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Gamma-ray astronomy and this talk

Satellites

IACTs
WCD arrays
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Gamma-ray astronomy and this talk

▸ Very hard to cover all topics/existing software in ~2h

▸ 3 different types of instrument, subtleties and technicalities 
specific to each (as you have seen already!)

▸ In this talk I will instead try to focus on the things in common

▸ For that I will rely heavily on Gammapy

▸ Not the only existing package of course but the only one 
dedicated to gamma-ray as a whole
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Data Analysis
▸ What does the data of gamma-ray 
instruments look like?

▸ What do I need to go from data to 
physical quantities?

▸ How to determine the validity of data?

▸ What is “data reduction”?
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Data-taking
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Data-taking

EVENT ID

ENERGY

DIRECTION

TIME

”GAMMANESS”

Reconstruction
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Real Data from a 
gamma-ray instrument

Can you tell me which one?
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A unified format and tool for gamma-ray astronomy

▸ In the past decade or so, there has been a big effort to define a 
standard format to use when storing gamma-ray astronomy data

▸ By format I mean which columns/quantity names and so on

▸ Learned from existing standards, such as x-ray data and Fermi

▸ Result: Gamma-astro-data-format

▸ If all data looks the same, we can all share a tool!

▸ Result: Gammapy

https://gamma-astro-data-formats.readthedocs.io/en/latest/index.html
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A unified format and tool for gamma-ray astronomy

A. Donath et al
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A unified format and tool for gamma-ray astronomy

C. Nigro et al
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A unified format and tool for gamma-ray astronomy

C. Nigro et al

highly instrument specific instrument agnostic
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Event List
List of gamma-like events
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Event List
List of gamma-like events

Good Time Intervals (GTI)
Time ranges when the 

instrument was taking data
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Event List
List of gamma-like events

Good Time Intervals (GTI)
Time ranges when the 

instrument was taking data

These lists are prepared by the 
people from each instrument and 
represent “science-ready” data or
“Data level 3”
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▸ What does the data of gamma-ray 
instruments look like?

▸ What do I need to go from data to 
physical quantities?

▸ How to determine the validity of data?

▸ What is “data reduction”?
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From “events” to physics

Let’s say you have a list of events taken by a gamma-ray instrument when observing a 
source, and you want to study that source.
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From “events” to physics

Let’s say you have a list of events taken by a gamma-ray instrument when observing a 
source, and you want to study that source.

You can make a map! Which is just a 2D histogram of the sky coordinates

this is data reduction

dataset.counts.reduce_over_axes().plot()
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From “events” to physics

Let’s say you have a list of events taken by a gamma-ray instrument when observing a 
source, and you want to study that source.

You can make a map! Which is just a 3D histogram of the sky coordinates and energy*

* or time, or some other quantity...

this is data reduction

dataset.counts.plot_grid()
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From “events” to physics

Let’s say you have a list of events taken by a gamma-ray instrument when observing a 
source, and you want to study that source.

You can make a map! Which is just a 3D histogram of the sky coordinates and energy

what we measure

?What is the “truth”?



3-4th Dec 2024 Gammapy Workshop – Data Analysis 26

what we measure

?What is the “truth”?

Measuring is not perfect! Instruments introduce biases, inaccuracies,...

▸ We measure X counts from the source → how bright is it?

▸ The counts “blob” has a spatial extent → what is the actual size of the source?

▸ We only see a source in the middle → but did we observe other parts of the map as much?

▸ The measured counts have an energy distribution → what is the spectrum of the source?

Events are not enough! We also need the INSTRUMENT RESPONSE
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Instrument response functions

gamma ray source 
dN γ

dEtrue dx true
“gamma-like” events

dN C

dEreco dxreco

▸ How many of the arriving gamma-rays do we detect?

▸ How many do we miss-classify?

▸ How wrong do we get their energy?

▸ How wrong do we get their direction?

▸ How much background do we let through?
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Energy dispersion

For each true gamma-ray energy, what is the 
probability that the event gets assigned a 

certain reconstructed energy?

EDISP(E true , E reco)

dataset.edisp.peek()
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Point-Spread function

For each true gamma-ray arriving direction, 
what is the probability that the event gets 
assigned a certain reconstructed direction ?

PSF(Etrue , xreco , x true )
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Effective Area

Detection probability of the gamma-ray (due to 
energy threshold + bad classification + 

instrumented area)

often multiplied by livetime to obtain 
“effective exposure” in units of m2s

Aeff (E true)

S. Yun-Cárcamo
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So now we know how a source should look like!
How would a point source with a Crab like spectrum look like in our detector?

