massive	23m	large-size	telescopes	(LSTs),	with	12m	class	medium-sized	telescopes	
in	between	(MSTs).	Each	telescope	class	 is	sensitive	to	a	different	energy	band	between	10s	of	GeV	to	100s	of	TeV.	
Optimising	the	desired	number	of	each	type	and	their	location	to	achieve	the	best	results	while	keeping	cost	down	is	
one	of	CTA’s	primary	 challenges.	 The	 large	number	of	 telescopes	 serves	 two	goals:	 1)	 achieve	 the	highest	possible	
sensitivity	by	maximizing	the	sky	coverage,	and	2)	improve	the	angular	resolution	by	detecting	the	Cherenkov	event	
with	as	many	telescopes	as	possible	to	more	accurately	triangulate.	VERITAS,	H.E.S.S	and	MAGIC	employ	only	two	to	
five	telescopes	each.	As	the	effective	area	of	the	observatory	is	set	by	the	area	of	the	sky	covered	by	the	telescopes	on	
the	 ground,	 CTA	 will	 have	 the	 largest	 effective	 area	 of	 any	 gamma-ray	 telescope	 built,	 and	 thus	 significantly	
outperform	the	current	state-of-the-art,	as	illustrated	in	Fig.	2.1.3.	

	
	

Figure	2.1.3:	Left:	Sensitivity	of	CTA	North	and	South	compared	to	current	 facilities.	Right:	The	angular	resolution	of	
CTA	South	compared	to	MAGIC,	VERITAS	and	HAWC	(source:	https://www.cta-observatory.org).	

	
	
	

The	 Northern	 array	 (CTA-N)	 is	 already	 under	 construction,	 while	 the	 Southern	 array	 site	 (CTA-S)	 details	 are	 being	
finalised,	with	early	operation	and	science	verification	estimated	to	start	by	2022,	and	full	operations	slated	for	2025.	
Once	CTA	 is	 fully	operating,	the	current	generation	facilities	are	expected	to	be	phased	out	or	handed	over	to	 local	
operators.	Thus,	CTA	will	be	the	premier	VHE	gamma-ray	work	horse	for	the	coming	decades,	 in	synergy	with	other	
international	 multi-messenger	 facilities	 like	 the	 Pierre	 Auger	 Observatory	 (PAO),	 IceCUBE,	 KM3NET,	 GW	 facility	
Advanced	LIGO/VIRGO,	and	astronomical	facilities	from	radio	(e.g.	Square	Kilometer	Array,	SKA),	through	transient-
finding	 optical	 facilities	 (Large	 Synoptic	 Survey	 Telescope;	 LSST	 and	 BlackGEM),	 to	 X-rays	 from	 space	 (eROSITA,	
XRISM,	ATHENA).	
	

	

CTA	will	be	an	indispensable	tool	for	pinpointing	sources,	and	even	regions	within	sources,	of	CR	acceleration,	for	
discovering	 new	 transient	 phenomena,	 and	 probing	 fundamental	 physics	 at	 energy	 scales	 inaccessible	 on	 Earth.	
With	 our	 other	 national	 investments	 in	 CR/neutrino	 facilities,	multi-messenger	 transient	 detectors	 and	 DM,	 it	 is	
essential	that	the	Netherlands	have	access	to	these	data	and	take	part	in	the	expansion	of	this	field	at	its	start.		
	

	

2.1.2.	Summary	of	requested	investment	and	urgency	for	Dutch	science	and	research	
	

Opportunity	for	the	Netherlands	to	participate	in	CTA	
The	cutting	edge	for	physics	and	astronomy	facilities	has	now	moved	to	such	large	scales	and	expense	that	most	‘next	
generation’	 facilities	 are	 built	 via	 large	 international	 consortia.	 The	 cost	model	 of	 CTA	 is	 based	 on	 the	 distributed	
funding	template	used	in	many	scientific	large-scale	infrastructures,	particularly	in	physics.	Any	country	that	wishes	to	
join	as	a	full	member	needs	to	provide	an	in-kind	contribution	(IKC).	This	IKC	can	be	a	hardware	contribution	and/or	
FTE	 for	personnel	 required	 to	design,	build,	 test,	and	deliver	 this	hardware	 to	 the	site.	 If	 the	 IKC	 is	above	a	certain	
threshold	the	scientific	community	of	that	country	gets	full	access	to	the	data	and	support,	and	the	country	has	a	seat	
in	the	management	board	taking	decisions	on	scientific	priorities.	This	model	provides	the	ultimate	“foot	in	the	door”	
for	a	small	country	like	the	Netherlands,	and	distributes	the	work	over	the	available	specialists	in	the	research	field.				

• follow up transients 
• longer observations no option! 

• Faster survey time! 
• Better source resolving power 
• Interesting things can be done by HESS in 

400 hr, but impossible to obtain 
• CTA can do it in 40 hr!
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The Dutch hardware/software contribution

•SST camera collaboration: 
Germany, UK, NL, Japan, Australia 

•Netherlands activity (2021-2025): 

‣ Production 40 focal plane units (RUG) 
‣Calibration & Verification (RUG) 

- in lab/ on-site 
‣Camera Software (UvA) 

- develop/coordinate/document 
‣ Pointing reconstruction using night sky 

(UvA)
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deployed on a prototype structure in Meudon near Paris. The second prototype, CHEC-S (Fig. 2.3.1, top), based on 

silicon photomultipliers (SiPMs) forms the basis for the SSTCAM. The Netherlands played a critical role in the 
development of CHEC-S, providing the time-stamp system and contributing heavily to the camera pointing system. 

CHEC-S has been tested and validated in the laboratory and on the ASTRI-Horn prototype telescope located at Mount 
Etna (Italy) (Fig. 2.3.1, bottom) thereby demonstrating the technical feasibility of the SSTCAM.  
 

The SSTCAM will be based on 6 x 6 mm SiPMs arranged as a set of 32 units of 64 pixels each tiled across the focal-

plane surface. A liquid-cooled focal plane plate will position the SiPMs with the required precision and provide 
temperature stabilisation. A coated entrance window will protect the SiPMs and provide a filter to retain Cherenkov 

light whilst minimising contamination from the night-sky background. A motorised lid will protect the camera when 
not in use. Preamplifiers located directly behind the SiPMs will provide the signal amplification. The camera readout 

chain, based on custom ASICs (known as TARGET) and FPGAs, will provide the camera trigger scheme and 1 GSa/s 
digitisation of Cherenkov signals, which will then be time-stamped using the White-Rabbit based system developed in 

the Netherlands. This chain is self-triggered, based on a nano-second precision topological trigger to efficiently record 

Cherenkov events whilst minimising accidental triggers due to fluctuations in the NSB. The camera outputs Cherenkov 
data at a rate of up to 1.2 kHz, corresponding to nearly 10 Gbit/s of data arriving at the CTA computing farm. Custom 

software will control the camera and build and calibrate events based on the arriving packets. The camera contains a 
second, ‘slow’, readout chain in which the signal is integrated over 100 ms and continuously read out to monitor star 

brightness in addition to Cherenkov observations. All stars brighter than Vmag=8 may be tracked to allow continuous 
monitoring of the telescope pointing during all observations. A post-calibration accuracy of 4-5” was achieved in 

simulations. In precision pointing mode the CTA requirement on post-calibration astrometric accuracy is 7“.  
 

SST Camera Design Optimisation and Production Timeline 
All components of the SSTCAM have been prototyped with CHEC-S and are close to the final design. The final 

development of the camera will take place this year (2020) and will focus on optimising the design for series 

production, assembly and ease of on-site maintenance. To this end, the primary constituents of the camera will be 
mapped to subsystems that form a high-level Product Breakdown Structure (PBS):  

• PBS-1 Mechanical Enclosure (MEC): The chassis, cable entry panel and thermal exchange unit. 

• PBS-2 Focal Plane Unit (FPU): The focal-plane plate, SiPM tiles, entrance window, lid and pre-amplifiers. 

• PBS-3 Electronics Rack Unit (ERU): All readout, control and trigger electronics and mechanical support.  

• PBS-4 Data, Power and Cooling (DPC): The external power supply, chiller unit and all cables and pipework. 
• PBS-5 Camera Illumination System (CIS): A system to provide in-situ light flashes to mimic Cherenkov light and 

calibrate the camera.  
 

Figure 2.3.2 details the items contained in PBS subsystems 1-3. This modular approach will allow the final camera 
assembly, integration and testing (AIT) to proceed efficiently.  

 
Figure 2.3.2: The major constituents of the SST 
Camera. 
 
After completion and verification, the optimised 

design will be subjected to a critical design 
review (CDR) in the first half of 2021, followed by 

a Pre-Production Readiness Review (PPRR) 
signaling the start of production. Procurement of 

parts will start in late 2021, and the series 

production of cameras will start in 2022 with 
completion in Q3 2025. From mid 2022 cameras 

will be shipped to CTA-S, installed on telescopes, 
commissioned, calibrated and tested before final 

acceptance to CTAO.  
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prototype tests

• Four prototype cameras developed 
• Chosen: SSTCAM prototype with Dutch involvement 
• Prototype tested on Italian CTA telescope 
• 2020-21: optimization for series production/maintenance

Test run by camera prototype
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prototype tests

• Gamma-rays show us where cosmic rays are accelerated! 
• Direct synergies with VHE neutrino detection 
• Current facilities includes H.E.S.S. 
• exciting discoveries (GRBs, SGR A*, escaping cosmic rays,…) 
• UvA participation in Galactic and extra-Galactic science 
• Dutch partipication could expanded in extension phase (2022-2025)! 
• After 2025: CTA 
• NL active in consortium since 2007! 
• CTA is 10x better than H.E.S.S. 
• Greatly improved transient detection capabilities 
• Great step in overal sensitivity 
• 2021+: Dutch will participate in mass production of cameras!

Summary
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Milky Way observed by H.E.S.S.

Gamma rays: revealing cosmic accelerators
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State of the Art, now and beyond 2025

Known gamma-ray  
sources
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Figure 12.16: The H.E.S.S. II imaging atmospheric telescope array in Namibia. The
original array (H.E.S.S.) consisted of the four 12 m telescopes. The fifth big telescope
(28 m) was added to extend the energy detection range down to 200 GeV. The config-
uration with five telescope is known as H.E.S.S. II. (Credit: Stefan Klepser, Desy &
H.E.S.S. collaboration.)

This is a good moment to clarify some often encountered nomenclature in g-ray
astronomy: The g-rays in the energy range from ⇠ 100 keV to about 30 MeV is often
referred to a medium-energy g-rays (or sometimes MeV g-rays). In this energy range
one can still expect the tail of synchrotron radiation from some sources, like Blazars
and pulsar wind nebulae (as explained for the Crab nebula, Sect. 6), as well as inverse
Compton scattering and bremsstrahlung. But medium-energy g-rays also may reveal
atomic nuclear lines, caused by radio-activity (e.g. 44Ti and 56Co, Sect. 2.4) or by
direct excitation of the nuclei by collisions with energetic particles, such as C, O, Ne
and Mg lines in the MeV region. The latter have been detected during solar flares [728],
but no unambiguous detections of from line emission from the interstellar medium or
Galactic sources has been obtained. Photons with energies in the range from 30 MeV to
100 GeV are often referred to as high-energy (HE) g-rays (or sometimes less precisely
GeV g-rays). This is the range covered by the Fermi-LAT instrument, and it covers
the “pion bump” discussed in Sect. 13.6. Photons in the energy range from 100 GeV
to 100 TeV are often referred to as very-high-energy (VHE) g-rays, or TeV g-rays.
There is no sharp boundary between these g-ray regimes, except that VHE g-rays are
detected using IACTs, whereas HE are detected with space-based instruments, with
some overlap between the two detection methods.

12.3.2 Hadronic versus leptonic emission
Although g-ray observations provide currently the only means to gauge the hadronic
cosmic-ray content of supernova remnants, firmly establishing the presence of hadronic
cosmic rays, and the total cosmic-ray energy in supernova remnants has proven to be
difficult, and has often lead to strong debates.

The reason is that g-ray emission can be caused by both hadronic processes (pion
production) and leptonic radiation mechanisms (inverse Compton scattering and brems-
strahlung). The broad g-ray spectral energy distribution (SED) for inverse Compton
scattering dominated spectra and pion-decay dominated spectra are quite different. As-

H.E.S.S 

CTA is better and faster: 
• 10x more sensitive 
• 2x sharper 
• 5x better source positions 
• 2.5x larger field of view
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CTA: a national and international priority 
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March 2014
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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) 

NWO-G: secure Dutch participation in CTA via  
2 M€ in hardware/software investments 

➡  Selected by Dutch astronomy community as only NWO-G!



