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Important points for data model
Pointed instrument: ≈8° FOV


arrays → many telescopes, multiple sub-arrays possible


High-Energy Astrophysics  →  single photon counting


Ground-based → Can't point everywhere, Earth turns 


Atmosphere part of telescope → impulse response varies 


‣air density and aerosols


‣zenith angle (atmosphere depth)


‣azimuth angle (B-field)


‣Night-Sky-Background light (both stars and man-made)


‣ ...


short duty cycle + 


deep integration times → many observations combined to analyze a source
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CTA Low-Level Data 

3

Application of  
Calibration 

+  
Time-Integration

Image 
Processing 

And Feature 
Extraction

Stereo 
Reconstruction

Energy 
Reconstruction

 
Particle 

Classification

Optimization 
& Discrimination

Instrumental 
Responses & 
Performance 

Metrics

Event Lists

7. IACT Data Processing Pipeline

Figure 7.20.: A schematic view of stereo reconstruction for a 1 TeV shower originating
at the center of the field of view of the array (i.e. from the pointing
position). The bottom shows projections of the shower onto the camera of
each telescope on the ground with the impact point marked with a red dot.
At the center is the air shower being imaged. At the top, the same view
seen if the telescope array were placed at infinity on the sky and centered
on the pointing direction, i.e. where all images are stacked, with the point
of origin marked with a red dot. In both cases, the camera images are
scaled arbitrarily to be easily visible. Image generated using SimTelArray
and ctapipe software.
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7. IACT Data Processing Pipeline

Figure 7.32.: Instrumental response function example generated from HESS simulations:
upper-left is the effective area as a function of true and reconstructed en-
ergy, upper right is the PSF at multiple true energies, lower-left is the
energy migration matrix that relates true to reconstructed energy, and
lower-right is the same matrix but plotted as a dispersion matrix to em-
phasize the energy bias.
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Science-Ready data Products 
further processed with 

Science Tools (GammaPy)

8. Science Analysis

Count map Exposure map Background Ring

Background Map Alpha Map Excess Map

Again, the Crab Nebula (north/south wobble)

Friday, July 6, 2012Figure 8.5.: The steps to produce a map of gamma ray excess using the ring background
method. The sum of the maps shown in Figure 8.4 are in the upper left
two panels, followed by the ring aperture used to compute the background
at each point in the image (upper right). The lower three panels show the
resulting background model as estimated by convolving the ring with the
background exposure model for each observation and summing, the map of
summed alpha (on-off exposure ratio) for each position, and the resulting
excess map computed from them (lower right) revealing the source on a
residual background that fluctuates around 0 counts.

132

Machine Learning

}
Big Data

}

DL0 DL1 DL2 DL3

Simulations

Observations

Happens in CTA Observatory Data Center



Karl KosackCTA Data Model

Science Analysis: DL3-DL5
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Happens at CTA data centers (automatic)  + by users on user's laptops or e.g. ESCAPE science platform

Search for data 
covering region of interest


in space, time, maybe other 
parameters

Retrieve Event Lists

and IRFs that cover

region of interest

Use Science Tools to 
make intermediate 

Binned Data Products


Exposure Cube

Counts Cube


Exclusion Map

...


DL3 DL4 DL5
Use Science Tools to Fit 
models to binned data 

(forward-folding)

and make Flux cubes


Sky model

Light-Curve


Spectra

Flux Map/Cube

VO tools? DL6
Observatory or CTAC 

produces some legacy 
products


Catalogs,

Survey Products

Science-Ready Science-Binned Science-Quicklook

Science-Observatory

8. Science Analysis

Count map Exposure map Background Ring

Background Map Alpha Map Excess Map

Again, the Crab Nebula (north/south wobble)

