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Gamma-ray line observations with ~10x better sensitivity
2

SPI / INTEGRAL (Bouchet +10)

Nuclear gamma-ray lines 
✦ First all-sky image of Fe-60 
✦ Al-26 image with x10 improved 

sensitivity than COMPTEL 
✦ Search for Ti-44 sources                    

(Cas A, Tycho, SN1897A, etc.)

511 keV line (positron annihilation) 
✦ 511 keV image of the bulge and disk 
✦ The disk scale-height measurement 
✦ Line/continuum spectroscopy,                                           

e.g., red/blue shift, o-Ps continuum emission 

Figure 2: The Radioactive Milky Way. The images are COSI simulations for the entire Galactic plane
(l = ±180� and b = ±15�). The simulated positron map is based on the bulge measured by INTEGRAL/SPI
and the 240µm map as a tracer for the disk. The 26Al (1.809 MeV) and 60Fe (1.173/1.333 MeV) maps
also use the 240µm map and fluxes consistent with measurements by COMPTEL and SPI. In contrast to the
⇠Myr half lives of 26Al and 60Fe, the short, 60 yr 44Ti (1.157 MeV) half-life traces recent supernova events.

of this anti-matter component of our Milky Way.
The Astro2020 WP entitled, “Positron Annihilation in the Galaxy,” by Kierans et al. (2019)

focuses on the positron science that can be addressed with a sensitive wide FoV imager in the MeV
band with excellent energy resolution. The specific science goals discussed include: determining
whether the 511 keV emission is truly diffuse or whether there are individual sources; constraining
the positron propagation distance by comparing the 26Al (1.809 MeV) distribution as well as other
source distributions (e.g., pulsars) to the 511 keV distribution; probing the conditions in different
regions of the Galaxy where positron annihilation occurs; and measuring or placing limits on
the injection energy of positrons into the ISM from measurement of the MeV continuum due to
annihilation in flight. This will constrain the mass of a possible contributing dark matter particle,
as well as the contributions of black holes and pulsars.

COSI’s capabilities (see Table 1) are well-matched to these goals. The excellent spectral res-
olution provides a leap in sensitivity and also allows for measurements of emission line shapes
(e.g., width of the 511 keV line components, Doppler shifts of 44Ti). The angular resolution will
allow for a sensitive search for point sources and will also easily distinguish between a disk scale
height of 3� and >9�. In addition to constraints on positron propagation, COSI’s measurements at
511 keV and 1.809 MeV will allow us to determine what fraction of the positrons are accounted
for by 26Al decay.

2.2 Revealing Element Formation
The MeV bandpass includes several nuclear emission lines that probe different physical processes
in our Galaxy and beyond. Long-lived isotopes such as 26Al (1.809 MeV line) and 60Fe (1.173 and
1.333 MeV lines), predominantly produced in SNe, provide information about the galaxy-wide star
formation history, integrated over the past million years. To first order, images of the Galaxy at

3

Fundamental physics: MeV dark matter search  (e.g., Yu Watanabe’s phD thesis)
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Approaches of image analysis
3

Image Deconvolution = Non-parametric approach  
✦ Estimate gamma-ray flux on each pixel 

Extended Model Fitting = Parametric approach 
✦ Fit the data with a spatial model 

✦ e.g. 2d gaussian disk 

 

In either case, we find a parameter set that maximize a 
defined statistics, e.g., likelihood
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Fig. 1 Full-sky maps at
different wavelengths and
emission processes compared to
a maximum likelihood solution
from INTEGRAL/SPI data at
511 keV (Siegert et al. 2016b)

the bulge as the Galactic disk. Certainly, e+s at the MeV
scale are produced inside the Galactic disk (Sect. 2.2), but
how far they propagate, where they finally annihilate, and
at what rate is a matter of debate (see also the works by
Prantzos (2006) and Higdon et al. (2009) for more details
about a possible scenario to channel e+s from the disk to
the bulge).