Timeliness

2019

SST consortium

established

2019

NL part of SST

consortium

2021

CTA observatory

start of ERIC

Start of series

production 

20

2024

Last cameras delivered

Early access to data

2022

Start CTA

operations

2025

CTA phase I

completed

2022
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Overall work breakdown structure SSTCAM
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Building SST cameras for 50 telescopes

CTA-Observatory 
(HQ Bologna)

SST consortium 
(board+management)

50 SSTs

SST Tel. subconsortium 
(Italy, France)

SSTCAM subconsortium 
(Germany, UK, NL 
Australia, Japan)

50 cameras  (11 M€)
50 telescopes

Focal Plane Units (WP1+2) 
Camera software (WP3+4)

CTA-Consortium 
(Science program)

UvA RuG
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CTA-NWO-G management structure

WP 1:  
Series production  
of FPUs 

Project lead: 
Andrey Baryshev 
(NOVA/RUG) 

NL Project Coordinator 

PI CTA-NL: 
Jacco Vink

(GRAPPA/UvA)

WP 2:  
Camera calibration/ 
verification 

Project lead: 
Manuela Vecchi 
(RUG) 

WP 3+4:  
Camera control & 
pointing software 

Project lead: 
Christoph Weniger 
(UvA) 

NL Project scientist 

NL integration/ 
community building 
Sera Markoff

(GRAPPA/UvA)

SSTCAM 
Subconsortium 
Board 

SSTCAM PM: 
Richard White

CTA Science

Consortium
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WP 1:  
Series production  
FPUs 

WP 2:  
Camera calibration/ 
verification 

WP 3+4:  
Camera control & 
pointing software 

•Hardware costs:  415k€ 
•Personel costs:   352k€ 
•Hire dedicated engineer 
•Support staff @ NOVA submm 

CTA-NWO-G project structure

•Personel costs:   362k€ 
•Hire dedicated engineer/PD 
•Additional support: 
•NOVA submm group 

•Personel costs WP3:   360k€ 
•Personel costs WP4:   363k€ 
•Hire 2 dedicated engineers/      
PDs 

•Hardware WP3/WP4:    11k€ 
•Additional support: NOVA grp. 
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CTA synergies with existing Dutch science expertise and interests

DM mass (TeV)
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HESS Galactic halo (254 h)
Fermi dSph stacking (15 dSphs, 5 yrs)
PLANCK

CTA Galactic halo, 500 h

Theory

Fundamental physics: 
Detecting gamma-rays from 
dark matter  
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CTA synergies with existing Dutch science expertise and interests

Transients: the flickering high-energy sky

 
 

Investment	Grant	NWO	Large	

 

 

commonalities.	 However,	 the	 debate	 revolving	 around	 the	 acceleration	 (or	 not)	 of	 hadronic	 CRs	 is	 currently	 a	

roadblock	in	the	goal	to	derive	a	complete	picture	of	any	of	these	objects’	inner	working.		We	are	still	not	even	sure	
we	have	a	full	census	of	all	the	forms	of	extreme	matter	in	the	Universe,	let	alone	understand	the	ones	we	do	know.	

This	theme	thus	encompasses	both	known	phenomena,	as	well	as	the	potential	for	discovery,	and	the	connection	to	
the	rapidly	developing	field	of	multi-messenger	detection.					
		

CTA	as	a	Transient	Detector:	The	past	decade	has	shown	that	if	one	blindly	peers	into	the	sky	long	enough	in	a	new	
waveband,	with	a	wide	field	of	view,	entirely	new	types	of	objects	(or	new	behaviors	in	known	objects)	are	found.	This	

principle	 has	 been	 applied	 to	 the	 radio,	 optical	 and	 X-ray	 skies,	 leading	 to	 the	 discovery	 of,	 e.g.,	 transient	 XRBs,	
gamma-ray	burst	(GRB)	afterglows	[30,57],	Fast	Radio	Bursts	(FRBs)	;	[41],	now	thought	to	be	powered	by	incredibly	
strongly	magnetised	neutron	stars	 [46],	and	Tidal	Disruption	Events	 (TDEs);	 [44]	where	a	dormant	black	hole	eats	a	
nearby	star	and	becomes	“active”	like	a	temporary	AGN.	These	phenomena	are	all	explosive,	strongly	magnetised	and	

involving	 extremes	of	matter	 and	 gravity,	 and	 clearly	 involve	high-energy	particle	 acceleration,	 yet	we	do	not	 fully	
understand	 them.	 A	 key	 diagnostic	 for	 differentiating	 between	 competing	 theories	 is	 identification	 of	 multi-

wavelength	counterparts,	but	we	need	CTA	sensitivity	before	we	can	really	start	ruling	out	some	of	the	theories	[31].	
	

At	 a	 time	 when	 the	 radio	 and	 optical	 communities	 are	 building	 “transient	 factories”	 like	 AARTFAAC/SKA	 and	

BlackGEM/LSST	 (see	 Additional	 Information,	 Fig.	 2.6.1),	 LIGO/VIRGO	 and	 KM3NET	 are	 expanding	 in	 the	 coming	
decade,	it	is	clear	that	there	is	exciting	discovery	space	and	synergy	to	be	found	in	multi-messenger	transient	science.	

CTA	has	groundbreaking	capabilities	to	 join	this	burgeoning	field	as	the	first	VHE	facility	able	to	send	its	own	alerts,	
but	doing	 so	 requires	 special	observing	 techniques	and	modes	 that	are	 relatively	new	 for	 the	VHE	community.	The	

Netherlands	 is	 extremely	 active	 in	 the	 field	 of	 transient	 and	GW	detection,	 and	 can	 play	 a	 leading	 role	 in	 helping	
integrate	CTA	into	the	wider	transient	community,	as	well	as	‘harvesting’	its	new	window	on	the	sky.		
		

The	 current	 state	 of	 the	 art	 VHE	 gamma-ray	 instruments	 have	 fields	 of	 view	 of	 ~3-5	 degrees	 in	 diameter,	 peak	
sensitivity	around	1	TeV	and	no	sensitivity	below	100	GeV	(Fig.	2.1.3).	Most	transients	produce	non-thermal	radiation	

that	 peak	 below	 100	 GeV,	 so	 these	 facilities	 operate	 in	 follow-up	 mode	 on	 discoveries	 of	 new	 sources	 via	 other	
instruments,	 and	 then	 pointing	 at	 them	 for	 a	 long	 time	 to	 integrate	 photons	 until	 statistics	 are	 significant	 for	

detection.	To	discover	new	transients	‘blindly’,	which	is	always	the	cutting	edge	one	needs	a	combination	of	sensitivity	
and	a	wide	enough	field	of	view	to	cover	a	decent	fraction	of	the	sky	at	high	cadence.	The	only	facilities	right	now	that	

have	the	potential	to	survey	a	large	piece	of	the	sky	in	gamma-rays	are	the	Fermi	Space	Telescope	(GeV	range),	the	

High-Altitude	Water	 Cherenkov	 Observatory	 (HAWC),	 and	 in	 the	 near	 future	 LHAASO	 [37].	 However,	 LHAASO	 and	
HAWC	needs	1-5	years	to	match	what	CTA	can	do	at	the	highest	energies	(>	10	TeV)	in	50	hours	(Fig.	2.1.3),	and	both	
also	have	poor	sensitivity	in	the	20-1000	GeV	range,	so	they	are	not	designed	for	transient	detections.		

	

Figure	2.1.4:	The	sensitivity	of	CTA	and	Fermi	
as	 a	 function	 of	 observation	 time	 (source:	
www.cta-observatory.org).	
	

The	 more	 interesting	 comparison	 is	 with	
Fermi,	 which	 has	 been	 the	 key	 workhorse	

for	 gamma-ray	 transient	 detection	 in	 the	
last	 decade,	 discovering	 myriads	 of	 new	

GRBs	 and	 other	 objects.	 Fig.	 2.1.3	 shows	
that	 its	 10	 year	 sensitivity	 matches	 CTA’s	
50h	 sensitivity	 around	 100	 GeV.	 But	 Fig.	
2.1.4	provides	a	much	clearer	 illustration	of	
the	 crucial	 difference	 between	 this	 prior	

workhorse	 and	 the	 new,	 by	 comparing	 the	
sensitivity	of	CTA	to	Fermi	as	a	function	of	observation	time.	The	dependence	of	Fermi	(and	HAWC)	on	accumulation	

of	data	over	 long	stretches	of	 time	 is	not	adapted	to	 transient	sources,	particularly	 the	ones	varying	on	day	or	 less	

timescales.	For	25-250	GeV,	CTA	will	be	four	to	six	orders	of	magnitude	more	sensitive	than	the	Fermi-LAT	instrument.		
	

Furthermore,	CTA’s	8	degree	diameter	field	of	view	translates	into	~50	deg2	on	the	sky,	which	is	quite	large	(the	moon	

subtends	half	a	degree	diameter	on	the	sky)	and	opens	the	door	to	the	first	ever	TeV-discovered	transients.	Within	

that	field	of	view,	CTA	can	detect	and	localise	bright	point	sources	to	within	10”	in	less	than	an	hour,	and	then	with	
more	 statistics,	 make	 images	 with	 resolutions	 an	 order	 of	 magnitude	 better	 (1’)	 than	 current	 instruments.	 These	



CTA is strongly supported by both Dutch astronomy and physics
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Institute for Mathematics,  
Astrophysics and Particle 
Physics (IMAPP) @ RUN
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Extra slides
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Support from CTA director
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Workpackage 4: pointing reconstruction

•CTA concept: 3 arcsec pointing accuracy 
•Dutch proposed solution:  
•use SSTCAM images of stars 
•requires additional electronics  
•software to track/identify stars
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SSTCAM Governance

RuG
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Technique: atmospheric cherenkov telescopes

Principles: 



WP1,	production	and	testing	of	FPU	in	Groningen	
•Hardware	costs:	415k€,	•Personnel	costs:	352k€

Andrey	Baryshev,	WP	lead	
overall	coordination,	management	,		
reporting,	interface	with	CTA	on	techn.

Joost	Adema,	PM	
daily	coordination,		
group	management,		
procurement	
organization

Ronald	Hesper,		
System	Engineering,	
technical	insight,	PA/
QA	expert

Jan	Barkhov,	
software	expert,		
measurements,	
Report	
automatization

Mariela	Bekema,		
incoming	
inspection,	
Assembly,	QC

Albert	Koops,		
Documentation,	
procurement,	
Doc	process	
PA/QA

Rob	De	Haan	
assembly,		
testing

Electronics	assembly	handling	expert	
	100%	on	CTA,	TO	be	hired

Calibration	expert	from	WP2	(collocated)

CTA	project	
tech	group
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Summary budget
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This NWO-L investment is a sine qua non condition for full-scale incorporation of the Netherlands in the international 
CTA community, both in terms of access to the instrument and involvement in design and decision processes. Since 
CTAO is in the process of becoming an ERIC, the exact threshold investment to become a full member, cannot yet be 
formally enshrined. CTA management has confirmed that our proposed investment will “definitely result” in the 
benefits described above for our country (see attached letter). The time to commit to an R&D investment into CTA is 
now: if the decision to become member of CTA is done at a later stage, the only option left will be an in-cash capital 
investment. By contributing in-kind to the CTA construction, the Dutch research community will gain skills and 
embedding in the consortium that will be highly beneficial for our future role in the CTA.  
 

It should be noted that the choice of legal entity (ERIC or otherwise) will also impact the distribution of running costs 
that will be involved in the operation of the CTA. These costs are currently estimated at about 30M€/year, to be 
divided over the CTAO members. Currently, the Netherlands is an associate member of CTAO (no voting rights) and 
has negotiated an annual membership contribution of 40k€ per year. The current aim is to remain an associated 
member at modest cost until the ERIC is in place and more certainty exists about the running costs contributions. 
Given the well-received role of the Netherlands in CTA preparations thus far, and the strength of the CTA proposition 
as a whole, we are confident the long-term membership of CTA can be funded from various future grants. We will 
include CTA in future grant applications from the Dutch astroparticle physics community within the frame of the NWO 
Gravitation program (maximum grant size ca 20M€). We will also apply for multiple individual ERC grants (e.g. M. 
Vecchi - CoG, S. Markoff - AdG, J. Vink - AdG) in the coming two years. 
 