▸ From the spectrum we know the flux (counts/s/TeV/cm2 in true energy)

▸ With PSF we shift from true to reconstructed position

▸ With AEFF and livetime we go from flux to counts (counts/TeV in true energy)

▸ With EDISP we shift from true to reconstructed energy (counts/TeV in reconstructed energy)

▸ We now can predict what we would observe if the model was a good description of reality!

dataset.npred_signal().plot_grid()
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Is that all?
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Background Nbkg (Ereco)

How many background events do we expect to 
mis-classify as signal?

a little bit different: usually derived from data of regions with no sources

▸ “easy” in wide-field instruments, as the whole sky is rather empty in the TeV range

▸ Challenge for pointed instruments with small field of view: usually need to assume where you 
expect your source to be (bias!!!)

dataset.background.plot_grid()

See Mohrmann et al 2019 to see how 
IACTs “caught up” with the other 
instruments ;-)
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Now all together

NC(E reco , xreco)=N bkg(E reco , xreco)+∫ dx true∫ dEtrue EDISP (Etrue , Ereco)×PSF(E true , xreco , x true )×Aeff (Etrue)×tlive×(
dN γ

dEtrue
(x true))
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Now we can fit a model to the data by comparing prediction to observation!

dataset.npred() dataset.counts

Energy Energy
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Data Analysis
▸ What does the data of gamma-ray 
instruments look like?

▸ What do I need to go from data to 
physical quantities?

▸ How to determine the validity of data?

▸ What is “data reduction”?
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In which range is my data “valid”?

The IRFs also provide a very important tool in selecting our analysis range of validity
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In which range is my data “valid”?

The IRFs also provide a very important tool in selecting our analysis range of validity

Remember: they are made with simulations. So they rely heavily on MC/data consistency

→ ranges where IRFs change rapidly can be dangerous! 
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In which range is my data “valid”?

The IRFs also provide a very important tool in selecting our analysis range of validity

Remember: they are made with simulations. So they rely heavily on MC/data consistency

→ ranges where IRFs change rapidly can be dangerous! 

dataset.mask_safe.plot_grid()
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from gammapy.data import DataStore

# Read bundle of event list, GTI and their corresponding IRF
data_store = DataStore.from_dir("$GAMMAPY_DATA/hess-dl3-dr1")

# Select runs around the Crab (only needed for pointing observations!)
selection = dict(
    type="sky_circle",
    frame="icrs",
    lon="83.633 deg",
    lat="22.014 deg",
    radius="5 deg",
)
selected_obs_table = data_store.obs_table.select_observations(selection)
observations = data_store.get_observations(selected_obs_table["OBS_ID"])

# Look at data
observations[0].events.table # event table
observations[0].GTI.table # event table

observations[0].aeff.peek() #aeff
observations[0].edisp.peek() #edisp
observations[0].psf.peek() #psf
observations[0].bkg.peek() #bkg

Select and read data

in “detector” coordinates 
(offset, zenith...)
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from gammapy.maps import WcsGeom, MapAxis
from gammapy.datasets import MapDataset
from regions import CircleSkyRegion

# Define energy axes
energy_axis = MapAxis.from_energy_bounds(1.0, 10.0, 10, unit="TeV")
energy_axis_true = MapAxis.from_energy_bounds(0.5, 20, 40, unit="TeV", name="energy_true") # always more range and more bins than reco!

# Define the sky geometry
geom = WcsGeom.create(
    skydir=(83.633, 22.014),
    binsz=0.02,
    width=(2, 2),
    frame="icrs",
    proj="CAR",
    axes=[energy_axis],
)

# create an empty dataset
stacked = MapDataset.create(geom=geom, energy_axis_true=energy_axis_true, name="crab-stacked")

Reduce data go from detector to sky coordinates and bundle
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# Define the makers
maker = MapDatasetMaker()
maker_safe_mask = SafeMaskMaker(methods=["offset-max", "aeff-max"], offset_max=”2.5 deg”)

circle = CircleSkyRegion(center=SkyCoord("83.63 deg", "22.14 deg"), radius=0.2 * u.deg)
exclusion_mask = geom.region_mask(regions=[circle], inside=False)
maker_fov_bkg = FoVBackgroundMaker(method="fit", exclusion_mask=exclusion_mask)

for obs in observations:
    # First a cutout of the target map is produced
    cutout = stacked.cutout(
        obs.get_pointing_icrs(obs.tmid), width=2 * offset_max, name=f"obs-{obs.obs_id}"
    )
    # A MapDataset is filled in this cutout geometry
    dataset = maker.run(cutout, obs)
    # The data quality cut is applied
    dataset = maker_safe_mask.run(dataset, obs)
    # fit background model
    dataset = maker_fov.run(dataset)
    print(
        f"Background norm obs {obs.obs_id}: {dataset.background_model.spectral_model.norm.value:.2f}"
    )
    # The resulting dataset cutout is stacked onto the final one
    stacked.stack(dataset)

Reduce data go from detector to sky coordinates and bundle
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choose a sky 
geometry and 

bin/project the 
events and IRFs