The central map in Fig. 1 shows a maximum likeli-
hood fit to the raw SPI count data, requiring four compo-
nents: a disk, and three components to describe the bulge,
including a point-like source coincident with the Galactic
centre. Note that the angular resolution of SPI is 2.7◦, so
that this point source encompasses about 400 pc in diam-
eter – reminiscent of the entire Central Molecular Zone.
The bulge component also shows an asymmetry, peaking
around l = −1◦, which is consistently found in differ-
ent analyses with different states of accumulated exposure
(Weidenspointner et al. 2006; Bouchet et al. 2010; Skin-
ner et al. 2014; Siegert et al. 2016b, 2022c). Structured,
i.e. more granular images from reconstruction algorithms
show a similar trend of where the flux is enhanced, and
could reveal details if were it not for the strong instrumen-
tal background in MeV telescopes. While the basic struc-
ture is also found with Richardson-Lucy (Knoedlseder et al.
2005), Maximum Likelihood (Bouchet et al. 2010), or Max-
imum Entropy (Siegert 2017) deconvolutions, image arte-
facts naturally emerge from the finite number of photons
detected and to be distributed over a large number of pix-
els. High-resolution spectroscopy of the 511 keV line for
the bulge and disk components suggests that the annihilation
of e+s occurs dominantly in the interstellar medium (ISM),
which would partly explain the ‘diffuse’ nature of the im-
age.

1.2 Positron annihilation spectroscopy

Previous works (e.g., Churazov et al. 2005, 2011; Jean et al.
2006; Guessoum et al. 2005, 2010; Siegert et al. 2016b) con-
sistently find that, assuming e+s annihilate in the ISM, the
temperature and ionisation state of the gas in which they
are annihilating is 7000–40000 K and 2–25%, respectively.
The dominant annihilation process is then charge exchange
with neutral and moderately warm gas. Charge exchange,
for example with hydrogen, is only possible if the e+s have
a kinetic energy of at least 6.8 eV (binding energy of H mi-
nus the binding energy of Ps), which would correspond to
an ISM temperature of 80000 K. If e+s reach the temper-
ature of the ISM, they ‘thermalise’, i.e. they are relaxing
their kinetic energies to that of a Maxwellian distribution,
so that the energy thresholds can be overcome only in the
tail of the distribution. One model that fits the narrow and
broad 511 keV line in the Milky Way is described as 49%
annihilation in the warm neutral phase and 51% in the warm
ionised phase (Jean et al. 2006): In the ionised phase, e+s
annihilate after thermalisation by the formation of Ps via ra-
diative recombination with free e−s (no energy threshold),
and to a lesser extent direct annihilation with e−s, forming
a ∼ 1 keV broad line (FWHM), without any Ps formation
in flight. In the warm phase, most e+s form Ps in flight, re-
sulting in a ! 6 keV broad line, and a small percentage ther-
malises, again forming Ps, now with a narrow ∼ 1 keV line.
The total Ps fraction,

fPs = 8r32

9 + 6r32
, (1)

with r32 = FoPs/F511 being the flux ratio between the ortho-
Ps continuum and the 511 keV line, describes the fraction
of e+s that undergo the formation of Ps (e.g., Leventhal

Data ↔ Response × Model + Background

3 Gaussians + a point source
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COSI tools: Data analysis and simulation
4 / 29

COSI tools: Data analysis and simulation

MEGAlib: (Medium Energy Gamma-ray Astronomy library) 
✦ For raw-level data analysis and simulation 

✦ Detector simulation, calibration 
✦ Event identification and reconstruction 
✦ Response generation

6

COSI: From Calibrations and Observations to All-sky Images 9

Figure 4. The COSI data flow and data products from measurements, calibrations, and simulations to the final science results.

COSIpy 
✦ For high-level data analysis 
✦ python-based 
✦ Most of users will start with COSIpy 

✦ Spectral analysis 
✦ Image deconvolution, fitting 
✦ Polarization analysis (to be implemented) 
✦ Source localization etc.