Table 2.3.3 

 Source: NWO NWO 
Cofinancing 
(NOVA/UvA/RUG)   

Work 
package Type Personnel 

Non-
personnel Personnel Non-personnel Total 

WP1 Personnel €247,708    €247,708 

 
Technical support NOVA 
submm (personnel) €86,074    €86,074 

 Tech. support (A. Baryshev)   €17,993  €17,993 

 
Laboratory equipment (dark 
box, oscilliscope etc)  €21,000   €21,000 

 Hardware  €344,000  €70,000 €414,000 

 Other  €20,000   €20,000 
WP2 Personnel (incl. bench fee 5k) €322,853    €322,853 

 Tech. support (M. Vecchi)   €40,186  €40,186 
WP3 Personnel €340,400    €340,400 

 Algorithm support (Vink)   €20,093  €20,093 

 Computer server    €11,000 €11,000 
WP4 Personnel (incl. benchfee 5k)   €302,316  €302,316 

 
Tech. support NOVA Opt/IR 
group €25,243    €25,243 

 Algorithm support (Vink)   €20,093  €20,093 

 
Machine learning support 
(Weniger)   €14,866  €14,866 

All 
packages 

Travel (collaborration meetings, 
integration sites)  €100,000   €100,000 

Totals  €1,022,277 €485,000 €415,546 €81,000 €2,003,823 
 

Risk analysis 
A risk analysis for the project is presented in Table 2.3.4. Below, we highlight selected risk items, their consequences 
and the mitigation strategy. This risk plan will be maintained throughout the duration of the project and updated 
regularly to reflect changes in probability and identify additional mitigation steps as and when they are needed.  

WP1: 806k€

WP2: 323k€

WP3: 371k€

WP4: 371k€



CTA timeline: the past

2005

CTA concept

launched

2007

1st CTA science 

meeting (NL)

2008

CTA consortium

established

2012

4th CTA Consortium 

meeting (Amsterdam)
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2014

NL participation

camera prototype

2014

CTA-Observatory

gGmbH

2018

CTA-South

Site agreement
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nature of black holes  


origin of cosmic rays 

Multimessenger physics in the Netherlands: synergies 2025-2035

gravitational waves


→ requires participation in CTA 
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Long term future CTA-NL
•NWO-G funded hardware/software: 
•Necessary to participate in CTA and profit scientifically (e.g. Key Science Projects) 
•Letter from director: 

•Long term future: 
•Ensure funding for long term membership 
•Currently: NL is associate member of CTA 
•Future: full member ERIC-> requires secured annual funds 
•Uncertainty until CTA is an ERIC: minimum contribution needed not known 

•Expanding gamma-ray community and NL gamma-ray hands on experience 
•Build up science experience: CTA modeling, analysis software, expand H.E.S.S. membership 
• Integrate CTA in the NL 
•Explore synergies with KM3NeT/Athena/Ligo/Virgo 
•Apply for grants, European (ERC) and National (NWO/NOVA) funding instruments 
•Push for expansion of faculty dedicated to gamma-ray scientists
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Gamma rays also a probe for fundamental physics

Dark Matter 
83% of matter in Universe → faint gamma rays 

National Research Agenda
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This NWO-L investment is a sine qua non condition for full-scale incorporation of the Netherlands in the international 
CTA community, both in terms of access to the instrument and involvement in design and decision processes. Since 
CTAO is in the process of becoming an ERIC, the exact threshold investment to become a full member, cannot yet be 
formally enshrined. CTA management has confirmed that our proposed investment will “definitely result” in the 
benefits described above for our country (see attached letter). The time to commit to an R&D investment into CTA is 
now: if the decision to become member of CTA is done at a later stage, the only option left will be an in-cash capital 
investment. By contributing in-kind to the CTA construction, the Dutch research community will gain skills and 
embedding in the consortium that will be highly beneficial for our future role in the CTA.  
 

It should be noted that the choice of legal entity (ERIC or otherwise) will also impact the distribution of running costs 
that will be involved in the operation of the CTA. These costs are currently estimated at about 30M€/year, to be 
divided over the CTAO members. Currently, the Netherlands is an associate member of CTAO (no voting rights) and 
has negotiated an annual membership contribution of 40k€ per year. The current aim is to remain an associated 
member at modest cost until the ERIC is in place and more certainty exists about the running costs contributions. 
Given the well-received role of the Netherlands in CTA preparations thus far, and the strength of the CTA proposition 
as a whole, we are confident the long-term membership of CTA can be funded from various future grants. We will 
include CTA in future grant applications from the Dutch astroparticle physics community within the frame of the NWO 
Gravitation program (maximum grant size ca 20M€). We will also apply for multiple individual ERC grants (e.g. M. 
Vecchi - CoG, S. Markoff - AdG, J. Vink - AdG) in the coming two years. 
 
Table 2.3.3 

 Source: NWO NWO 
Cofinancing 
(NOVA/UvA/RUG)   

Work 
package Type Personnel 

Non-
personnel Personnel Non-personnel Total 

WP1 Personnel €247,708    €247,708 

 
Technical support NOVA 
submm (personnel) €86,074    €86,074 

 Tech. support (A. Baryshev)   €17,993  €17,993 

 
Laboratory equipment (dark 
box, oscilliscope etc)  €21,000   €21,000 

 Hardware  €344,000  €70,000 €414,000 

 Other  €20,000   €20,000 
WP2 Personnel (incl. bench fee 5k) €322,853    €322,853 

 Tech. support (M. Vecchi)   €40,186  €40,186 
WP3 Personnel €340,400    €340,400 

 Algorithm support (Vink)   €20,093  €20,093 

 Computer server    €11,000 €11,000 
WP4 Personnel (incl. benchfee 5k)   €302,316  €302,316 

 
Tech. support NOVA Opt/IR 
group €25,243    €25,243 

 Algorithm support (Vink)   €20,093  €20,093 

 
Machine learning support 
(Weniger)   €14,866  €14,866 

All 
packages 

Travel (collaborration meetings, 
integration sites)  €100,000   €100,000 

Totals  €1,022,277 €485,000 €415,546 €81,000 €2,003,823 
 

Risk analysis 
A risk analysis for the project is presented in Table 2.3.4. Below, we highlight selected risk items, their consequences 
and the mitigation strategy. This risk plan will be maintained throughout the duration of the project and updated 
regularly to reflect changes in probability and identify additional mitigation steps as and when they are needed.  



41

SSTCAM Time line
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required. Each camera will undergo functional and performance tests at MPI-K. Work is needed to produce test plans, 
perform tests and analyse data throughout the production phase. Following arrival on-site each camera will be 
integrated with a telescope structure before undergoing basic functional tests. Following this, the telescope will be 
commissioned. As part of this process a variety of calibration and verification steps must be performed. The final set 
of tests will comprise those required by CTAO before a given SST is accepted by CTAO. Camera calibration and 
verification requires considerable personnel and so this work will take place as part of a wider international SST effort 
with the Netherlands playing a significant role.  
 

WP3: Development and Deployment of Camera Software. Each SST Camera will be connected via a 10 Gbps link to a 
server in the CTA on-site computing farm. Dedicated, custom, software is required to control and monitor each 
camera and interface to the higher level CTA array software, as well as collecting raw data, processing it and passing it 
on to the CTA data pipeline. The software to perform these tasks is currently in the prototype phase. During the 
design optimisation phase in 2020 the software architecture, development plan and guidelines will be formalised. 
Dedicated personnel is required starting in 2021 to then produce the final iteration of the camera software. The 
Netherlands will provide one scientific software engineer towards this effort. There is an opportunity for this engineer 
to play a lead role in this software development and to act as SST Camera Software Coordinator.  
 

WP4: Telescope pointing reconstruction software, based on the slow signal. The SST Camera contains a dedicated 
readout chain to continuously monitor star brightnesses during all Cherenkov observations. This pointing 
reconstruction system was developed by the Netherlands as part of the SST Camera prototyping efforts, and has since 
been verified with the operation of the CHEC-S prototype mounted on the ASTRI-Horn telescope. A preliminary pass 
at the data has shown that from a single 100 ms snap-shot an accuracy of ~30” is readily achievable. Simulations show 
that by combining a time-series of events a post-calibration accuracy of 4-5” is possible. In addition, independently 
another group also verified the feasibility to achieve the required pointing reconstruction accuracy of 7” using a 
similar readout system with another prototype camera [53]. This WP involves the development of the pointing 
algorithm, the application to the camera data format and development of camera software to perform this task, the 
detailed testing and verification on the first Production Phase SSTCAM and then the systematic testing of the pointing 
system required for the acceptance by CTAO of each SST unit. 
 

      Figure 2.3.3: Gantt chart of the mass production of the SST Cameras with the proposed Dutch WPs indicated.  
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The technical feasibility of the camera design has been proved by the existing prototype cameras and most of the 
technical risks are toward optimising the design that will improve the mass production of the camera (to which the 
NOVA submm group will contribute) and produce reliable camera software that will allow the automatic signal 
processing of all SST cameras without substantial manual intervention.  
 

We believe that the current camera design concept is mature enough to pass the CDR in 2021. Nevertheless, there is a 
chance that design modifications are required post CDR. This could cause a delay in the entire production project, 
representing a major risk (R-12). For the proposed Dutch project this may be mitigated by making WP1 flexible, i.e. 
simply accepting the delay, postponing the manpower in WP1 and producing FPUs later than planned.  
 

For the production it is essential that the SSTCAM consortium has a guaranteed budget of 11M€, and insufficient 
funding is therefore a risk (R-20). Currently contributions from Germany and Australia are guaranteed. The 
contributions of the UK, Japan and the Netherlands (this proposal) are pending. In case the financial commitments are 
not met, the size of the SST array will need to be modified to accommodate. This is also true for the finances of the 
Italian contribution toward building the SST telescopes. So, it is possible that instead of 50 SSTs, the first phase of CTA 
will consist of 40 SSTs, dictated by the final costs of the SST structures. The number of cameras mostly affects the 
costs of WP1 and WP2. The software development and pointing calibration costs are irrespective of the number of 
cameras. There exists some flexibility and a good working relationship between SSTCAM partners that will allow 

Table 2.3.4 Risk analysis table. 
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Fig 2.1.1. Cosmic-ray spectrum
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2. Requested	Research	Facility		
2.1   SCIENTIFIC QUALITY 

2.1.1.	Broader	Scientific	Context	and	Motivation	
	

Messengers	from	our	violent	Universe		
The	Universe	is	an	enormous	and	perplexing	ecosystem	containing	many	mysteries.	We	have	become	explorers	of	this	
vast	space	almost	entirely	via	the	measurement	of	signals:	from	light,	particles	and,	as	of	2015	[2]	ripples	in	the	fabric	
of	spacetime	called	gravitational	waves	(GWs).	We	call	this	approach	“multi-messenger”	and	it	is	at	the	cornerstone	of	
modern	 astrophysics	 and	 astroparticle	 physics.	 These	 cosmic	messengers	 come	 from	 extreme	 astronomical	 objects	
that	are	ultimately	 fueled	by	the	release	of	gravitational	and	rotational	energy,	which	can	accelerate	particles	up	to	
over	100	million	times	higher	energy	than	we	are	capable	of	on	Earth	at	particle	colliders	such	as	at	CERN.	Among	the	
earliest	discovered	messengers	besides	light	are	so-called	hadronic	Cosmic	Rays	(CRs).	Identified	over	a	century	ago	by	
Victor	Hess’	 famous	balloon	experiments	 (1911-1913),	 their	origin	 still	 remains	a	matter	of	 intense	debate.	We	can	
discern	two	primary	CR	populations,	based	on	features	in	their	spectrum	(Fig.	2.1.1):	CRs	generated	in	our	Milky	Way	
Galaxy	 (up	 to	1015	eV	 for	protons	and	up	 to	1018	eV	 for	 iron),	and	CRs	 from	1018	eV	up	 to	1021	eV,	originating	 from	
cosmological	distances.			
	

Fundamental	questions	
How	and	where	these	particles	are	produced	is	one	of	the	 leading	questions	driving	multi-messenger	approaches.	 It	
connects	to	deeper	questions	about	how	a	weak	force	like	gravity,	when	imposed	by	a	very	compact	object	like	a	black	
hole,	neutron	star,	or	 some	dramatic	collapse/merger	of	 these,	manages	 to	drive	huge	 flows	of	magnetized	plasma	
called	 jets,	 or	 expanding	 shock	 waves.	 For	 some	 sources	 nuclear	 processes	 also	 play	 a	 role.	 Another	 fundamental	
question	is	how	exactly	the	large-scale	“bulk”	energy	in	the	plasma	is	conveyed	to	excite	a	fraction	of	its	constituent	
particles	 to	 very	 high	 energy.	 To	 answer	 these	 questions	 requires	 correctly	 identifying	 the	 sources	 of	 Galactic	 and	
extragalactic	CRs,	and	then	gathering	enough	data	from	them	to	build	a	complete	theoretical	paradigm.		
	

