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The Compton Spectrometer and Imager (COSI) is a selected Small Explorer (SMEX) mission
launching in 2027. It consists of a large field-of-view Compton telescope that will probe with
increased sensitivity the under-explored MeV gamma-ray sky (0.2-5 MeV). We will present the
current status of cosipy, a Python library that will perform spectral and polarization fits, image
deconvolution, and all high-level analysis tasks required by COSI’s broad science goals: uncover-
ing the origin of the Galactic positrons, mapping the sites of Galactic nucleosynthesis, improving
our models of the jet and emission mechanism of gamma-ray bursts (GRBs) and active galactic
nuclei (AGNSs), and detecting and localizing gravitational wave and neutrino sources. The cosipy
library builds on the experience gained during the COSI balloon campaigns and will bring the
analysis of data in the Compton regime to a modern open-source likelihood-based code, capable
of performing coherent joint fits with other instruments using the Multi-Mission Maximum Like-
lihood framework (3ML). In this contribution, we will also discuss our plans to receive feedback
from the community by having yearly software releases accompanied by publicly-available data
challenges.
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1. Overview

The Compton Spectrometer and Imager (COSI)[1] is a compact Compton telescope sensitive
to gamma rays between 200 keV and 5 MeV. COSl is a survey instrument with a large field of view
—> 7 st— excellent energy resolution —<1.2% (<0.07%) at 511 keV (1.157 MeV)— capable of
imaging with a good angular resolution — < 4.1°(< 2.1°) at 511 keV (1.809 MeV)- and performing
polarization measurements. COSI will reduce the so-called “MeV gap”, the low-energy part of the
gamma-ray spectrum that despite its great scientific potential is currently under explored. COSI
will uncover the origin of the Galactic positrons, advance our understanding of how the elements
were formed, and probe the physics of extreme environments and multi-messenger sources.

The COSI team is currently developing cosipy, a Python library that will be capable of per-
forming all the high-level task expected for COSI: imaging, spectral analysis and polarimetry. On
this contribution we first introduce, in Section 2, the basic principles of Compton data analysis.
This is then followed by the design of cosipy and its current status. We also include our plans for
the gradual improvement of cosipy and public data challenges, leading up to the expected launch of
COSI in 2027.

2. Compton data analysis

In the MeV regime photons interact with the detector predominantly through Compton scat-
tering. As shown in Fig. 1, the incoming photon results in a series of energy deposits in the
detector until it is finally absorbed due to the photoelectric effect. Compact telescope like COSI
cannot resolve the order of the interactions based on their timing, and therefore it must be derived
based on the kinematics of Compton scattering. Once this is determined, the scattering angle ¢ and
direction (I’,b”) of the outgoing photon in the first interaction define a circle in the sky that contains
the direction of the incoming photon (I,b). The set of parameters {¢, I’, b’} is usually called the
Compton data space (CDS). Although the following interactions also contain useful information,
the CDS is the minimum information needed to perform imaging and polarimetry.

Since the radius of the Compton circle is fully constrained by the scattering angle ¢, the
combination over all possible values of ¢ define a cone in the three-dimensional CDS. The walls
of this cones are broaden due to instrumental effects, such as the unknown kinetic energy of the
electron that participated in the first interaction, the finite energy resolution, missed interactions due
to the detection threshold, etc. The distribution of the broaden Compton cone is the point spread
function (PSF) of the instrument, as shown in Fig. 2.

A source can be localized by combining the information from multiple events, as shown in Fig
3. The imaging of the sky involves multiple sources and backgrounds events, not shown in Fig. 3a,
that require the use of complex deconvolution algorithms. All these calculations are performed in
the CDS where the Compton cones for each source can be distinguished, as exemplified in Fig. 3b.

Polarimetry is possible thanks to the azimuthal dependence of Compton scattering in response
to a linearly polarized source. As shown in Fig. 4, the distribution of events in the Compton cone
is modulated by the polarization angle —determining the phase— and the polarization fraction
—proportional to the modulation factor.
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Figure 1: COSI measures the location and the energy deposited by the different interactions of a gamma ray
with the detector. During reconstruction, this path is deduced based on the kinematics of Compton scattering,
constraining the direction of the incoming photon to a circle in the sky, centered in the direction of the first

scattered gamma ray (I’,b’) and with a radius equal to the scatting angle of the first interaction ¢.
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Figure 2: Different slices of a simplified point spread function (PSF) in the Compton data space (CDS).
The PSF was sliced along the ¢-axis (scattering angle) and shown in an ortographic projection of the sphere
describing the direction of the outgoing scattered photon. The red dot shows the true location of the incoming

photon.
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Figure 3: (a) A simplified example demonstrating the localization of a source (red dot) based on three
detected events (white crosses, with Compton circles shown with dashed lines). (b,c) Events produced by

two sources (s and sp) distributed in the Compton Data Space (CDS). Views from the top (b) and side (c)
By keeping track of the scattered angle ¢ the cones can be discriminated and the image deconvolved.
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Figure 4: Left: simplified point spread function (PSF) for a linearly polarized sources. Right: projection
onto the azimuth angle. The ratio between the black dotted lines is proportional to the polarization fraction.
The phase is determined by the polarization angle (PA).