Zogulauer+21
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Model Fitting (spectral / spatial / polarization fitting)
5/ 10

Model Fitting (spectral / spatial / polarization fitting) 
Parametric approach (with regards to imaging) 

✦ Fitting the data with a spatial model 
     e.g. 2d Gaussian disk, physical model (galprop model, CO map) 

✦ Less parameters but strong assumptions on the spatial distribution 

Fitting with the Multi-Mission Maximum Likelihood framework (3ML) 
✦ Multi-wavelength/multi-messenger analysis framework (with X-rays, Fermi, neutrino, etc.) 
✦ We fit multiple point/extended sources simultaneously 
✦ We can use customizable models (astromodels)

7

https://github.com/cositools/cosipy/blob/main/docs/tutorials/
spectral_fits/extended_source_fit/diffuse_511_spectral_fit.ipynb

https://github.com/cositools/cosipy/blob/main/docs/tutorials/spectral_fits/extended_source_fit/diffuse_511_spectral_fit.ipynb
https://github.com/cositools/cosipy/blob/main/docs/tutorials/spectral_fits/extended_source_fit/diffuse_511_spectral_fit.ipynb
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Image Deconvolution with Richardson-Lucy algorithm
6

Non-parametric approach 
✦ Flux pixel-by-pixel/energy-bin-by-bin 
✦ Less assumption on the spatial distribution 
✦ More parameters (= the number of pixels) 

Richardson-Lucy algorithm 
✦ reconstruct the image iteratively and maximize the likelihood function 
✦ derived from the EM algorithm with Poisson distribution

16 Siegert et al.

Figure 11. Iteration 26 of our modified version of the
Richardson-Lucy deconvolution algorithm, Eq. (9), together
with the exposure regions, including 0% (black contours),
25% (purple), 50% (red), and more than 75% (white) with
respect to the maximum exposure. Iteration 26 represents
the case at which the likelihood ratio function (with respect
to a background-only fit) shows the largest positive curvature
(cf. Fig. 10), typically chosen as the best trade-o↵ between
granularity of the map and likelihood, with a total integrated
511 keV flux of 2.1 ⇥ 10�3 ph cm�2 s�1. See text for further
discussion.

A third modification to the Richardson-Lucy algo-
rithm is provided in this work by allowing the back-
ground to vary between iterations: A fixed background
model expectation, ✏BG

i , for example from an acceptable
maximum likelihood fit using a first-order sky model,
will result in a reconstruction that strongly depends
on this first image and the resulting total number of
background photons in each data space bin. Conse-
quently, the reconstruction will be a distortion of the
best-fit maximum likelihood solution image, and intro-
duces some granularity, but which may just be ‘filling
the residuals’ with sky emission. Such an approach is
naturally flawed because only specific data space bins
may be re-populated due to the forward application of
the response, as the background is fixed. This is equiva-
lent to subtracting a background model, and neglecting
to consider that this model also carries its own uncer-
tainties. In our modified algorithm, we re-determine the
25 background re-scaling parameters, �k

b , in each iter-
ation, together with the acceleration parameter �k, so
that the updated image is built from how much back-
ground is required to explain the data - and not assum-
ing it in the first place.
Finally, our full modified Richardson-Lucy deconvolu-

tion version is written

Mk+1
j = Mk

j + �k
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X

b2B̂

�k
b R̂

BG
i , (9)

where R̂BG
i is the best-fit background model response

from Sec. 3.3.2, together with set B̂, containing the 25
required time intervals to guarantee an adequate fit.