Figure	 2.1.1:	 Flux	 of	 galactic	
and	extragalactic	cosmic	rays	as	
a	function	of	energy	E,	rescaled	
by	E2.7	to	illustrate	key	features.	
[48].	

Neutrinos	 and	 gamma-rays	 as	
smoking	guns			
The	 key	 clue	 is	 that	 some	
messengers	 share	 a	 common	
origin.	 Once	 accelerated,	 had-
ronic	 (heavy)	 CR	 ions	 collide	
with	 surrounding	 matter	 or	
light	 and	 produce	 other	

secondary	 messengers	 like	 high-energy	 neutrinos	 and	 electron-positron	 pairs.	 Accelerated	 leptonic	 (light)	 CR	
electrons-positrons,	 as	well	 as	 the	 secondary	 pairs	 produced	 by	 the	 hadronic	 CRs,	will	 also	 interact	with	magnetic	
fields	and	scatter	light	to	then	produce	radiation	extending	from	the	radio	to	very-high-energy	(VHE;	typically	10	GeV	
and	 higher)	 gamma-rays.	 There	 is	 clearly	 a	 complicated	 set	 of	 interrelated	 signals	 that	 makes	 interpretation	
challenging.	Neutrinos	and	VHE	gamma-rays	in	particular	are	key	for	the	identification	of	CR	sources,	as	charged	CRs	
get	bent	as	they	traverse	intergalactic	and	Galactic	magnetic	fields	and	therefore	do	not	“point	back”	to	their	sources,	
while	 lower-energy	 photons	 often	 are	 absorbed	 along	 the	 way.	 Neutrinos	 and	 gamma-rays	 can	 both	 escape	 the	
sources	 as	well	 as	 travel	 large	 distances	 and,	when	 detected	 above	 10s	 of	 TeV,	 are	 considered	 “smoking	 guns”	 of	
hadronic	CR	acceleration.	Determining	the	composition	of	CRs	is	crucial,	as	knowing	the	“weight”	of	the	bulk	plasma	
that	has	to	be	accelerated	to	near	light	speed	has	direct	consequences	for	the	energy	budget	that	gravity	or	explosive	
nuclear	processes	ultimately	must	provide.	
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Fig 2.1.2. Cherenkov imaging telescope
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Gamma-rays	as	harbingers	of	new	physics	
Beyond	identification	of	CR	acceleration,	in	both	steady	and	“transient”	astrophysical	sources,	VHE	gamma-rays	offer	

insight	into	the	details	of	particle	and	nuclear	interactions	at	energies	approaching	that	of	the	Early	Universe,	just	as	

particle-accelerator	facilities	like	CERN	pursue.	Current	theories	for	quantum	chromodynamics,	the	quantum	theory	of	

how	the	strong	and	weak	forces	unite,	make	predictions	for	the	 interaction	cross-sections	well	beyond	the	~10	TeV	

energy	achieved	in	our	labs,	making	cosmic	CR	collisions	key	places	to	test	our	understanding	of	fundamental	physics.	

VHE	 gamma-rays	 can	 also	 probe	 the	 nature	 of	 dark	matter	 (DM),	 where	 indirect	 detection	 via	 gamma-ray	 signals	

allows	a	probe	of	different	possible	particle	masses	and	annihilation	cross-sections	up	to	100s	of	TeV,	as	well	as	the	

potential	violation	of	Lorentz	invariance	seen	in	the	dispersion	of	VHE	gamma-rays	from	variable	extragalactic	sources	

[33].	 Thus,	 while	 still	 a	 relatively	 new	 field	 in	 development,	 the	 detection	 of	 VHE	 gamma-rays	 is	 of	 increasing	

importance	for	astrophysics,	particle	physics	and	fundamental	physics.	

Gamma-ray	detectors		
We	have	only	been	able	to	begin	uniquely	identifying	CR	sources	for	about	15	years,	with	the	development	of	VHE	

gamma-ray	 facilities	 employing	 new	 techniques	 that	 give	 higher	 sensitivity	 and	 better	 angular	 resolutions.	

Specifically	H.E.S.S.	in	Namibia	was	the	first	facility	to	bring	VHE	gamma-rays	into	the	realm	of	astronomy,	achieving	

sufficient	spatial	resolutions	(typically	<0.5	degrees)	to	actually	make	images	of	sources	on	scales	comparable	to	X-

ray	 facilities	 in	 space.	 Soon	 after	 came	MAGIC	 on	 La	 Palma,	 and	 VERITAS	 in	 the	 US.	 	 On	 the	 same	 timescale,	

neutrino	 detectors	 IceCube	 and	KM3NET	 started	 to	 be	 developed,	 but	 while	 IceCube	 has	 already	 detected	 VHE	
neutrinos	 from	 space	 [1],	 the	 identification	 of	 the	 sources	 is	 still	 extremely	 tricky,	 because	 of	 the	 poor	 angular	

resolution	 compared	 to	 what	 is	 needed,	 and	 the	 small-number	 event	 statistics.	 At	 the	 same	 time,	with	 H.E.S.S.,	

MAGIC	and	VERITAS,	we	are	starting	to	detect	the	tip	of	the	iceberg	in	the	so-called	Galactic	“Pevatrons”,	sources	

capable	of	accelerating	PeV	(1015	eV)	CRs.	However,	because	the	Galaxy	is	often	quite	densely	packed,	the	current	

generation	VHE	gamma-ray	detectors	also	do	not	yet	have	the	combination	of	angular	resolution	and	sensitivity	to	

both	solidly	identify	individual	sources	or	probe	the	population.		
	
	
	
	

		

Air-Cherenkov	technique	
VHE	gamma-ray	photons	are	so	energetic	that	they	kinetically	interact	in	the	atmosphere	similar	to	CR	particles,	and	

can	 be	 detected	 using	 the	 same	 air-shower	 technique	 (Fig.	 2.1.2).	 Relativistic	 particles	 propagating	 through	 the	
Earth’s	atmosphere	 induce	 the	emission	of	 blue	optical	 and	ultraviolet	 light	 called	 Cherenkov	 radiation.	 This	 “air	

shower”	of	 induced	Cherenkov	illuminates	an	area	over	0.1	km2,	with	 typically	 just	a	few	photons	per	m2.	Thus,	a	

VHE	gamma-ray	observatory	must	 ideally	be	comprised	of	multiple	telescopes	spread	over	a	 large	enough	area	to	

improve	the	chances	for	detection.	Each	telescope	can	also	be	used	as	an	element	to	‘triangulate’	the	path	of	the	

shower,	 and	 thus	 the	 originating	 photon,	 back	 to	 its	 source,	 thus	 the	more	 telescopes	 there	 are,	 the	 better	 the	

spatial	localisation.	Once	this	“air-Cherenkov”	technique	was	originally	shown	to	work	by	the	Whipple	Observatory	

[61],	VHE	gamma-ray	astronomy	from	the	ground	was	developed	into	a	thriving	field	by	the	aforementioned	current	

facilities:	H.E.S.S.,	MAGIC	and	VERITAS.			

Figure	 2.1.2:	 Illustration	 of	 the	
principle	 of	 an	 imaging	 air-Cherenkov	
telescope:	 a	 gamma-ray	 enters	 the	
atmosphere,	 and	 creates	 a	 shower	 of	
secondary	 particles.	 These	 particles	
produce	a	brief	flash	of	Cherenkov	light	
(bluish	 in	 color),	 which	 is	 recorded	 by	
optical	 telescopes.	Multiple	 telescopes	
can	 triangulate	 the	 flashes	 and	 trace	
the	originating	photon’s	direction.	
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Fig 2.1.3. CTA sensitivity and angular resolution
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CTA	as	the	Next	Generation	Facility		
We	are	 currently	 in	 an	exciting	 time	 for	CR	observations,	 as	members	of	H.E.S.S.,	MAGIC	and	VERITAS	have	 joined	
forces	to	design	and	build	the	next-generation	facility,	the	Cherenkov	Telescope	Array	(CTA).	With	over	100	telescopes	
divided	 into	 two	 locations,	one	 in	Chile	on	 the	European	Southern	Observatory	 (ESO)	 Paranal	 site,	 and	one	on	 the	
island	of	La	Palma,	CTA	will	cover	the	entire	sky.	CTA	will	also	be	an	order	of	magnitude	better	than	the	current	gold	
standard,	H.E.S.S.,	 in	most	metrics,	 achieved	by	using	an	array	of	 three	 sizes	of	 telescopes,	 from	4	meter	diameter	
(small-sized	telescopes,	or	SSTs)	to	massive	23m	large-size	telescopes	(LSTs),	with	12m	class	medium-sized	telescopes	
in	between	(MSTs).	Each	telescope	class	 is	sensitive	to	a	different	energy	band	between	10s	of	GeV	to	100s	of	TeV.	
Optimising	the	desired	number	of	each	type	and	their	location	to	achieve	the	best	results	while	keeping	cost	down	is	
one	of	CTA’s	primary	 challenges.	 The	 large	number	of	 telescopes	 serves	 two	goals:	 1)	 achieve	 the	highest	possible	
sensitivity	by	maximizing	the	sky	coverage,	and	2)	improve	the	angular	resolution	by	detecting	the	Cherenkov	event	
with	as	many	telescopes	as	possible	to	more	accurately	triangulate.	VERITAS,	H.E.S.S	and	MAGIC	employ	only	two	to	
five	telescopes	each.	As	the	effective	area	of	the	observatory	is	set	by	the	area	of	the	sky	covered	by	the	telescopes	on	
the	 ground,	 CTA	 will	 have	 the	 largest	 effective	 area	 of	 any	 gamma-ray	 telescope	 built,	 and	 thus	 significantly	
outperform	the	current	state-of-the-art,	as	illustrated	in	Fig.	2.1.3.	

	
	

Figure	2.1.3:	Left:	Sensitivity	of	CTA	North	and	South	compared	to	current	 facilities.	Right:	The	angular	resolution	of	
CTA	South	compared	to	MAGIC,	VERITAS	and	HAWC	(source:	https://www.cta-observatory.org).	

	
	
	

The	 Northern	 array	 (CTA-N)	 is	 already	 under	 construction,	 while	 the	 Southern	 array	 site	 (CTA-S)	 details	 are	 being	
finalised,	with	early	operation	and	science	verification	estimated	to	start	by	2022,	and	full	operations	slated	for	2025.	
Once	CTA	 is	 fully	operating,	the	current	generation	facilities	are	expected	to	be	phased	out	or	handed	over	to	 local	
operators.	Thus,	CTA	will	be	the	premier	VHE	gamma-ray	work	horse	for	the	coming	decades,	 in	synergy	with	other	
international	 multi-messenger	 facilities	 like	 the	 Pierre	 Auger	 Observatory	 (PAO),	 IceCUBE,	 KM3NET,	 GW	 facility	
Advanced	LIGO/VIRGO,	and	astronomical	facilities	from	radio	(e.g.	Square	Kilometer	Array,	SKA),	through	transient-
finding	 optical	 facilities	 (Large	 Synoptic	 Survey	 Telescope;	 LSST	 and	 BlackGEM),	 to	 X-rays	 from	 space	 (eROSITA,	
XRISM,	ATHENA).	
	

	

CTA	will	be	an	indispensable	tool	for	pinpointing	sources,	and	even	regions	within	sources,	of	CR	acceleration,	for	
discovering	 new	 transient	 phenomena,	 and	 probing	 fundamental	 physics	 at	 energy	 scales	 inaccessible	 on	 Earth.	
With	 our	 other	 national	 investments	 in	 CR/neutrino	 facilities,	multi-messenger	 transient	 detectors	 and	 DM,	 it	 is	
essential	that	the	Netherlands	have	access	to	these	data	and	take	part	in	the	expansion	of	this	field	at	its	start.		
	