Friday, July 6, 2012Figure 8.5.: The steps to produce a map of gamma ray excess using the ring background
method. The sum of the maps shown in Figure 8.4 are in the upper left
two panels, followed by the ring aperture used to compute the background
at each point in the image (upper right). The lower three panels show the
resulting background model as estimated by convolving the ring with the
background exposure model for each observation and summing, the map of
summed alpha (on-off exposure ratio) for each position, and the resulting
excess map computed from them (lower right) revealing the source on a
residual background that fluctuates around 0 counts.
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5. The Search for Galactic Accelerators

unidentified HESS sources [Aharonian et al., 2008b], where it showed an unusually hard
spectrum with index 2.07 ± 0.08 and significant emission up to at least 30 TeV. Despite
having no obvious multi-wavelength counterpart, its spectral characteristics made it a
strong PeVatron candidate, requiring only deeper observations to constrain the existence
of a spectral cut-off. The original observations suffered from being predominantly cen-
tered on nearby targets, with the exposure on HESS J1702-420 being at the edge of
the fields of view of each observation where systematic errors are larger. Subsequently,
a successful HESS re-observation campaign in 2018 on the target has provided dedi-
cated observations that both lowered the systematic errors and increased statistics. The
new analysis is summarized below and described in detail in [Abdalla et al., 2021] and
[Giunti, 2021b].

H. Abdalla et al.: Discovery of 100 TeV �-rays from HESS J1702-420: a new PeVatron candidate

Fig. 1: Upper left panel: The image, centered on the position of HESS J1702-420, was obtained by integrating the binned cube of
measured counts over the energy axis (E > 2 TeV), and correlating it with a 0.1 o-radius top-hat kernel. The hatched regions were
excluded from the likelihood computation. The bright area around l � 345 o results from deep observations of RX J1713-3946 and
HESS J1708-410. Upper right panel: Energy-integrated (E > 2 TeV) map of model-predicted counts, with names and 1� shapes of
all model components overlaid. The large-scale discarded component is indicated by the dashed circle — see the main text for more
details. Lower left panel: Spatial distribution of model residuals, showing the statistical significance — in units of Gaussian standard
deviations — of counts - model fluctuations. The image was obtained assuming Cash statistic for Poisson-distributed signals with
perfectly known background model (Cash 1979). Lower right panel: Histogram containing the number of occurrences of each
significance value (assuming Cash statistic), from the lower left panel. The adjustment of a Gaussian function to the histogram is
shown, together with a reference standard normal distribution.

makes it a compelling candidate site for the presence of ex-333
tremely high energy cosmic rays. With a flux above 2 TeV334
of (2.08 ± 0.49stat ± 0.62sys) � 10�13 cm�2 s�1 and a 1� radius335
of (0.06 ± 0.02stat ± 0.03sys) o, HESS J1702-420A is a weak336
source that is largely outshone below � 40 TeV by the com-337
panion HESS J1702-420B. The test of a point-source hypoth-338
esis for HESS J1702-420A resulted in a non-convergence of339
the fit. HESS J1702-420B has a steep spectral index of � =340
2.62 ± 0.10stat ± 0.20sys, elongated shape and a flux above 2 TeV341
of (1.57±0.12stat±0.47sys) 10�12 cm�2 s�1 that accounts for most342
of the HESS J1702-420 emission. The best-fit spectral and spa-343
tial parameters for both components are reported in Table 2. By344
comparing results obtained with the main and crosscheck anal-345
ysis configurations, we verified that all discrepancies were con-346

sistent with the expected level of H.E.S.S. systematic uncertain- 347
ties (H.E.S.S. Collaboration et al. 2018). 348

