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Introduction




The importance of a common language / format

> Different philosophies, same language.
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| we can detect
the Cherenkov
| light from an
| EM cascade
started by a
hitting the at-
mosphere
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with an orbiting
satellite
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The importance of a common language / format

> Neither data format nor software shared by gamma-ray instruments;
> current perspective, two setbacks:

~—7  combination of data from different experiments needs custom
expansions of proprietary analysis software;
—  release of public legacy data needs release of analysis software;

> forward perspective, a challenge:

—7  operation of CTA as an observatory poses VHE community the
problem of producing public data and analysis tools.

P
S reproducite sl

Cosimo Nigro 4 /23



A common gamma-ray format

> Community effort already started at
Data formats for gamma-ray astronomy forum
http://gamma-astro-data-formats.readthedocs.io;

= which level to unify?

[ IACT data level | description | reduction factor |
DLO raw output of DAQ
DL1 calibrated quantities (charge, arrival time) 1-02
DL2 reconstructed shower parameters 1071

DL4 10_!

science data products: spectra, LC, skymaps
DL5 observatory data: surveys, catalogues 1073-10°

= space-borne instrument data (e.g. Fermi-LAT) can be embedded in
this scheme;

= files stored in FITS format (a 30-year standard in astronomy).
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http://gamma-astro-data-formats.readthedocs.io

DL3 = Event Lists + IRF

fv: Summary of run_05029747_DL3.fits in fhome/cosimo/work/magic_dL3_joint-crab/c

File Edit Tools Help
Index Extension Type Dimension Yiew
Mo Frimary Image 0 Header Inage |
w1 Binary 5 cols & 6310 rouws Header Mm
2 GTI s \\~Binar9 2 cols ¥ 1 rows [ Mm
3 EFFECTIVE AREA B‘inau;u 5 cols ¥ 1 rows Header M m
| [l ENERGY DISPERSION Binarg‘\ 7 cols ¥ 1 rows ek Mm

\
fv: Binary Table of run_05029747_DL3 fits[1] in{home,‘cnsimofwork,‘ma gic_dl3_joint-cr...

File Edit Tools Help :]
MEVENT_ID MTIHE L [:) M DEC M ENERGY
Select 1K in 1E 1E 1E
WAl = deg deg TeV
Trvert Hodify Modify Modify Modify Modify
1 42 | 3.3E77O8495267E+08 | 4,442146E+02 | 2,244914E+01 | 8,387394E-02
2 E7 | 3.3Z77O8496132E+08 | 4,436247E+02 | 2,272573E+01 | 1,089692E-01
3 80 | 2.22F722459E690E+08 | 4,437696E+02 | 2,245101E+01 | 1,973350E-01
4 116 | 3.337788457770E+00 | 4.437152E+02 | 2.188512E+01 | 1.002094E+00
5 179 | 3.33778B459826E+08 | 4.436414E+02 | 2, 20413PF+01 | 1,031663E-01
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DL3 = Event Lists + IRF

> Instrument Response Function (IRF) quantifies performances,
transform estimated (E, P) to true (E, P) observables.

Do T omer 00 e > Full-enclosure IRF:
. s00000| — 22::: ;; g:g — account for the dependency of
E the response across the FoV;
& 4000007 —  current format: P = offset from
%300000' camera center.

2000003 > Components:

1000007 ~—7  point spread function;

03 o e o — energy dispersion;
ElTev —  effective area.

> Analysis of any source in the Field of View.



DL3 = Event Lists + IRF

~ Instrument Response Function (IRF) quantifies performances,
transform estimated (E, P) to true (E, P) observables.

150000 — offset = 0.3 deg > T i

— offset = 0.6 deg Point-like IRF:
1250009 — offset = 1.0 deg — account for the response at the
1000004 — offset = 1.3 deg

same position (offset) as the
observations;
~—7 P dependency removed.

75000 -

Aci(E)/m?

50000

> Components:
25000

~7  no point spread function,
07 N . .
T T T T energy dispersion;
102 1071 100 10t .
E/Tev —  effective area.