	

2.1.2.	Summary	of	requested	investment	and	urgency	for	Dutch	science	and	research	
	

Opportunity	for	the	Netherlands	to	participate	in	CTA	
The	cutting	edge	for	physics	and	astronomy	facilities	has	now	moved	to	such	large	scales	and	expense	that	most	‘next	
generation’	 facilities	 are	 built	 via	 large	 international	 consortia.	 The	 cost	model	 of	 CTA	 is	 based	 on	 the	 distributed	
funding	template	used	in	many	scientific	large-scale	infrastructures,	particularly	in	physics.	Any	country	that	wishes	to	
join	as	a	full	member	needs	to	provide	an	in-kind	contribution	(IKC).	This	IKC	can	be	a	hardware	contribution	and/or	
FTE	 for	personnel	 required	 to	design,	build,	 test,	and	deliver	 this	hardware	 to	 the	site.	 If	 the	 IKC	 is	above	a	certain	
threshold	the	scientific	community	of	that	country	gets	full	access	to	the	data	and	support,	and	the	country	has	a	seat	
in	the	management	board	taking	decisions	on	scientific	priorities.	This	model	provides	the	ultimate	“foot	in	the	door”	
for	a	small	country	like	the	Netherlands,	and	distributes	the	work	over	the	available	specialists	in	the	research	field.				
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Fig 2.1.4. CTA sensitivity as function of integration time
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commonalities.	 However,	 the	 debate	 revolving	 around	 the	 acceleration	 (or	 not)	 of	 hadronic	 CRs	 is	 currently	 a	

roadblock	in	the	goal	to	derive	a	complete	picture	of	any	of	these	objects’	inner	working.		We	are	still	not	even	sure	
we	have	a	full	census	of	all	the	forms	of	extreme	matter	in	the	Universe,	let	alone	understand	the	ones	we	do	know.	

This	theme	thus	encompasses	both	known	phenomena,	as	well	as	the	potential	for	discovery,	and	the	connection	to	
the	rapidly	developing	field	of	multi-messenger	detection.					
		

CTA	as	a	Transient	Detector:	The	past	decade	has	shown	that	if	one	blindly	peers	into	the	sky	long	enough	in	a	new	
waveband,	with	a	wide	field	of	view,	entirely	new	types	of	objects	(or	new	behaviors	in	known	objects)	are	found.	This	

principle	 has	 been	 applied	 to	 the	 radio,	 optical	 and	 X-ray	 skies,	 leading	 to	 the	 discovery	 of,	 e.g.,	 transient	 XRBs,	
gamma-ray	burst	(GRB)	afterglows	[30,57],	Fast	Radio	Bursts	(FRBs)	;	[41],	now	thought	to	be	powered	by	incredibly	
strongly	magnetised	neutron	stars	 [46],	and	Tidal	Disruption	Events	 (TDEs);	 [44]	where	a	dormant	black	hole	eats	a	
nearby	star	and	becomes	“active”	like	a	temporary	AGN.	These	phenomena	are	all	explosive,	strongly	magnetised	and	

involving	 extremes	of	matter	 and	 gravity,	 and	 clearly	 involve	high-energy	particle	 acceleration,	 yet	we	do	not	 fully	
understand	 them.	 A	 key	 diagnostic	 for	 differentiating	 between	 competing	 theories	 is	 identification	 of	 multi-

wavelength	counterparts,	but	we	need	CTA	sensitivity	before	we	can	really	start	ruling	out	some	of	the	theories	[31].	
	

At	 a	 time	 when	 the	 radio	 and	 optical	 communities	 are	 building	 “transient	 factories”	 like	 AARTFAAC/SKA	 and	

BlackGEM/LSST	 (see	 Additional	 Information,	 Fig.	 2.6.1),	 LIGO/VIRGO	 and	 KM3NET	 are	 expanding	 in	 the	 coming	
decade,	it	is	clear	that	there	is	exciting	discovery	space	and	synergy	to	be	found	in	multi-messenger	transient	science.	

CTA	has	groundbreaking	capabilities	to	 join	this	burgeoning	field	as	the	first	VHE	facility	able	to	send	its	own	alerts,	
but	doing	 so	 requires	 special	observing	 techniques	and	modes	 that	are	 relatively	new	 for	 the	VHE	community.	The	

Netherlands	 is	 extremely	 active	 in	 the	 field	 of	 transient	 and	GW	detection,	 and	 can	 play	 a	 leading	 role	 in	 helping	
integrate	CTA	into	the	wider	transient	community,	as	well	as	‘harvesting’	its	new	window	on	the	sky.		
		

The	 current	 state	 of	 the	 art	 VHE	 gamma-ray	 instruments	 have	 fields	 of	 view	 of	 ~3-5	 degrees	 in	 diameter,	 peak	
sensitivity	around	1	TeV	and	no	sensitivity	below	100	GeV	(Fig.	2.1.3).	Most	transients	produce	non-thermal	radiation	

that	 peak	 below	 100	 GeV,	 so	 these	 facilities	 operate	 in	 follow-up	 mode	 on	 discoveries	 of	 new	 sources	 via	 other	
instruments,	 and	 then	 pointing	 at	 them	 for	 a	 long	 time	 to	 integrate	 photons	 until	 statistics	 are	 significant	 for	

detection.	To	discover	new	transients	‘blindly’,	which	is	always	the	cutting	edge	one	needs	a	combination	of	sensitivity	
and	a	wide	enough	field	of	view	to	cover	a	decent	fraction	of	the	sky	at	high	cadence.	The	only	facilities	right	now	that	

have	the	potential	to	survey	a	large	piece	of	the	sky	in	gamma-rays	are	the	Fermi	Space	Telescope	(GeV	range),	the	

High-Altitude	Water	 Cherenkov	 Observatory	 (HAWC),	 and	 in	 the	 near	 future	 LHAASO	 [37].	 However,	 LHAASO	 and	
HAWC	needs	1-5	years	to	match	what	CTA	can	do	at	the	highest	energies	(>	10	TeV)	in	50	hours	(Fig.	2.1.3),	and	both	
also	have	poor	sensitivity	in	the	20-1000	GeV	range,	so	they	are	not	designed	for	transient	detections.		

	

Figure	2.1.4:	The	sensitivity	of	CTA	and	Fermi	
as	 a	 function	 of	 observation	 time	 (source:	
www.cta-observatory.org).	
	

The	 more	 interesting	 comparison	 is	 with	
Fermi,	 which	 has	 been	 the	 key	 workhorse	

for	 gamma-ray	 transient	 detection	 in	 the	
last	 decade,	 discovering	 myriads	 of	 new	

GRBs	 and	 other	 objects.	 Fig.	 2.1.3	 shows	
that	 its	 10	 year	 sensitivity	 matches	 CTA’s	
50h	 sensitivity	 around	 100	 GeV.	 But	 Fig.	
2.1.4	provides	a	much	clearer	 illustration	of	
the	 crucial	 difference	 between	 this	 prior	

workhorse	 and	 the	 new,	 by	 comparing	 the	
sensitivity	of	CTA	to	Fermi	as	a	function	of	observation	time.	The	dependence	of	Fermi	(and	HAWC)	on	accumulation	

of	data	over	 long	stretches	of	 time	 is	not	adapted	to	 transient	sources,	particularly	 the	ones	varying	on	day	or	 less	

timescales.	For	25-250	GeV,	CTA	will	be	four	to	six	orders	of	magnitude	more	sensitive	than	the	Fermi-LAT	instrument.		
	

Furthermore,	CTA’s	8	degree	diameter	field	of	view	translates	into	~50	deg2	on	the	sky,	which	is	quite	large	(the	moon	

subtends	half	a	degree	diameter	on	the	sky)	and	opens	the	door	to	the	first	ever	TeV-discovered	transients.	Within	

that	field	of	view,	CTA	can	detect	and	localise	bright	point	sources	to	within	10”	in	less	than	an	hour,	and	then	with	
more	 statistics,	 make	 images	 with	 resolutions	 an	 order	 of	 magnitude	 better	 (1’)	 than	 current	 instruments.	 These	
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Fig 2.1.5. Timeline of GW170817 campaign
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innovations	have	required	the	development	of	an	automated,	real-time	analysis	pipeline,	which	is	an	absolute	first	for	
the	field.	Not	only	will	CTA	be	able	to	discover	new	transients,	it	will	also	alert	multi-messenger	facilities	world-wide.			
	

Gravitational	Wave	counterparts:		An	example	of	how	CTA	will	galvanise	an	area	of	active	research	in	the	Netherlands	
is	 the	 search	 for	 electromagnetic	 counterparts	 of	GWs.	Merging	neutron	 stars	 have	 long	been	predicted	 to	be	 the	
origin	 of	 GRBs,	 and	 to	 be	 associated	 with	 a	 nuclear	 blast	 wave	 called	 a	 “kilonova”	 [49].	 In	 2017,	 this	 theory	 was	
confirmed	with	LIGO/VIRGO’s	discovery	of	the	first	GWs	from	a	binary	NS	merger,	an	event	named	via	 its	discovery	
date:	 GW1710817	 [3].	 This	 represented	 the	 true	 “birth”	 of	 the	 multi-messenger	 era,	 because	 pretty	 much	 every	
cosmic	messenger	that	could	come	out	seemed	to	have	come	out,	from	GWs	to	accelerated	CRs,	due	to	a	magnetised	
jet	emerging	at	 later	 times,	 to	the	associated	broadband	emission	from	radio	to	gamma-rays.	The	key	point	here	 is	
that	 it	was	the	burst	of	GeV	gamma-rays	seen	by	the	Fermi	Space	Telescope	that	was	the	 first	counterpart	 in	 light,	
indicating	the	importance	of	gamma-rays	as	‘harbingers’	of	extreme	particle	acceleration	(Fig.	2.1.5).	 	

	

Until	recently	there	were	still	questions	about	whether	GRBs	in	general,	as	well	as	those	associated	with	GW	events,	
could	even	be	detected	by	CTA.	This	situation	has	changed	dramatically	in	the	last	year	with	the	detection	of	two	GRB	
afterglows,	 announced	 by	 existing	 VHE	 facilities	 [7,9],	 so	 we	 are	 now	 certain	 that	 CTA	 will	 detect	 more	 of	 the	
population	underlying	this	“tip	of	the	iceberg”.	At	the	same	time,	other	classes	which	until	recently	were	not	certain	
to	 be	 VHE	 emitters	 are	 starting	 to	 be	 detected,	 including	 the	 progenitors	 of	 GW	 sources,	 XRBs.	 	 One	 of	 the	most	
luminous	Galactic	XRBs,	SS433,	 likely	fueled	by	a	black	hole,	has	been	detected	in	the	VHE	γ-ray	band	by	HAWC	[4].	
While	this	is	not	a	transient	object,	this	proves	that	the	magnetised,	mildly	relativistic	jets	produced	in	this	object	can	
accelerate	particles	to	at	least	100	TeV,	and	for	transients	CTA	is	simply	off	the	scale,	and	will	have	enormous	synergy	
with	radio/optical	transient	factories.	For	instance,	there	are	new	radio	transients	being	discovered	that	do	not	fit	the	
picture	of	 any	other	 source	 class	we	 know,	except	perhaps	 to	be	a	 transient	 version	of	 the	 SS433	phenomenon	 (a	
radio	jet	“lighting	up”	an	ultraluminous	X-ray	source	bubble).	The	AARTFAAC	transient	finder	on	Dutch-based	LOFAR	is	
also	finding	extreme	transients	that	are	not	yet	identified	otherwise;	these	could	also	be	TeV-bright.		

	

These	results	firmly	demonstrate	that	the	discovery	space	for	the	VHE	gamma-ray	sky	is	still	far	from	being	“tapped	
out”,	and	we	have	not	even	begun	to	explore	the	potential	for	short-duration	VHE	gamma-ray	transients.	The	physics	
of	matter	at	its	extremes	suggests	that	prompt	emission	from	GRBs,	GW	counterparts	and	FRBs	could	first	be	seen	by	
CTA,	which	would	be	a	major	breakthrough	for	the	field,	and	a	boon	to	Dutch	involvement	in	follow-up	campaigns.		
The	Netherlands	are	heavily	 involved	in	and/or	building	some	of	the	world’s	top	multi-messenger	facilities	targeting	
transients,	 from	 GWs	 (Caudill,	 Hinderer,	 Nissanke),	 to	 neutrinos	 (Heijboer,	 Samtleben)	 to	 radio	 (Hessels,	Marcote,	
Rowlinson,	Wijers),	 optical	 (Levan,	 van	 Velzen)	 and	 even	 X-ray	 (Degenaar,	Mendez,	 Uttley,	Wijnands)	 light.	Within	

Figure	2.1.5:	Timeline	of	the	

multi-messenger	 campaign	

on	 the	 first	 ever	 GW	 event	

from	a	merging	neutron	star	

binary	 GW170817	 [Abbott	
et	al.	2017b].		
	