4.1.2. Images

The general problem with any such iterative proce-
dure is to find when to stop the algorithm, or determine
which image to pick as best representing the data. In
fact, there are no definite answers to these questions, as
also each solution is in itself uncertain and just repre-
sents one realisation of the set of parameters. We use the
gradient of the shape of the test statistics,

p
�2� lnL ,

between the current image proposal and a background-
only description (iteration 0) to identify plausible iter-
ations that describe the COSI 511 keV data adequately
(see Fig. 10). In the case of priors that set the corre-
lations lengths of the pixels, for example, to regularise
the frequency of noise in the Poisson count dominated
data, Allain & Roques (2006) used a trade-o↵ between
the likelihood and the prior to extract an adequate so-
lution (‘L-curve’). Our regularisation is approximately
given by the Gaussian smoothing kernel and thus con-
stant. This means the inflection points of the likelihood
function alone provide a first-order criterion. We find
that iteration 24 is the first inflection point, followed
by iteration 26 showing the largest positive curvature.
Another inflection point is found at iteration 28, and
the last largest positive curvature until convergence to
the maximum likelihood (noise-dominated) solution at
iteration 33 (see Fig. 10).
Thus, iteration 26 provides a map with a compro-

mise between noise and granularity. We show itera-
tion 26 of the modified Richardson-Lucy algorithm in
Fig. 11. Clearly, there is emission around the centre
of the Galaxy which is also found to be uncorrelated
with the exposure map (contours). This is reassuring
that the algorithm works as expected. We note that be-
yond iteration 33, the low-frequency noise takes over and
can enhance individual emission features, especially in
regions with . 25% of exposure. Between iterations
24 and 33, the total 511 keV flux varies between 1.1
and 5.1 ⇥ 10�3 ph cm�2 s�1, with iteration 26 showing

ϵi = ∑
j

Rijλold
j + bi λnew

j =
λold

j

∑i Rij ∑
i

Di

ϵi
Rij

511 keV map from the COSI ballon flight (Siegert+20)
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Image Deconvolution with 3-month Crab+background data
7

Spectral and spatial reconstruction with optimizing ~104 parameters

511 keV imaging: https://github.com/cositools/cosipy/tree/main/docs/tutorials/
image_deconvolution/511keV/GalacticCDS

https://github.com/cositools/cosipy/tree/main/docs/tutorials/image_deconvolution/511keV/GalacticCDS
https://github.com/cositools/cosipy/tree/main/docs/tutorials/image_deconvolution/511keV/GalacticCDS


Model (←histpy.Histogram) 
(base class: ModelBase) 

It defines the model to be reconstructed

DataInterface 
(base class: 

ImageDeconvolutionDataInterface) 

It defines the data, backgrounds, how to 
calculate expected counts etc.

DeconvolutionAlgorithm 
(base class: DeconvolutionAlgorithmBase) 

It defines the image reconstruction 
algorithms (Richardson-Lucy, MREM etc.)

ImageDeconvolution 
It performs the image deconvolution 

by using the following three classes

PR#188
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It defines the data, backgrounds, how to 
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DeconvolutionAlgorithm 
(base class: DeconvolutionAlgorithmBase) 

It defines the image reconstruction 
algorithms (Richardson-Lucy, MREM etc.)

ImageDeconvolution 
It performs the image deconvolution 
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PR#188

→ 3D imaging by Hugh Bates

Parallel computation by Anaya
↑

MAP RL by HY
↑
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Image deconvolution with Maximum a posteriori (MAP) estimation
10

Imaging of the black hole shadow with EHT 
✦ They minimize (Chi-square) + (Regularization terms) 
✦ Regularization terms includes  

✦ Sparseness: L1 norm 
✦ Smoothness: Total Squared Variation, Total Variation 
✦ Flatness: Entropy 
✦ Absolute value: Total flux

Applying the MAP estimation to COSI data analysis 
✦ We minimize (Log-likelihood) + (Regularization terms) 
✦ The optimization is performed with Richardson-Lucy algorithm 
✦ Choose a regularization term applicable to Poisson data, e.g., L1 norm cannot work well
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Applying the MAP RL to COSI 3-month simulation data
11

✦ Simulating the 3-month COSI observations 
✦ Used the thin disk model dataset 
✦ Used all of the background simulations 

✦ Using the modified Richardson-Lucy algorithm, 
we maximize the following posterior probability 

 ∑
i

Di log ϵi − ∑
i

ϵi

−cTSV ∑
j

∑
k∈σj

(λj − λk)2 − cSP ∑
j

log λj

←log-likelihood

↑sparseness↑smoothness



/ 24

Comparison of MAP image with the conventional RL
12
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Other things completed or in progress
Implemented a class to handle an extended source response (pre-computed response in Gal. coord) 

✦ https://github.com/cositools/cosipy/pull/223 
✦ A functionality to generate an extended source response from a full detector response is under 

review: https://github.com/cositools/cosipy/pull/284 
✦ The source injector for an extended source can be implemented based on this.  
✦ Krishna is working on it.