For neither of the two sources did an exponential cut-o� 349
function statistically improve the fit with respect to a simple 350
power law (cut-o� significance � 1�). The �-ray spectra of 351
both components are shown in Figure 2, together with spec- 352
tral points computed under a power law assumption and re- 353
optimizing all the nuisance parameters of the model — see Ta- 354
ble H.1 for details. We adapted the binning of the spectral en- 355
ergy distributions to obtain approximately equal counts in each 356
bin. HESS J1702-420B is the brightest component up to roughly 357
40 TeV, where HESS J1702-420A eventually starts dominating 358
with its � � 1.5 power law spectrum up to 100 TeV. The second 359
to last spectral point of HESS J1702-420A (HESS J1702-420B), 360
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Figure 5.16.: Spatial-spectral model of HESS J1702-420 from [Abdalla et al., 2021].
Upper-Left : Total counts (both source and background). Upper-Right :
Predicted counts from the source model. Lower-left : residuals after sub-
tracting the counts from the predicted counts. Lower-right : histogram of
the residuals, which follows a normal distribution with standard deviation
of 1.0, as expected if the model fits the observations.

The new data along with the old were analyzed with a high-energy optimized recon-
struction pipeline based on a combination of Hillas-style and Model3D (see Chapter 7)
techniques, with a relaxed cut on images clipped by the edge of the optical field of view of
each telescope. This analysis provides a higher effective area at energies above 30 TeV,
at the expense of worse gamma-ray PSF at those energies. The additional statistics
combined with the 3D likelihood science analysis (described in more detail in Section
8.3) provided by GammaPy allowed for a much more detailed spatio-spectral decompo-
sition of the region. In this analysis, a region-of-interest larger than the spatial extent of
HESS J1702-420 was considered. To minimize systematic errors, the observations were
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For Context: Metadata & Low-level Data Model
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work in progress
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For Context: Metadata & Low-level Data Model
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work in progress
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For Context: Metadata & Low-level Data Model
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work in progress
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What are Science-Ready Data? (DL3)

Gamma-like Event Lists (≈ a photon list)


‣Particle parameters reconstructed from air-
shower measurements


• time of event arrival

• reconstructed position on sky + ground

• reconstructed energy

• reconstructed shower hmax or Xmax (optional)

• a background class (how likely it is a gamma)

• a reconstruction class (how well reconstructed)


‣True particle parameters (if from simulations)


Instrument Monitoring Tables 


Good-Time Intervals (pre-made or user) 

Instrument Response Function (IRF):  
& Background Model: B 


‣ IRF (R) : Probability distributions that relate  
Reconstructed (instrument) to True (physics) 
parameters


• 


‣Assumptions: 


• time-invariant per "good time interval"

• pointing is much better than PSF (no bias)

• we can factor R as 

 

Npredicted = Ftrue ⊛ R̂ + Bpredicted

R̂ = Aeff(E) ⋅ ̂Emig(E, E′￼) ⋅ PSF(p, p′￼)

8

effective 
collection area

Energy Migration 
Matrix (resolution 

& bias)

Point-Spread 
Function



work in progress 

(& not not fully synced to GADF)

DL3: Science-Ready 
Data Products

VOProv?

?
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DL5: Science Quick-Look Products
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work in progress

Measured Fluxes  
and/or Flux Models

Light-Curves Sky Maps Spectra

Flux Cubes
Likelihood 

Profiles 

Need some VO metadata to be 
discoverable and interoperable with all 

observatories! 
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extra info
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UML 
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DRAFT4. Data Model Conventions

Relationship Type Symbol

A is associated with B
A B

A is associated with B (unidirectionally)
A B

A is composed of B
A B

A aggregates B
A B

A depends on B
A B

A inherits from B
A B

Table 4.1 – UML relationship types. These show how data item A is related to data item B, and how those relationships are
represented in the diagrams.

Multiplicity Symbol

Exactly One 1

Zero or One 0..1

Many *

Zero or More 0..*

One or More 1..*

Table 4.2 – UML Multiplicites. A multiplicity symbol is written on each end of an association line indicating the number of
elements that are associated.

Relationship Diagram

Exactly One-to-One 1 1
A B

Zero or 1 to Many 0..1 *
A B

Many-to-Many * *
A B

One-to-Many with explicit link attributes

+obs id
1

+set id
*

A B

Table 4.3 – . Some example relationships with multiplicities and optional link attributes specified.

CTA Construction Project
Data Model
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