Note	that	gamma	rays	were	

the	 first	 radiation	 emitted	

from	 the	 source	 after	 the	

GWs,	 and	 in	 fact	 for	 many	

transient	 phenomena	 we	

expect	 VHE	 gamma-rays	 to	

“announce”	 interesting	

activity.	 CTA	 with	 its	 real-

time	 monitoring	 mode	 will	

allow	 sources	 to	 be	

discovered	 by	 VHE	 gamma-

rays	 first,	 which	 is	 a	 game-

changer	 for	 probing	

extreme	environments.	
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Fig 2.1.6. Dark matter limits and CTA
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Dutch	astronomy,	organised	under	the	research	school	NOVA,	we	have	already	formed	national	networks	specifically	
focused	on	multi-messenger	 transients	and	understanding	 their	driving	physics,	 also	 from	a	very	 fundamental	 level	

with	 first-principles	 simulations	 (Markoff,	 Mösta,	 Nissanke).	 Thus,	 CTA	 Theme	 2	 has	 the	 most	 contact	 with	 Dutch	

physics	 and	 astronomy,	motivating	 the	 strong	 interest	within	 our	 communities	 to	 gain	 access	 to	 the	 early	 science,	

proprietary	discovery	period	of	CTA.		
	

National/international	synergies:	 	BlackGEM,	eXTP,	AARTFAAC/LOFAR,	APERTIF,	SKA,	Athena,	KM3NET,	LIGO/VIRGO,	
NOVA	VIA/MMA	
		

Theme	3:	Exploring	Frontiers	in	Physics		

Detecting	Dark	Matter:	CTA	will	 seek	 to	 address	questions	beyond	astrophysics,	 and	 is	 uniquely	poised	 to	 conduct	
indirect	dark	matter	(DM)	searches	over	a	wide	range	of	potential	DM	particle	masses,	and	to	study	its	distribution	in	

and	around	our	Galaxy.	A	positive	detection	would	truly	be	a	game	changer.		
	

The	evidence	accumulated	over	several	decades	at	both	local	and	cosmological	scales	overwhelmingly	indicates	that	

the	mass	of	 the	universe	 is	 dominated	by	 a	non-baryonic	 form	of	matter	 that	we	 call	DM	because	 it	 does	emit	or	

absorb	 light	 [50].	From	cosmological	measurements	 [43],	we	know	that	DM	 is	over	 five	 times	more	abundant	 than	

normal	matter,	but	very	little	is	known	about	its	nature	and	properties.	CTA	has	a	unique	chance	of	discovery	for	the	

most	popular	 theorised	 form	of	DM,	Weakly	 Interacting	Massive	Particles	 (WIMPs;	 [24]).	WIMPs	 constitute	a	 large	

class	 of	 non-baryonic	 candidates,	 and	 those	with	mass	 between	 a	 few	 tens	 of	 GeV	 and	 few	 TeV	 are	 still	 the	 best	

motivated	dark	matter	candidates	and	cannot	be	critically	tested	by	any	other	method.	
	

Figure	 2.1.6:	 Current	 best	 limits	 on	 the	 annihilation	
cross-section	 from	 indirect	 detection	 (Fermi-LAT	 dwarf	
spheroidal	galaxies	stacking	analysis,	W+	W−	channel	and	
H.E.S.S.	 Galactic	 halo,	 W+	 W−	 channel)	 and	 cosmic	
microwave	background	experiments	(WMAP	and	Planck,	
b+	 b−	 channel)	 compared	 to	 the	 projected	 sensitivity	 for	
CTA	 from	 observations	 of	 the	 Galactic	 halo	 for	 the	
Einasto	profile	and	W+	W−	channel	[38].	
	

In	the	standard	thermal	history	of	the	early	universe,	the	

annihilation	 cross-section	 has	 a	 natural	 value,	 the	

“thermal	cross-section”,	which	provides	the	scale	for	the	

sensitivity	needed	to	discover	DM.	WIMPs	are	predicted	

to	 annihilate	 into	 Standard	 Model	 (SM)	 particles,	 thus	

generating	 distinctive	 signature	 in	 gamma-rays,	

neutrinos,	 and	 CR	 antimatter,	 such	 as	 positrons,	

antiprotons,	 or	 even	 antinuclei	 [28].	 Any	 particular	

WIMP	model	such	as	supersymmetry	(SUSY)	or	theories	with	extra	dimensions,	predicts	a	specific	energy	spectrum	for	

these	products,	which	sets	the	necessary	sensitivity	for	indirect	DM	searches.	The	challenge	is	to	identify	this	excess	

signal	 due	 to	 DM	 above	 the	 flux	 from	 conventional	 astrophysical	mechanisms.	 Indirect	 DM	 searches	 thus	 look	 for	

these	specific	spectral	features	and/or	events	clusters	from	promising	targets,	providing	an	independent	strategy	with	

respect	to	direct	detection	in	colliders.			
	

Current	 generation	 instruments	 have	 provided	 several	 tantalising	 hints,	 but	 no	 firm	 indirect	 DM	detection,	 due	 to	

their	limited	resolution	and	the	large	uncertainties	on	the	astrophysical	background	[28].	CTA	will	reach	the	expected	

thermal	relic	cross-section	for	self-annihilating	dark	matter	for	a	wide	range	of	dark	matter	masses,	complementing	

the	 region	explored	by	AMS-02,	 Fermi-LAT,	 and	 Icecube/KM3NeT,	 including	 those	masses	 inaccessible	 to	 the	 Large	

Hadron	Collider	at	CERN.	
	

CTA’s	 search	 for	DM	will	 be	achieved	by	observing	 the	 region	encompassing	 the	 inner	 few	degrees	of	our	Galactic	

centre	(GC)	and	the	dwarf	spheroidal	satellite	galaxies	(dSph)	of	our	Milky	Way	[10].		The	former	is	the	prime	target	

for	 the	 search	 for	 the	 annihilation	 signatures	 of	 DM	 particles.	 However,	 this	 region	 is	 rich	 with	 a	 wide	 variety	 of	

gamma-ray	astrophysical	emitters,	 including	the	closest	supermassive	black	hole,	millisecond	pulsars	[22]	and	dense	

molecular	clouds.	In	just	500	hours,	CTA	will	be	able	to	provide	sensitivities	below	the	thermal	cross-section,	and	give	
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Fig 2.3.1. SST prototype camera and telescope
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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	
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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	
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Fig 2.3.2. SST prototype camera
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[62].	CHEC-M	underwent	extensive	 lab	tests	and	was	deployed	on	a	prototype	structure	 in	Meudon	near	Paris.	The	
second	prototype,	CHEC-S	(Fig.	2.3.1,	top),	based	on	silicon	photomultipliers	(SiPMs)	forms	the	basis	for	the	SSTCAM.	
The	 Netherlands	 played	 a	 critical	 role	 in	 the	 development	 of	 CHEC-S,	 providing	 the	 time-stamp	 system	 and	
contributing	heavily	to	the	camera	pointing	system.	CHEC-S	has	been	tested	and	validated	 in	the	 laboratory	and	on	
the	 ASTRI-Horn	 prototype	 telescope	 located	 at	Mount	 Etna	 (Italy)	 (Fig.	 2.3.1,	 bottom)	 thereby	 demonstrating	 the	
technical	feasibility	of	the	SSTCAM.		
	

The	SSTCAM	will	be	based	on	6	x	6	mm	SiPMs	arranged	as	a	set	of	32	units	of	64	pixels	each	tiled	across	the	focal-
plane	 surface.	 A	 liquid-cooled	 focal	 plane	 plate	 will	 position	 the	 SiPMs	 with	 the	 required	 precision	 and	 provide	
temperature	stabilisation.	A	coated	entrance	window	will	protect	the	SiPMs	and	provide	a	filter	to	retain	Cherenkov	
light	whilst	minimising	contamination	from	the	night-sky	background.	A	motorised	 lid	will	protect	the	camera	when	
not	in	use.	Preamplifiers	located	directly	behind	the	SiPMs	will	provide	the	signal	amplification.	The	camera	readout	
chain,	based	on	 custom	ASICs	 (known	as	TARGET)	and	FPGAs,	will	 provide	 the	 camera	 trigger	 scheme	and	1	GSa/s	
digitisation	of	Cherenkov	signals,	which	will	then	be	time-stamped	using	the	White-Rabbit	based	system	developed	in	
the	Netherlands.	This	chain	is	self-triggered,	based	on	a	nano-second	precision	topological	trigger	to	efficiently	record	
Cherenkov	events	whilst	minimising	accidental	triggers	due	to	fluctuations	in	the	NSB.	The	camera	outputs	Cherenkov	
data	at	a	rate	of	up	to	1.2	kHz,	corresponding	to	nearly	10	Gbit/s	of	data	arriving	at	the	CTA	computing	farm.	Custom	
software	will	control	the	camera	and	build	and	calibrate	events	based	on	the	arriving	packets.	The	camera	contains	a	
second,	‘slow’,	readout	chain	in	which	the	signal	is	integrated	over	100	ms	and	continuously	read	out	to	monitor	star	
brightness	 in	addition	to	Cherenkov	observations.	All	stars	brighter	than	Vmag=8	may	be	tracked	to	allow	continuous	
monitoring	 of	 the	 telescope	 pointing	 during	 all	 observations.	 A	 post-calibration	 accuracy	 of	 4-5”	 was	 achieved	 in	
simulations.	In	precision	pointing	mode	the	CTA	requirement	on	post-calibration	astrometric	accuracy	is	7“.		
	

SST	Camera	Design	Optimisation	and	Production	Timeline	
All	 components	 of	 the	 SSTCAM	 have	 been	 prototyped	 with	 CHEC-S	 and	 are	 close	 to	 the	 final	 design.	 The	 final	
development	 of	 the	 camera	 will	 take	 place	 this	 year	 (2020)	 and	 will	 focus	 on	 optimising	 the	 design	 for	 series	
production,	assembly	and	ease	of	on-site	maintenance.	To	 this	end,	 the	primary	constituents	of	 the	camera	will	be	
mapped	to	subsystems	that	form	a	high-level	Product	Breakdown	Structure	(PBS):		
• PBS-1	Mechanical	Enclosure	(MEC):	The	chassis,	cable	entry	panel	and	thermal	exchange	unit.	
• PBS-2	Focal	Plane	Unit	(FPU):	The	focal-plane	plate,	SiPM	tiles,	entrance	window,	lid	and	pre-amplifiers.	
• PBS-3	Electronics	Rack	Unit	(ERU):	All	readout,	control	and	trigger	electronics	and	mechanical	support.		
• PBS-4	Data,	Power	and	Cooling	(DPC):	The	external	power	supply,	chiller	unit	and	all	cables	and	pipework.	
• PBS-5	Camera	 Illumination	System	(CIS):	A	 system	to	provide	 in-situ	 light	 flashes	 to	mimic	Cherenkov	 light	and	
calibrate	the	camera.		
	

Figure	 2.3.2	 details	 the	 items	 contained	 in	 PBS	 subsystems	1-3.	 This	modular	 approach	will	 allow	 the	 final	 camera	
assembly,	integration	and	testing	(AIT)	to	proceed	efficiently.		

	
Figure	 2.3.2:	 The	 major	 constituents	 of	 the	 SST	
Camera.	
	
After	completion	and	verification,	the	optimised	
design	 will	 be	 subjected	 to	 a	 critical	 design	
review	(CDR)	in	the	first	half	of	2021,	followed	by	
a	 Pre-Production	 Readiness	 Review	 (PPRR)	
signaling	the	start	of	production.	Procurement	of	
parts	 will	 start	 in	 late	 2021,	 and	 the	 series	
production	 of	 cameras	 will	 start	 in	 2022	 with	
completion	in	Q3	2025.	From	mid	2022	cameras	
will	be	shipped	to	CTA-S,	installed	on	telescopes,	
commissioned,	calibrated	and	tested	before	final	
acceptance	to	CTAO.		
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Fig 2.3.3. CTA/SSTCAM Gantt chart
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required. Each camera will undergo functional and performance tests at MPI-K. Work is needed to produce test plans, 
perform tests and analyse data throughout the production phase. Following arrival on-site each camera will be 
integrated with a telescope structure before undergoing basic functional tests. Following this, the telescope will be 
commissioned. As part of this process a variety of calibration and verification steps must be performed. The final set 
of tests will comprise those required by CTAO before a given SST is accepted by CTAO. Camera calibration and 
verification requires considerable personnel and so this work will take place as part of a wider international SST effort 
with the Netherlands playing a significant role.  
 