3. The cosipy library

Although the basic principles of Compton data analysis can be applied to approximate the
spectrum, location and polarization of source, real data presents significantly more challenges. The
large number of events, high and variable backgrounds, instrument artifacts, and the continuous
rotation of the spacecraft, all call for a more complex and robust high-analysis software. The time-
dependent spectra and polarization, and correlations between energy, polarization and direction,
also complicate the analysis.

The cosipy library is a component of a series of software packages called cositools, and the
last step of the COSI calibration and analysis pipeline, shown in 5. It builds upon the development
during the COSI balloon campaigns. For a full description of the calibration and pipelines see
[2, 3].

3.1 Current design and status

The cosipy library follows a likelihood-based approach. It uses a forward folding technique
to compare the expected measurements to the data —energy E,,, scattering angle ¢, and outgoing
photon direction (I’,b”), which together we will call the data space Q— given a sky model
hypothesis —i.e. a distribution of sources, each with a given spectrum. The relationship between
the expected measurements and physical photon parameters — incoming direction (/, b), energy
E; and polarization angle PA, which we will call the photon parameter space A— is handled by the
detector response, and encoded in a a multi-dimensional matrix.

The likelihood can be written as:
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Figure 5: The cosipy library will perform the High-level Data Analysis tasks. It is the last step of a series
of software packages that compose the COSI calibration and analysis pipeline.

log £ (s,b) = Z log P (nj|4;) (1)

AQ;

2 (s,b) = / / Aet (A) P (QIA) F(s, A)dA + Bkg(b) | dQ,

i

where s and b are the signal and background parameters to fit; P(n|1) is the Poisson probability
distribution; the term A (A) P (Q|A) is the detector response, equal to the effective area times the
probability of a detected event with physical parameters A to have the measured parameters ; and
F is the flux for a given location in the sky at a given energy and polarization.
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Figure 6: Results from an early version of cosipy. (a) Simulated binned data, using a coarse grid, showing
the location of a source (red dot) and the Compton circle. (b) Deconvolved image of the source using the
Richardson-Lucy algorithm. (c) Fitted spectrum of the source using the 3ML framework.

The detector response is obtained from event by event Monte Carlo simulations using MEGALib
[4]. All passive and active components are carefully modeled, and the detector effects simulated,
in order to match benchmark calibration measurements.

The cosipy library is compatible with the Multi-Mission Maximum Likelihood framework
(3ML) [5] which provides a common interface between multiple instruments. This is achieved by
the use of plugins that receive a source model in a common format, and output the corresponding
likelihood. This allows us to gain access to the maximum likelihood and Bayesian algorithms
provided by 3ML in order to do spectral and polarization analysis.

Imaging deconvolution can also be performed by maximizing the likelihood in Eq. 1 over
multiple hypothetical sources in a grid fully covering the sky. Due to the high dimensionality of the
problem we use the Richardson-Lucy algorithm [6, 7] which consists of an interactive method that
converges to the maximum likelihood solution.

We have preliminary versions of the detectors response handling, likelihood calculation, imag-
ing and spectral analysis. Selected results are shown in Fig. 6. During these early stages of
development we are using a simplified detector response and coarse binning in order to test and
profile the code. Currently we are working on optimizing the CPU and memory usage such that the
computation can scale well to requirements of the flight version.

3.2 Data challenges and future plans

We will progressively add new capabilities and improvements to cosipy, leading up to the
launch of COSI in 2027. Starting in 2024, we will organize public data challenges with a yearly
cadence, consisting of simulated data sets for sources and science topics of interest. This will build
upon the COSI balloon data challenge released in 2023 [8]. We want to obtain feedback from the
community to find issues and identify missing features required to satisfy all COSI science goals
as well as to expand its portfolio.

Some of the plans for the upcoming releases include:

» Simultaneous location, spectral and polarization fits.

* Time-dependent polarization analysis.
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* Implementation of alternative imaging deconvolution algorithms, such as Multiresolution
Regularized Expectation Maximization, and machine-learning-based image creation.

4. Conclusion

The cosipy library will perform all high-level analysis tasks to satisfy the scientific goals of
the COSI mission, an MeV gamma-ray telescope launching in 2027. Currently under development,
cosipy follows a modern likelihood-based approach, is open source, and compatible with the Multi-
Mission Maximum Likelihood framework (3ML). Starting in 2024, we will make yearly releases
accompanied by a public data challenge in order to obtain feedback from the community.
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