13

ExtendedSourceResponse

astromodels.ExtendedSource histpy.Histogram (2d, lb + Ei)

Expected Counts in CDS as histpy.HistogramExpected Counts in CDS as histpy.Histogram

get_expectation_from_astromodel get_expectation

https://github.com/cositools/cosipy/pull/223
https://github.com/cositools/cosipy/pull/284
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Other things completed or in progress

Improving computational performance  
✦ Convolving the extended source response with the image includes large matrix 

calculation 
✦ 24 GB for the continuum (10 energy bands, 7 deg.), 4 GB for the line (3 deg.) 

Testing several approaches 
✦ Choosing an optimal function for the numpy calculation (np.tensordot) 
✦ Testing a GPU calculation (with the CuPY library), resulting in x50 faster speed 
✦ Testing parallel calculation (with openMPI), lead by Anaya Valluvan in UCSD 

✦ https://github.com/cositools/cosipy/pull/274 
✦ Optimizing the code by Washington University people (Jeremy Buhler, Augustus Thomas) 

✦ https://github.com/cositools/cosipy/pull/255 

These two things will be directly related with how we describe the response function

14

https://github.com/cositools/cosipy/pull/274
https://github.com/cositools/cosipy/pull/255
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Other things completed or in progress

Implemented a (alpha-version) class to estimate a background model from Savitri’s simulation 
data 

✦ Line background generator by Saurabh, HY 
✦ https://github.com/cositools/cosipy/pull/252 

✦ Continuum background generator by Chris Karwin 
✦ https://github.com/cositools/cosipy/pull/235

15

https://github.com/cositools/cosipy/pull/252
https://github.com/cositools/cosipy/pull/235


Future (small and big) potential projects
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Challenges

How to handle response and data 
✦ O(100) GB for <1 deg. resol.→ parallel computation, better response descriptions, NN 
✦ Considering the earth occultation, data should be divided into several subsets for the best S/N 

How to model background  
✦ 511 keV lines are also produced from background events, e.g., radioactivation by charged particles 
✦ Need to investigate several approaches and find good tracers of each background component 

How to make the most plausible image, especially the image deconvolution 
✦ The number of free parameters (= pixel number) is large, causing overfitting and artifacts 
✦ Need to incorporate some informations in the analysis, a shape of image, background scale range

17
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Implementing and comparing more image deconvolution algorithms 

✦ e.g., Maximum Entropy 

✦ Multi-resolution EM 
✦ need to understand how to calculate the wavelet function on HealPix map  

✦ Information Field Theory? 

18

∑
i

Di log ϵi − ∑
i

ϵi + cENT ∑
j

λj 1 − log (
λj

mj )
log-likelihood Entropy

class PriorEntropy(PriorBase): 
    def __init__(self, coefficient, model, param): # param needs to be implemented 
       super().__init__(coefficient, model, param) 
       self.prior_image = param[‘prior_image’] 

    def log_prior(self, model): 
return self.coefficient * np.sum(model * (1 - np.log(model / self.prior_image))) 

    def grad_log_prior(self, model): 
return -1 * self.coefficient * np.log(model / self.prior_image)
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Accelerate the image deconvolution using state-of-art algorithms
19

Many algorithms have been proposed to accelerate the EM algorithm 
✦ Accelerated ML-EM algorithm (Knoedlseder+99), only implemented currently 