WP3: Development and Deployment of Camera Software. Each SST Camera will be connected via a 10 Gbps link to a 
server in the CTA on-site computing farm. Dedicated, custom, software is required to control and monitor each 
camera and interface to the higher level CTA array software, as well as collecting raw data, processing it and passing it 
on to the CTA data pipeline. The software to perform these tasks is currently in the prototype phase. During the 
design optimisation phase in 2020 the software architecture, development plan and guidelines will be formalised. 
Dedicated personnel is required starting in 2021 to then produce the final iteration of the camera software. The 
Netherlands will provide one scientific software engineer towards this effort. There is an opportunity for this engineer 
to play a lead role in this software development and to act as SST Camera Software Coordinator.  
 

WP4: Telescope pointing reconstruction software, based on the slow signal. The SST Camera contains a dedicated 
readout chain to continuously monitor star brightnesses during all Cherenkov observations. This pointing 
reconstruction system was developed by the Netherlands as part of the SST Camera prototyping efforts, and has since 
been verified with the operation of the CHEC-S prototype mounted on the ASTRI-Horn telescope. A preliminary pass 
at the data has shown that from a single 100 ms snap-shot an accuracy of ~30” is readily achievable. Simulations show 
that by combining a time-series of events a post-calibration accuracy of 4-5” is possible. In addition, independently 
another group also verified the feasibility to achieve the required pointing reconstruction accuracy of 7” using a 
similar readout system with another prototype camera [53]. This WP involves the development of the pointing 
algorithm, the application to the camera data format and development of camera software to perform this task, the 
detailed testing and verification on the first Production Phase SSTCAM and then the systematic testing of the pointing 
system required for the acceptance by CTAO of each SST unit. 
 

      Figure 2.3.3: Gantt chart of the mass production of the SST Cameras with the proposed Dutch WPs indicated.  
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Fig 2.3.5. SSTCAM governance
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data, storage is needed and a dedicated Linux computer server identical to the computer server associated with each 

camera will be purchased. 

WP4 is special in that it concerns night sky background data, rather than triggered air shower events. The purpose is 

to use the position of stars to accurately reconstruct the pointing of the telescope. Apart from the camera signal a 

catalogue of bright stars will be used. The software will be tested at the same server as WP3. WP3 and WP4 also 

require a laptop each for daily computing needs. The camera server will be purchased with sufficient data recording 

capabilities to store test run data obtained with the first few installed cameras. 

 

2.3.3 Organisation and governance 
 

CTA organisation 
CTA consists of the CTA Consortium (CTAC), including all institutes contributing in some form to the CTA science 

case and instruments, and the Observatory (CTAO), responsible for the construction and maintenance of both CTA-

North and South sites, as well as for the infrastructure, and sets the requirements for the CTA instruments. The 

CTAC is held together by a Memorandum of Understanding (MoU). The consortium has been very important in 

establishing the CTA concept, but at this stage the main role for realising CTA lies with CTAO, which has its newly 

established headquarters in Bologna, and whose data center is being built at DESY in Zeuthen. 
 

Currently the legal structure of CTAO is a German-based gGmbH. This year, CTAO will be reestablished as a 

European Research Infrastructure Consortium (ERIC). As such, CTAO will be a full legal entity under European Union 

law, and recognised in all EU member states. It will then also have a VAT-exempt status. 
 

The CTA Project Management is the responsibility of the CTAO, the current project manager (PM) being Wolfgang 

Wild (who previously led the NOVA/RUG Submm group), and the current managing director is Frederico Ferrini. The 

PM organises the design reviews and oversees the final validations. However, the instruments and subsystems will 

be delivered by the CTA members, under agreement with CTAO. One of those subsystems is the SST array to be 

built in the CTA-S site located in Paranal, in the Atacama Desert, Chile.  
 

After the selection of the Italian ASTRI SST telescope design and the CHEC SST camera concept (June 2019), the SST 

Program was formed, being responsible for the production of the initial SST array, made of 50 telescopes and 

cameras. This consortium includes several Italian institutes responsible for the SST telescopes, French members 

responsible for the on-site, and several institutes responsible for the manufacturing of SST cameras (SSTCAMs), 

consisting of institutes from Germany, UK, Netherlands, Japan, and Australia.  
 

Governance of the CTA SST 
program 
The SST programme has its own 

governance structure, shown in 
Fig. 2.3.5. A central role in this 

structure is that of the 

programme office, which 

manages the overall progress of 

the production and integration. 

The SST program itself consists of 

three sub-projects: the Structure 

Project (SST-STR), responsible for 

producing telescopes; the Camera 

Project (SST-CAM), responsible 

for the camera production, and 

the Integration Project (SST-AIV), 

responsible for assembly, 

integration and validation of the 

telescopes on-site. Each sub-

project has its own PM. 

 

Figure 2.3.5: SST Program 
structure. 



WP	Overview		
• WP1:	FPU	AIT	
– Assemble	parts	from	SST	partners	(e.g.	Japan	sends	SiPMs),	which	arrive	tested	
– Integrate	these	parts	into	FPUs		
– Test	the	FPUs	following	a	test	plan,	complete	a	test	report,	deliver	FPUs	to	MPIK	

• WP2:	Calibration	&	Verification	(see	next	slides	for	details)	
– A1	Camera	Lab	Calibration	
– A2	Camera	Lab	Verification	
– B1	On-site	Calibration	Preparation	
– B2	On-site	Calibration	Application	and	Verification	During	Commissioning		
– B3	On-site	On-Going	Calibration	During	Operation	

• WP3:	Camera	Software	
– This	is	the	software	that	the	camera	team	delivers	to	CTAO	as	part	of	the	camera,	and	is	installed	on	the	CTA	onsite	farm.	This	SW	accepts	the	data	from	the	camera,	

builds	it	into	CTA	compatible	events	and	passes	it	on.	It	also	acts	as	a	control	interface	for	higher-level	CTA	SW	to	interact	with,	passes	on	monitoring	information	and	
logs	to	a	central	service.	Within	this	SW	some	minimal	calibration	must	be	applied	and	the	telescope	pointing	position	roughly	derived.		

– Coordinate	the	SST	Camera	software	development	team	
– Implement	some	TBD	key	aspect	of	the	camera	software		
– Iterate	and	test	on	first	full	camera	
– Provide	remote	(and	in-person	if	needed)	support	onsite	to	roll	out	and	debug	camera	software	to	CTA	

• WP4:	Pointing	
– Develop	pointing	algorithms	stand	alone…	build	on	current	work…	will	likely	need	to	also	develop	simulations	
– Verify	these	algorithms	‘off	line’	using	first	full	camera	and	on-sky	data		
– Integrate	algorithms	into	software	
• Online:	into	‘real	time’	analysis	as	part	of	the	camera	server	software	
• Offline:	to	a	higher	precision	using	more	information	and	more	complicated	algorithms	if	needed	as	part	of	wider	CTA	software	

– Test	the	pointing	and	iterate	as	needed	using	on-sky	data	from	cameras	during	commissioning	
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. 1: H.E.S.S. gamma-ray excess count images of RX J1713.7�3946, corrected for the reconstruction acceptance. On the left, the
image is made from all events above the analysis energy threshold of 250 GeV. On the right, an additional energy requirement of
E > 2 TeV is applied to improve the angular resolution. Both images are smoothed with a two-dimensional Gaussian of width 0.03�,
i.e. smaller than the 68% containment radius of the PSF of the two images (0.048� and 0.036�, respectively). The PSFs are indicated
by the white circles in the bottom left corner of the images. The linear colour scale is in units of excess counts per area, integrated
in a circle of radius 0.03�, and adapted to the width of the Gaussian function used for the image smoothing.

paigns are given in Table 1. Only observations passing data qual-
ity selection criteria are used, guaranteeing optimal atmospheric
conditions and correct camera and telescope tracking behaviour.
This procedure yields a total dead-time corrected exposure time
of 164 hours for the source morphology studies. For the spectral
studies of the SNR, a smaller data set of 116 hours is used as
explained below.

The data analysis is performed with an air-shower template
technique (de Naurois & Rolland 2009), which is called the pri-
mary analysis chain below. This reconstruction method is based
on simulated gamma-ray image templates that are fit to the mea-
sured images to derive the gamma-ray properties. Goodness-of-
fit selection criteria are applied to reject background events that
are not likely to be from gamma rays. All results shown here
were cross-checked using an independent calibration and data
analysis chain (Ohm et al. 2009; Parsons & Hinton 2014).

3. Morphology studies

The new H.E.S.S. image of RX J1713.7�3946 is shown in Fig. 1:
on the left, the complete data set above an energy threshold of
250 GeV (about 31,000 gamma-ray excess events from the SNR
region) and, on the right, only data above energies of 2 TeV.
For both images an analysis optimised for angular resolution
is used (the hires analysis in de Naurois & Rolland 2009) for
the reconstruction of the gamma-ray directions, placing tighter
constraints on the quality of the reconstructed event geometry at
the expense of gamma-ray e�ciency. This increased energy re-
quirement (E > 2 TeV) leads to a superior angular resolution
of 0.036� (68% containment radius of the point-spread func-
tion; PSF) compared to 0.048� for the complete data set with
E > 250 GeV. These PSF radii are obtained from simulations
of the H.E.S.S. PSF for this data set, where the PSF is broad-
ened by 20% to account for systematic di↵erences found in
comparisons of simulations with data for extragalactic point-like

sources such as PKS 2155–304 (Abramowski et al. 2010). This
broadening is carried out by smoothing the PSF with a Gaussian
such that the 68% containment radius increases by 20%. To in-
vestigate the morphology of the SNR, a gamma-ray excess im-
age is produced employing the ring background model (Berge
et al. 2007), excluding all known gamma-ray emitting source
regions found in the latest H.E.S.S. Galactic Plane Survey cata-
logue (H.E.S.S. Collaboration et al. 2016b) from the background
ring.

The overall good correlation between the gamma-ray and X-
ray image of RX J1713.7�3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visi-
ble in Fig. 2 (top left) from the hard X-ray contours (XMM-

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five parame-
ters to the data as follows: the normalisation, the x and y coordi-
nates of the centre, and the inner and outer radius of the thick
shell. The resulting centre point is R.A.: 17h13m25.2s, Dec.:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover
the fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
molecular clouds (Maxted et al. 2013; Fukui et al. 2012). Region
5 covers the direction along the Galactic plane to the north of
RX J1713.7�3946.
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Figure 6.5: Left: Broad band multiwavelength image of the synchrotron emission from
the Crab Nebula, consisting of radio emission (red, VLA 5.5 GHz [167]), a UV 290 nm
image (green, XMM-Newton OM [344]) and X-rays (blue, Chandra LETGS [1213]).
The bar of 10 corresponds to 0.6 pc at distance of 2 kpc. (Credits: M. Bietenholz/VLA,
G. Dubner et al./A. Talavera/ESA, Weisskopf/NASA) Right: The Crab Nebula in the
optical as observed by the Hubble Space Telescope’s WFPC2 instrument, using broad
(blue) and narrow band filters ([OIII], red; [SII], green). The diffuse, blue-coloured,
part is caused by optical synchrotron radiation. (Credit: NASA/ESA/J. Hester/A. Loll
(ASU).)

pressure from the wind equals the external pressure, at the termination shock. At the
termination shock the particles are shock-heated and a large fraction of them will be
accelerated (see also Chapter 11) forming a non-thermal population of particles, with a
cut-off at very high energies (�TeV). The region outside the pulsar-wind termination
shock is the pulsar wind nebula, which consists primarily of a non-thermal relativistic
electron/positron plasma, which emits synchrotron radiation and inverse Compton ra-
diation over many orders of magnitude in frequency, from ⇠ 107 Hz to ⇠ 1024 Hz. The
pulsar wind nebula itself is confined by the pressure of the inner regions of a supernova
remnant, or in a later phase, by the pressure of the interstellar medium.

This basic picture of a young pulsar wind nebula and its surroundings, closely
resembles the composite supernova remnant G11.2.-0.3 (Fig. 6.4). The X-ray image
displays X-ray synchrotron emission from the pulsar wind nebula in the centre, which
is surrounded by the supernova remnant shell, emitting thermal X-ray emission. Not all
pulsar wind nebulae resemble this nicely ordered layout: the most studied pulsar wind
nebula, the Crab Nebula (Fig. 6.5), is evolving inside expanding supernova ejecta, but
no hint of a hot supernova shell has ever been found [528].

In this section we describe in more detail the physics and evolution of pulsar winds,
pulsar wind nebulae and their interaction with supernova remnants.