> Analysis of source at fixed position (offset) in the FoV.
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The joint-crab effort
arXiv: 1903.06621



https://arxiv.org/abs/1903.06621

Objectives

> Using this preliminary DL3 format, we perform the first
fully-reproducible multi-instrument gamma-ray analysis;

> relying on open-source software: gammapy;

~  combining data from Fermi-LAT, and the four existing IACTs, to
produce a joint fit of the Crab Nebula spectrum;

= online material (data and scripts):
https://github.com/open-gamma-ray-astro/joint-crab/;

~  DISCLAIMER: the purpose of this project is to show a method, not
to provide a new measurement of the Crab Nebula spectrum.
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https://github.com/open-gamma-ray-astro/joint-crab/

Datasets

~  Fermi-LAT data freely available, IRF computed with the science
tools and made DL3-compliant with gammapy;

~  small samples of DL3 data released by IACT collaboration for this
project, FACT! and H.E.S.S.? datasets already available to the

public;

[ Dataset [ time | obs. mode | Ewin / TeV [ Emax / TeV |
Fermi-LAT | ~ 7 years | sky survey 0.03 2
MAGIC 40 mins pointing 0.08 30
VERITAS 40 mins pointing 0.15 30
FACT 10 hours | pointing 0.40 30
H.E.S.S. 3 hours pointing 0.50 30

> notebook to explore data: 1_data.ipynb.

Lhttps://fact-project.org/data/
2https://www.mpi-hd.mpg.de/hfm /HESS/pages/dI3-dr1/
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https://github.com/open-gamma-ray-astro/joint-crab/blob/master/1_data.ipynb
https://fact-project.org/data/
https://www.mpi-hd.mpg.de/hfm/HESS/pages/dl3-dr1/

Likelihood Analysis

> Energy spectrum %(E; M) estimated with a binned maximum
likelihood method, ng bins in estimated energy;

> data of the likelihood are counts in a signal (N,,) and background
(Nog) sky regions, Poissonly distributed:

Ninstr

ﬁ(A|D)=H Li(N{ N ijies Nott ik Fj=1,...nmunsik=1,....n2) s

i=1

”
[T725° TTE, Pois(giic(A)+ by Nox i) x Pois(bji / cvji Not )

gk 92 folded with IRF;

~7  bjj: nuisance parameter, fixed at 9L /0bj = 0;

~—7  mathematical formulation in Appendix A of Piron et al. 2001,
> ajoint point-like analysis is performed, Fermi-LAT and H.E.S.S.

IRFs are reduced to a point-like format.
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https://ui.adsabs.harvard.edu/#abs/2001ICRC....7.2601P

Likelihood analysis

[ Fermi-LAT
60 - 1 MAGIC
1 VERITAS
9 507 1 FACT
c
3 40+
o
? 304
[0}
o
X
w 20-.
10
0-. —
T Ty T Tororrrr Ty
10-2 1071 10° 10! 102
E/Tev
> Source counts, Ngy = Ny, — alNog, per instrument;

~7 «a: ON to OFF exposure ratios;

ON: circular sky regions containing the source;

OFF: circular or ring region (free of VHE emitters) estimating the
background photons to be subtracted;

~  see Berge et al. 2007.
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https://ui.adsabs.harvard.edu/#abs/2007A&A...466.1219B

Likelihood analysis

10710 4

= E

w

b

£

g 10-114 e Meyer et al. (2010)

o 1 --- Fermi-LAT

o 1 --- MAGIC

2 1 -=- VERITAS

o L |~ FACT

1079 . HESS.
1 — joint fit
T T ML | AL | oY
1072 10-1 10° 101 102

E/TeV

> Fitted spectra for log-parabolic assumed spectral model:

—M—pBlogy, (E%)
d¢ o ( E> .

dE~°\E
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Likelihood analysis

0.91
—— Fermi-LAT
0.61 —— MAGIC
—— VERITAS
e —— FACT
0.31 —— H.ES.S.
—— joint fit
0.0
3 2 5 3 4 5
$o/(107 1 Tev-tem™2s71) ¢0/(107 11 Tev-tcm~2571)

> Likelihood contours with 68% probability content for the
log-parabola parameters (individual instruments and joint fit);

~  notebook to explore results: 2_results.ipynb.
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https://github.com/open-gamma-ray-astro/joint-crab/blob/master/2_results.ipynb

Approaches to systematics evaluation

> ldentify main sources and study how their variation distort a spectral
measurement (Aharonian et al. 2006, Aleksic et al. 2016):

—  consider impact on flux normalization, spectral index and energy
scale estimation;
—  results in an additional uncertainty term, ¢o £ 0 ¢, stat. £ Top,syst. -