 λk+1
j = λk

j +αkδλk
j

αk < max(−λk
j /δλk

j )
4 SQUAREM: Accelerating the EM Algorithm in R

Algorithm 1: Pseudocode for SQUAREM.
Input: F , L, ◊0, ÷ Ø 0
while not converged do

◊1 = F (◊0)
◊2 = F (◊1)
r = ◊1 ≠ ◊0
v = (◊2 ≠ ◊1) ≠ r
Compute steplength –
◊sq = ◊0 ≠ 2–r + –2v
if L(◊sq) > L(◊2) ≠ ÷ then

Set ◊Õ = ◊sq.
else

◊Õ = ◊2
end
◊0 = F (◊Õ), stabilization step (done only if ◊Õ = ◊sq)

end

Algorithm 1 (Varadhan and Roland 2008), which demonstrates the remarkable simplicity of
the proposed method.
There are three choices for –, the steplength as described in Varadhan and Roland (2008).
It is our experience that – = ≠ ÎrÎ

ÎvÎ generally works the best, and hence it is the default
steplength used in SQUAREM. Varadhan and Roland (2008) also showed global convergence
of the SQUAREM algorithm, i.e., SQUAREM can converge to a stationary point from any
starting value in the parameter space, or at least, in a large part of it by modifying steplength
to ensure monotonicity. Note that when steplength is equal to ≠1, one SQUAREM evaluation
is equivalent to two EM iterations. Thus, each iteration of SQUAREM involves 2 or 3
evaluations of EM. Hence, when we compare the two methods, we use the number of EM
steps rather than the number of iterations. Apart from the EM steps, there is minimal
cost in computing the SQUAREM parameter updates, including the computation of the
value of likelihood functions. In addition to the convergence criteria provided earlier, we
give a definition of convergence acceleration as follows: Suppose {◊n} is the sequence of
estimates produced by Algorithm 1, while {◊Õ

n} is that given by Algorithm 2, then we say
that Algorithm 2 accelerates Algorithm 1 if Î◊Õ

n≠◊ıÎ
Î◊n≠◊ıÎ ≠æ 0 as n ≠æ Œ.

3. Description of R package SQUAREM
R package SQUAREM is available from the Comprehensive R Archive Network (CRAN)
at https://CRAN.R-project.org/package=SQUAREM/. SQUAREM works for any smooth,
contraction mapping with a linear convergence rate (e.g., EM-like algorithms). We describe
below the two main functions, squarem() and fpiter(). Undoubtedly, squarem() is the
featured function in the package.

• squarem(), for squared iterative scheme:

squarem() is a function to accelerate any smooth, contractive, fixed-point iteration

SQUAREM algorithm by  Du and Varadhan 2020
Ikeda+00,14
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Error estimation in the image deconvolution
20

Figure 2: The Radioactive Milky Way. The images are COSI simulations for the entire Galactic plane
(l = ±180� and b = ±15�). The simulated positron map is based on the bulge measured by INTEGRAL/SPI
and the 240µm map as a tracer for the disk. The 26Al (1.809 MeV) and 60Fe (1.173/1.333 MeV) maps
also use the 240µm map and fluxes consistent with measurements by COMPTEL and SPI. In contrast to the
⇠Myr half lives of 26Al and 60Fe, the short, 60 yr 44Ti (1.157 MeV) half-life traces recent supernova events.

of this anti-matter component of our Milky Way.
The Astro2020 WP entitled, “Positron Annihilation in the Galaxy,” by Kierans et al. (2019)

focuses on the positron science that can be addressed with a sensitive wide FoV imager in the MeV
band with excellent energy resolution. The specific science goals discussed include: determining
whether the 511 keV emission is truly diffuse or whether there are individual sources; constraining
the positron propagation distance by comparing the 26Al (1.809 MeV) distribution as well as other
source distributions (e.g., pulsars) to the 511 keV distribution; probing the conditions in different
regions of the Galaxy where positron annihilation occurs; and measuring or placing limits on
the injection energy of positrons into the ISM from measurement of the MeV continuum due to
annihilation in flight. This will constrain the mass of a possible contributing dark matter particle,
as well as the contributions of black holes and pulsars.