6.3.1 The pulsar wind
Outside the light cylinder energy is carried outward in the form of Poynting flux, S =
c|E ⇥BBB|/4p = cB2/(4p), and relativistic electrons and positrons (perhaps also ions)
that have escaped the magnetosphere along the open field lines. Together, the particle

gamma-ray bursts/gravitational wave merger


pulsars/magnetars 
pulsar wine nebulae

supermassive black holes

>100,000 light years

Jets and Shocks

 light days/months
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deployed on a prototype structure in Meudon near Paris. The second prototype, CHEC-S (Fig. 2.3.1, top), based on 

silicon photomultipliers (SiPMs) forms the basis for the SSTCAM. The Netherlands played a critical role in the 
development of CHEC-S, providing the time-stamp system and contributing heavily to the camera pointing system. 

CHEC-S has been tested and validated in the laboratory and on the ASTRI-Horn prototype telescope located at Mount 
Etna (Italy) (Fig. 2.3.1, bottom) thereby demonstrating the technical feasibility of the SSTCAM.  
 

The SSTCAM will be based on 6 x 6 mm SiPMs arranged as a set of 32 units of 64 pixels each tiled across the focal-

plane surface. A liquid-cooled focal plane plate will position the SiPMs with the required precision and provide 
temperature stabilisation. A coated entrance window will protect the SiPMs and provide a filter to retain Cherenkov 

light whilst minimising contamination from the night-sky background. A motorised lid will protect the camera when 
not in use. Preamplifiers located directly behind the SiPMs will provide the signal amplification. The camera readout 

chain, based on custom ASICs (known as TARGET) and FPGAs, will provide the camera trigger scheme and 1 GSa/s 
digitisation of Cherenkov signals, which will then be time-stamped using the White-Rabbit based system developed in 

the Netherlands. This chain is self-triggered, based on a nano-second precision topological trigger to efficiently record 

Cherenkov events whilst minimising accidental triggers due to fluctuations in the NSB. The camera outputs Cherenkov 
data at a rate of up to 1.2 kHz, corresponding to nearly 10 Gbit/s of data arriving at the CTA computing farm. Custom 

software will control the camera and build and calibrate events based on the arriving packets. The camera contains a 
second, ‘slow’, readout chain in which the signal is integrated over 100 ms and continuously read out to monitor star 

brightness in addition to Cherenkov observations. All stars brighter than Vmag=8 may be tracked to allow continuous 
monitoring of the telescope pointing during all observations. A post-calibration accuracy of 4-5” was achieved in 

simulations. In precision pointing mode the CTA requirement on post-calibration astrometric accuracy is 7“.  
 

SST Camera Design Optimisation and Production Timeline 
All components of the SSTCAM have been prototyped with CHEC-S and are close to the final design. The final 

development of the camera will take place this year (2020) and will focus on optimising the design for series 

production, assembly and ease of on-site maintenance. To this end, the primary constituents of the camera will be 
mapped to subsystems that form a high-level Product Breakdown Structure (PBS):  

• PBS-1 Mechanical Enclosure (MEC): The chassis, cable entry panel and thermal exchange unit. 

• PBS-2 Focal Plane Unit (FPU): The focal-plane plate, SiPM tiles, entrance window, lid and pre-amplifiers. 

• PBS-3 Electronics Rack Unit (ERU): All readout, control and trigger electronics and mechanical support.  

• PBS-4 Data, Power and Cooling (DPC): The external power supply, chiller unit and all cables and pipework. 
• PBS-5 Camera Illumination System (CIS): A system to provide in-situ light flashes to mimic Cherenkov light and 

calibrate the camera.  
 

Figure 2.3.2 details the items contained in PBS subsystems 1-3. This modular approach will allow the final camera 
assembly, integration and testing (AIT) to proceed efficiently.  

 
Figure 2.3.2: The major constituents of the SST 
Camera. 
 
After completion and verification, the optimised 

design will be subjected to a critical design 
review (CDR) in the first half of 2021, followed by 

a Pre-Production Readiness Review (PPRR) 
signaling the start of production. Procurement of 

parts will start in late 2021, and the series 

production of cameras will start in 2022 with 
completion in Q3 2025. From mid 2022 cameras 

will be shipped to CTA-S, installed on telescopes, 
commissioned, calibrated and tested before final 

acceptance to CTAO.  
 

 
 

Investment Grant NWO Large 

19 

 

 

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 of 
telescopes, 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 
SST Camera, based on CHEC, 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 (top) and CHEC-S 
installed on the ASTRI-Horn prototype telescope on Mnt. Etna, Sicily 
(bottom). 
 
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 [62]. CHEC-M underwent extensive lab tests and was 
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Credit: NSF/LIGO/Sonoma State University/A. Simonnet
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Figure 12.16: The H.E.S.S. II imaging atmospheric telescope array in Namibia. The
original array (H.E.S.S.) consisted of the four 12 m telescopes. The fifth big telescope
(28 m) was added to extend the energy detection range down to 200 GeV. The config-
uration with five telescope is known as H.E.S.S. II. (Credit: Stefan Klepser, Desy &
H.E.S.S. collaboration.)

This is a good moment to clarify some often encountered nomenclature in g-ray
astronomy: The g-rays in the energy range from ⇠ 100 keV to about 30 MeV is often
referred to a medium-energy g-rays (or sometimes MeV g-rays). In this energy range
one can still expect the tail of synchrotron radiation from some sources, like Blazars
and pulsar wind nebulae (as explained for the Crab nebula, Sect. 6), as well as inverse
Compton scattering and bremsstrahlung. But medium-energy g-rays also may reveal
atomic nuclear lines, caused by radio-activity (e.g. 44Ti and 56Co, Sect. 2.4) or by
direct excitation of the nuclei by collisions with energetic particles, such as C, O, Ne
and Mg lines in the MeV region. The latter have been detected during solar flares [728],
but no unambiguous detections of from line emission from the interstellar medium or
Galactic sources has been obtained. Photons with energies in the range from 30 MeV to
100 GeV are often referred to as high-energy (HE) g-rays (or sometimes less precisely
GeV g-rays). This is the range covered by the Fermi-LAT instrument, and it covers
the “pion bump” discussed in Sect. 13.6. Photons in the energy range from 100 GeV
to 100 TeV are often referred to as very-high-energy (VHE) g-rays, or TeV g-rays.
There is no sharp boundary between these g-ray regimes, except that VHE g-rays are
detected using IACTs, whereas HE are detected with space-based instruments, with
some overlap between the two detection methods.

12.3.2 Hadronic versus leptonic emission
Although g-ray observations provide currently the only means to gauge the hadronic
cosmic-ray content of supernova remnants, firmly establishing the presence of hadronic
cosmic rays, and the total cosmic-ray energy in supernova remnants has proven to be
difficult, and has often lead to strong debates.

The reason is that g-ray emission can be caused by both hadronic processes (pion
production) and leptonic radiation mechanisms (inverse Compton scattering and brems-
strahlung). The broad g-ray spectral energy distribution (SED) for inverse Compton
scattering dominated spectra and pion-decay dominated spectra are quite different. As-

H.E.S.S (very-high energy gamma-rays)

IceCube (neutrinos)

The birth multimessenger astrophysics



58

Computing

Karl KosackCTA Computing

Instruments

CTA Computing

Computing Department Landscape

2

ACADA 
(Array Control and Data Acquisition)

DPPS 
(Data Processing and Preservation System)

SUSS 
(Science User Support System)

Science Users

TOSS 
(Technical Operations Support System)

SOSS 
(Science Operations Support System)

Off-site ICT 
(Information and Communications Technology)

On-site ICT 
(Information and Communications Technology)

Array 
Clock

Collaborating Data CentersCTA Data Centers

service-level contractsOwn and Manage
Fully conceptualized in 

Computing 
Architecture Model



59



60

The Milky Way seen by CTA

8°

5°



61

H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. 1. H.E.S.S. gamma-ray excess count images of RX J1713.7�3946, corrected for the reconstruction acceptance. On the left, the image is made
from all events above the analysis energy threshold of 250 GeV. On the right, an additional energy requirement of E > 2 TeV is applied to improve
the angular resolution. Both images are smoothed with a two-dimensional Gaussian of width 0.03�, i.e. smaller than the 68% containment radius
of the PSF of the two images (0.048� and 0.036�, respectively). The PSFs are indicated by the white circles in the bottom left corner of the images.
The linear colour scale is in units of excess counts per area, integrated in a circle of radius 0.03�, and adapted to the width of the Gaussian function
used for the image smoothing.

ies of the SNR, a smaller data set of 116 h is used as explained
below.

The data analysis is performed with an air-shower tem-
plate technique (de Naurois & Rolland 2009), which is called
the primary analysis chain below. This reconstruction method is
based on simulated gamma-ray image templates that are fit to the
measured images to derive the gamma-ray properties. Goodness-
of-fit selection criteria are applied to reject background events
that are not likely to be from gamma rays. All results shown
here were cross-checked using an independent calibration and
data analysis chain (Ohm et al. 2009; Parsons & Hinton 2014).

3. Morphology studies

The new H.E.S.S. image of RX J1713.7�3946 is shown in Fig. 1:
on the left, the complete data set above an energy threshold of
250 GeV (about 31 000 gamma-ray excess events from the SNR
region) and, on the right, only data above energies of 2 TeV.
For both images an analysis optimised for angular resolution
is used (the hires analysis in de Naurois & Rolland 2009) for
the reconstruction of the gamma-ray directions, placing tighter
constraints on the quality of the reconstructed event geome-
try at the expense of gamma-ray e�ciency. This increased en-
ergy requirement (E > 2 TeV) leads to a superior angular res-
olution of 0.036� (68% containment radius of the point-spread
function; PSF) compared to 0.048� for the complete data set
with E > 250 GeV. These PSF radii are obtained from simu-
lations of the H.E.S.S. PSF for this data set, where the PSF is
broadened by 20% to account for systematic di↵erences found
in comparisons of simulations with data for extragalactic point-
like sources such as PKS 2155–304 (Abramowski et al. 2010).
This broadening is carried out by smoothing the PSF with a
Gaussian such that the 68% containment radius increases by
20%. To investigate the morphology of the SNR, a gamma-
ray excess image is produced employing the ring background
model (Berge et al. 2007), excluding all known gamma-ray emit-
ting source regions found in the latest H.E.S.S. Galactic Plane

Table 1. Overview of the H.E.S.S. observation campaigns.

Year Mean o↵set1 Mean zenith angle Livetime
(degrees) (degrees) (h)

2004 0.74 30 42.7
2005 0.77 48 42.1
2011 0.73 42 65.3
2012 0.90 28 13.4

Notes. The livetime given in hours corresponds to the data fulfilling
quality requirements. (1) Mean angular distance between the H.E.S.S.
observation position and the nominal centre of the SNR taken to be at
RA: 17h13m33.6s, Dec: �39d45m36s.

Survey catalogue (H.E.S.S. Collaboration 2018b) from the back-
ground ring.

The overall good correlation between the gamma-ray and
X-ray image of RX J1713.7�3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visible
in Fig. 2 (top left) from the hard X-ray contours (XMM-

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five param-
eters to the data as follows: the normalisation, the x and y co-
ordinates of the centre, and the inner and outer radius of the
thick shell. The resulting centre point is RA: 17h13m25.2s, Dec:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover the
fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
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Fig. 2. Gamma-ray excess map and radial profiles. Top left: the H.E.S.S. gamma-ray count map (E > 250 GeV) is shown with XMM-Newton X-ray
contours (1–10 keV, smoothed with the H.E.S.S. PSF) overlaid. The five regions used to compare the gamma-ray and X-ray data are indicated
along with concentric circles (dashed grey lines) with radii of 0.2� to 0.8� and centred at RA: 17h13m25.2s, Dec: �39d46m15.6s. The Galactic plane
is also drawn. The other five panels show the radial profiles from these regions. The profiles are extracted from the H.E.S.S. maps (black crosses)
and from an XMM-Newton map convolved with the H.E.S.S. PSF (red line). The relative normalisation between the H.E.S.S. and XMM-Newton

profiles is chosen such that for regions 1, 2, 4 the integral in [0.3�, 0.7�] is the same, for regions 3, 5 in [0.2�, 0.7�]. The grey shaded area shows
the combined statistical and systematic uncertainty band of the radial gamma-ray extension, determined as described in the main text. The vertical
dashed red line is the radial X-ray extension. For the X-ray data, the statistical uncertainties are well below 1% and are not shown.
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