> Incorporate uncertainties in the likelihood (as Dickinson et al. 2013
for background subtraction uncertainty):

~7  results in a global stat + syst. uncertainty term, ¢o &£ 04 stat. + syst. -
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https://ui.adsabs.harvard.edu/#abs/2006A&A...457..899A
https://ui.adsabs.harvard.edu/#abs/2016APh....72...76A
https://ui.adsabs.harvard.edu/#abs/2013APh....41...17D

= E

Modified Likelihood
~  Example of how to include the systematic uncertainties on the
energy scale of the different instruments (following Dembinski et al.
-1

2017):
%
modified assumed spectrum E:
E ' E/(1+z,-))
/(1+z) ) ( 1 )
1+ z

—
d¢  depdE
**_‘Z"’( Eo

constant energy bias per instrument z;
dE ~ dE 4E
> global likelihood function extended with the distributions of the z;:
2
1

) —I+Blogyg (

ﬁ(A|D) = "ﬁr ﬁ,‘(A|D,‘) X N(Z/; O, ) );

i=1
z; fitted with the other spectral parameters;
constrained with §; = systematic uncertainty on the energy scale

_>

%
estimated by each instrument.
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https://ui.adsabs.harvard.edu/#abs/2017ICRC...35..533D
https://ui.adsabs.harvard.edu/#abs/2017ICRC...35..533D

Modified likelihood

2.9 0.91 0.9
joint fit
2.6 0.6 0.6 stat. only
_ G&5> joint fit
e “"‘ ~— stat. + syst.
2.34 0.3 0.3 instr. fit
@> @ stat. only
2.0 0.0 0.0
3 4 5 3 7 s 20 23 26 29
$o/ (1071 Tev-tem=2s71) $0/(10" 1 Tev-1cm~2s71) r

> Likelihood contours with 68% probability content incorporating stat.
and syst. uncertainties;

~  notebook to reproduce fit with systematics: 3_systematics.ipynb.
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https://github.com/open-gamma-ray-astro/joint-crab/blob/master/3_systematics.ipynb

Using a theoretical model

> An analytical function is not the only possibility to perform a
likelihood fit, any theoretical model can be used for Z—g.

> Typically theoretical models are not plugged in the likelihood
estimation but fitted to spectral points:
—7  often not unfolded (i.e. in Ecs), and limited in cases where the

energy dispersion plays a major role.

> Releasing the results of the data reduction (i.e. ON + OFF
distributions and IRF) would allow successive likelihood fit with any
arbitrary theoretical model;

> example with naima radiative model: 4_naima.ipynb.
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https://github.com/open-gamma-ray-astro/joint-crab/blob/master/4_naima.ipynb

How is reproducibility achieved?

> Short-term:

— all the code will be publicly available in GitHub
https://github.com/open-gamma-ray-astro/joint-crab;

—7  the size of the data is ~ MB, can be provided along with the code;

~—7  packages managed via anaconda environment.

=~ Medium-term:

—7> it may happen that the conda virtual environment is not enough to
guarantee reproducibility (software not anymore mantained), a
joint-crab Docker container is provided.

> Long-term:

~—7  on-line material available on Zenodo,
DOI: 10.5281/zenodo.2381863.
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https://github.com/open-gamma-ray-astro/joint-crab
https://hub.docker.com/r/gammapy/joint-crab
https://zenodo.org/record/2381863#.XI9H6YXTXeQ

Wrap-up and prospects




Status

With the current DL3 data only joint point-like analysis can be
performed (among IACTs, only H.E.S.S. released full-enclosure IRF
for this project);

see Gernot, Lars and Lea’s talk for an update of the DL3 converter
status in VERITAS, H.E.S.S. and MAGIC;

the format itself needs to be extended: expressing the P dependency
as a radial offset is not enough for experiments with non-symmetric
camera acceptances (e.g. MAGIC).
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An open gamma-ray science

> What can our community achieve?

~  An approach to gamma-ray science, summarized by three essential
concepts: common data format, open-source software and
reproducible results, the first being the cornerstone of the last two.

~  With the joint-crab example we illustrate this approach is
already within our reach!

~ A key asset for future gamma-ray instruments like CTA that will be
operated as an open observatory and share its data with a wide
astronomical community.
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