COSI’s capabilities (see Table 1) are well-matched to these goals. The excellent spectral res-
olution provides a leap in sensitivity and also allows for measurements of emission line shapes
(e.g., width of the 511 keV line components, Doppler shifts of 44Ti). The angular resolution will
allow for a sensitive search for point sources and will also easily distinguish between a disk scale
height of 3� and >9�. In addition to constraints on positron propagation, COSI’s measurements at
511 keV and 1.809 MeV will allow us to determine what fraction of the positrons are accounted
for by 26Al decay.

2.2 Revealing Element Formation
The MeV bandpass includes several nuclear emission lines that probe different physical processes
in our Galaxy and beyond. Long-lived isotopes such as 26Al (1.809 MeV line) and 60Fe (1.173 and
1.333 MeV lines), predominantly produced in SNe, provide information about the galaxy-wide star
formation history, integrated over the past million years. To first order, images of the Galaxy at
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From Tsuzuki’s thesis presentation

Tsuzuki proposed a “workable” Markov chain Monte Carlo method for Compton imaging                          
(Tsuzuki, phD thesis, a paper in prep.) 

He found that Langevin MCMC is a good choice for Compton imaging 

‣   

‣  is a Gaussian noise

λ ← λ +
1
2

ϵ2 ∂ ln P(λ ∣ D)
∂λ

+ ϵξ
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Multi-component image reconstruction
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Fig. 1 Full-sky maps at
different wavelengths and
emission processes compared to
a maximum likelihood solution
from INTEGRAL/SPI data at
511 keV (Siegert et al. 2016b)

the bulge as the Galactic disk. Certainly, e+s at the MeV
scale are produced inside the Galactic disk (Sect. 2.2), but
how far they propagate, where they finally annihilate, and
at what rate is a matter of debate (see also the works by
Prantzos (2006) and Higdon et al. (2009) for more details
about a possible scenario to channel e+s from the disk to
the bulge).

The central map in Fig. 1 shows a maximum likeli-
hood fit to the raw SPI count data, requiring four compo-
nents: a disk, and three components to describe the bulge,
including a point-like source coincident with the Galactic
centre. Note that the angular resolution of SPI is 2.7◦, so
that this point source encompasses about 400 pc in diam-
eter – reminiscent of the entire Central Molecular Zone.
The bulge component also shows an asymmetry, peaking
around l = −1◦, which is consistently found in differ-
ent analyses with different states of accumulated exposure
(Weidenspointner et al. 2006; Bouchet et al. 2010; Skin-
ner et al. 2014; Siegert et al. 2016b, 2022c). Structured,
i.e. more granular images from reconstruction algorithms
show a similar trend of where the flux is enhanced, and
could reveal details if were it not for the strong instrumen-
tal background in MeV telescopes. While the basic struc-
ture is also found with Richardson-Lucy (Knoedlseder et al.
2005), Maximum Likelihood (Bouchet et al. 2010), or Max-
imum Entropy (Siegert 2017) deconvolutions, image arte-
facts naturally emerge from the finite number of photons
detected and to be distributed over a large number of pix-
els. High-resolution spectroscopy of the 511 keV line for
the bulge and disk components suggests that the annihilation
of e+s occurs dominantly in the interstellar medium (ISM),
which would partly explain the ‘diffuse’ nature of the im-
age.

