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The discovery of an excess in gamma rays coming from the center of our Milky Way galaxy in
2009 has opened up an exciting field in the search for dark matter. More recently in 2017, another
such an excess has been confirmed to be present in the Andromeda galaxy. In this work we
analyze 10 years of Fermi-LAT data in the attempt to rigorously characterize the significance of
this excess when accounting for uncertainties coming from difficulties in modeling the gamma-ray
background. For this purpose we constructed specific background models for the Andromeda sky
region, employing modern inpainting techniques based on algorithms involving neural networks.
We furthermore developed models for testing the hypothesis that this signal could be caused by
a population of millisecond pulsars (MSPs), which are as of yet unresolved by the Fermi space
telescope. Our findings indicate, that the emission of annihilating darkmatter is unwarranted when
accounting for the emission of the beforementioned pulsars or contributions from interstellar gas
and dust. The results of this work build up on previous attempts on this matter, but we use a
more sophisticated and robust statistical framework in combination with templates specifically
constructed for this purpose alone.
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1. Introduction

The discovery of the excess in gamma rays coming from the center of the Andromeda galaxy in
2017 [2] led to a multitude of studies on this phenomenon. It appears to be coming from the inner
regions of the galaxy, i.e. the bulge but has more recently been observed to extend even further
outwards [6]. Like the similar gamma-ray excess of the Milky Way center, the cause of this excess
is still not completely understood. There is mounting evidence however, that both could be caused
by unresolved MSP populations in the bulge of the galaxies. Such pulsars have been shown to be
able to accelerate particles, like electrons and positrons, to high enough energies, such that they can
produce gamma rays through secondary processes.

We have conducted a dedicated analysis to test whether the MSP hypothesis is preferred over
the more exotic explanation involving emission from dark matter annihilation in the center of the
galaxy. To this end, we have constructed stellar density maps, specifically designed for this region of
the sky, which we use to trace such aMSP population. We furthermore investigated, howmoddeling
of the diffuse gamma-ray background influences the significance of this excess. We both build upon
and improve on previous studies such as for example [4] and [3].

We analysed 10 years of Fermi-Lat data, restricting ourselves to a dataset with more reliable
reconstructed directions of the measured photons, which make conclusions about the morphology
more robust. We employed a bin-by-bin analysis method and therefore divided the data into 10
logarithmically spaced energy bins from 500 MeV to 100 GeV. In each energy bin we assume the
underlying spectral shape to be a simple power law with a fixed spectral slope of -2, such that there
is no bias in the fitting procedure due to the assumption of a specific spectral shape.

Figure 1: Left: An old red giant population from the PAndAS archive which we used for the disk component
of the stellar density map, where we masked the center because the data was unreliable in that region. Right:
Infrared observations from WISE, which we used for the bulge component of the stellar density map. The
magenta ellipses have the same spatial dimensions.
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2. Millisecond Pulsars and Dark Matter

To approximate the spatial distribution of the MSPs in the bulge of Andromeda, we used
observational data of old red giants. The theory behind the formation of a star towards a MSP
predicts, that the timescale is comparable to the lifetime of a red giant. Therefore we can use old
stellar populations, which are bright enough to be observed in contrast to the unobserved MSPs, to
get a sense of where these pulsars might be. We used a combination of data from the PAndAS [5]
and WISE [8] to build our stellar density maps. In Fig. 1 we see the density of these old stars from
these archives. We use the stellar data inside the magenta ellipse in the right panel to replace the
unreliable data in the magenta ellipse in the left panel.

For our dark matter template we model the density with the Navarro-Frenk-White (NFW)
profile, which reads

d(A) = d0
A
AB
(1 + A

AB
)2
, (1)

where d0 and AB are halo dependent parameters. This density is squared and itegrated along the
line-of-sight towards Andromeda to get the J-factor as

�? (;, 1) =
∫
B

d(A [B, ;, 1])23B. (2)

3. Background Uncertainties

Both previously mentioned studies ([4] and [3]) have used different methods to get to the
systematic uncertainties coming with the gamma-ray background modelling. In this work, we have
constructed alternative diffuse gamma-ray background templates using a variety of novel inpainting
techniques. We have used different hydrogen tracing maps, based on hydrodynamical simulations
as described in [7] together with alternative inverse Compton templates from [1]. Combining all
this together we arrive at a total of

2 (H1 components) × 3 (Inpainting Methods) × 4 (Inverse Compton Models) = 24 (3)

alternative diffuse background models.

4. Discussion and conclusions

With this dedicated study of the Andromeda gamma-ray excess we arrive at three main con-
clusions.

1. When we include additional components, such as our stellar disk or bulge components, in the
background model, we find that the addition of a dark matter components quickly becomes
unwarranted as can be seen in Fig. 2

2. In the case for our dataset, which has less statistical power but more reliable reconstructed
direction of the photons, we find that the flux uncertainties are dominated by errors of
statistical rathern than systematic origin and all our alternative background models yield
comparable flux values.
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Figure 2: The significance in terms of the test statistic (TS, as the likelihood ratio of null to alternative
hypothesis) of the dark matter component, when we step-wise incorporate additional templates into the
background model, i.e. the null hypothesis.

3. Our findings seem to indicate, that the emission is not spatially correlated with gas and dust
sites in the galaxy but rather with the stellar mass in the bulge of Andromeda. This further
strengthens the hypothesis, that the emission could be due to an unresolved population of
millisecond pulsars in the bulge of Andromeda.
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