1.2 Positron annihilation spectroscopy

Previous works (e.g., Churazov et al. 2005, 2011; Jean et al.
2006; Guessoum et al. 2005, 2010; Siegert et al. 2016b) con-
sistently find that, assuming e+s annihilate in the ISM, the
temperature and ionisation state of the gas in which they
are annihilating is 7000–40000 K and 2–25%, respectively.
The dominant annihilation process is then charge exchange
with neutral and moderately warm gas. Charge exchange,
for example with hydrogen, is only possible if the e+s have
a kinetic energy of at least 6.8 eV (binding energy of H mi-
nus the binding energy of Ps), which would correspond to
an ISM temperature of 80000 K. If e+s reach the temper-
ature of the ISM, they ‘thermalise’, i.e. they are relaxing
their kinetic energies to that of a Maxwellian distribution,
so that the energy thresholds can be overcome only in the
tail of the distribution. One model that fits the narrow and
broad 511 keV line in the Milky Way is described as 49%
annihilation in the warm neutral phase and 51% in the warm
ionised phase (Jean et al. 2006): In the ionised phase, e+s
annihilate after thermalisation by the formation of Ps via ra-
diative recombination with free e−s (no energy threshold),
and to a lesser extent direct annihilation with e−s, forming
a ∼ 1 keV broad line (FWHM), without any Ps formation
in flight. In the warm phase, most e+s form Ps in flight, re-
sulting in a ! 6 keV broad line, and a small percentage ther-
malises, again forming Ps, now with a narrow ∼ 1 keV line.
The total Ps fraction,

fPs = 8r32

9 + 6r32
, (1)

with r32 = FoPs/F511 being the flux ratio between the ortho-
Ps continuum and the 511 keV line, describes the fraction
of e+s that undergo the formation of Ps (e.g., Leventhal
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COSI data interface for multi spatial component model

Perform image deconvolution

✦ Positronium fraction map over the sky 
✦ Ionization, temperature at each annihilation site 
✦ Discuss positron sources (if assuming the propagation)
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Response handing (most important and challenging)
Currently (in DC2/3), we prepare response files for each (limited) science case, i.e., 511 keV, Al-26, 
Ti-44, continuum 

✦ Having multiple detector response files is a hassle (continuum, line, imaging, polarization) 
✦ Increasing the resolution of the detector response is not sustainable. Already too big. 
✦ The current interpolation of the response is not very good 
✦ etc. (from Israel’s slides) 

Parametrizing the response using relative coordinates by Israel 
✦ https://drive.google.com/file/d/1_tGLfbYSf9bRpbCwJK3nQSfSDo_DJc-h/view?usp=sharing 

An idea about the response matrix compression by HY 
✦ https://drive.google.com/file/d/11p9XQC3lGU0L2iUO7Ym_kcZ3NqjWIpc-/view?usp=sharing 

Neural network response by Pascal, Andreas 
✦ The talk yesterday: https://indico.him.uni-mainz.de/event/227/contributions/1732/attachments/

1037/1634/nn_response_workshop_pascal_janowski.pdf 
Also, need to think about the computational performance (especially for the image analysis)
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Good Time Intervals / Good event selection
Need to exclude time intervals, e.g., 

✦ when the background rate is high, like during SAA 
✦ when a target source is not in the FoV 

✦ it is also important for the image deconvolution to maximize the sensitivity  
✦ when a nearby source becomes very bright, e.g., blazar flare 

Need to check if we should use all of the CDS 
✦ cutting events with small/large scattering angles improves systematic uncertainties?
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Target Good!

Bad!
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Background estimation
Both are an alpha-version, and there are lots of room to be improved! 

✦ Line background generator by Saurabh, HY 
✦ Expecting the background event distribution from adjacent energy bins 
✦ It may not work for 511 keV because the lower adjacent energy bin includes positronium continuum 

emission 
✦ Should be better interpolations, e.g, on-/off-pointing data, neural network 

✦ Continuum background generator by Chris Karwin 
✦ Masking the Compton-cone region of a target in CDS and filling the mask data space by interpolation 
✦ For multiple sources, this approach may not work well 

Some ideas 
✦ Can estimate the background by separating a time-constant component (bkg) from a time-variable one 

(astronomical sources) in the local coordinate? 
✦ Can include some detector information, e.g, saturated count rate of BGO, event rate from BTO? 

✦ BTO paper: http://arxiv.org/abs/2501.16434 
✦ Can directly fit the data using Savitri’s background simulation? Or can estimate some of background 

components by comparing data with the simulation?
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