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Abstract

The Galactic Center Gamma-Ray Excess has a spectrum, angular distribution, and over-
all intensity that agree remarkably well with that expected from annihilating dark matter
particles in the form of a mX ∼ 50 GeV thermal relic. Previous claims that these photons
are clustered on small angular scales or trace the distribution of known stellar popula-
tions once appeared to favor interpretations in which this signal originates from a large
population of unresolved millisecond pulsars. More recent work, however, has over-
turned these conclusions, finding that the observed gamma-ray excess does not contain
discernible small scale power, and is distributed with approximate spherical symme-
try, not tracing any known stellar populations. In light of these results, it now appears
significantly more likely that the Galactic Center Gamma-Ray Excess is produced by an-
nihilating dark matter.
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1 Introduction

An excess of GeV-scale gamma-rays from the region surrounding the Galactic Center was dis-
covered in the publicly available data collected by the Fermi Telescope over 12 years ago [1–3].
In the years that followed, the detailed characteristics of this signal were measured with in-
creasing precision [4–7], although the basic spectral and morphological features of the excess
remained unchanged. More specifically, these studies found that the spectrum, angular distri-
bution, and overall intensity of this signal are each in good agreement with the predictions of
annihilating dark matter in the form of a mX ∼ 50 GeV thermal relic.

During a brief period in 2014-15, there was a particularly high degree of excitement around
the possibility that Fermi may have detected dark matter annihilation products. This enthu-
siasm fell precipitously in 2015, however, when two independent groups, using two differ-
ent analysis techniques, reported that they had found evidence that the photons constituting
this excess are spatially clustered, suggesting that they originate from a population of near-
threshold astrophysical point-sources (such as millisecond pulsars), rather than from annihi-
lating dark matter [8,9]. Further advancing this conclusion, multiple groups, starting in 2016,
reported that the angular distribution of this excess is not spherical (as would be expected from
dark matter), but instead is correlated with the distribution of stars that make up the Galactic
Bulge and Bar [10–13].

In this proceeding, I will provide an important update of this situation. In particular, I will
describe how recent work has determined that the gamma-ray excess is approximately smooth
and spherically symmetric, with claims to the contrary having been shown to be spurious. The
best present assessment of the Fermi data is that it contains an excess of GeV-scale emission that
is spatially smooth and spherically symmetric, to the best of our ability to currently measure.
In light of this, dark matter interpretations of this signal appear much more likely than they
did as recently as a few years ago. The challenges involved in trying to explain this signal
with millisecond pulsars, in contrast, have become only greater as new information has come
to light.

2 The Excess is Spatially Smooth

In standard analyses of Fermi data, the angular distribution of the photons in a given energy
bin is compared to the sum of a collection of spatial templates, whose coefficients are varied
until the best fit (and the uncertainty around the best fit) is identified. In most situations,
the likelihood of observing a given number of events in a spatial bin is taken to be equal to
the Poisson probability, as calculated using the mean value associated with the templates in
question. This procedure is appropriate for most templates, such as those associated with pion
production, bremsstrahlung, inverse Compton scattering, the Fermi Bubbles, the extragalac-
tic gamma-ray background, and annihilating dark matter. If the Galactic Center Gamma-Ray
Excess is generated by a population of near-threshold point sources, however, the number of
photons in a given spatial bin might not follow a Poisson distribution, but instead would follow
a distribution that is related to the luminosity function of the point source population in ques-
tion. With this possibility in mind, the authors of Ref. [8] conducted an analysis of the Fermi
data employing a combination of Poissonian and non-Poissonian templates, finding a strong
statistical preference for the excess to be attributed to a non-Poissonian template, suggesting
that this signal arises from a population of point sources (such as millisecond pulsars) which
are only slightly below Fermi’s current detection threshold.

While the authors of Ref. [8] performed many tests of their analysis pipeline at the time,
and otherwise took great efforts to validate their results, it was ultimately shown that their con-
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Figure 1: The fraction of the Galactic Center Gamma-Ray Excess that is attributed
to annihilating dark matter (“DM”) or to unresolved point sources (“NFW PS”) in a
non-Poisson template fit. In the left frame, the real Fermi data has been used, while
in the center and right frames a simulated dark matter-like (i.e., smooth) signal has
been added to the real Fermi data. Despite having introduced a smooth component
of excess emission, the non-Poissonian template fit strongly prefers to incorrectly
identify this signal as clumpy. From Ref. [14].

clusions were an artifact of insufficiently understood backgrounds. This was clearly demon-
strated by Leane and Slatyer in 2019 [14] (see also, Refs. [15, 16]) who repeated the non-
Poissonian analysis of Ref. [8], but then tested the validity of that study’s conclusions by per-
forming an injection test. More specifically, they found that when they added a simulated
dark matter-like (i.e., smooth) signal to the real Fermi data, the fit strongly preferred to at-
tribute the simulated photons to a non-Poissonian template. In other words, even when the
signal in question was a smooth by design, the non-Poissonian template fit strongly preferred
to incorrectly identify it as clumpy.

Another study, using a technique involving spatial wavelets, also claimed to show that the
Galactic Center Gamma-Ray Excess arises from a population of near-threshold point sources
[9]. This conclusion, however, was shown to be incorrect in 2019 by Zhong, McDermott, Cholis
and Fox [17], who repeated the wavelet-based analysis using an updated catalog of gamma-
ray point sources. When utilizing the updated catalog, no significant evidence of small-scale
power was found among the photons that make up the Galactic Center Gamma-Ray Excess.

To be clear, the non-Poissonian and wavelet-based analysis techniques are each mathemat-
ically sound under appropriate conditions, and the analyses of Refs. [8] and [9] were correctly
identifying small-scale power in the observed distribution of photons. The subsequent analy-
ses of Refs. [14] and [17], however, showed that this clustering was taking place among the
astrophysical backgrounds, and could not be attributed to the Galactic Center Gamma-Ray Ex-
cess. At present, this class of analyses can only be used to place an upper limit on the fraction
of the excess that originates from sources with a flux above a given value, thus allowing one
to place constraints on the luminosity function of any point source population that might be
responsible for this signal (see Sec. 4).

3 The Excess is Spherically Symmetric

Since 2016, a number of papers have claimed that better fits to the Fermi data are obtained
when the excess is modeled using a combination of templates which trace various known
stellar populations, such as the Milky Way’s Box-Shaped (or “Boxy”) Bulge, X-Shaped Bulge,
and Nuclear Bulge [10–13]. If true, this result would favor astrophysical interpretations of the
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Figure 2: A comparison of the log-likelihoods obtained when the gamma-ray excess is
modeled as being spherically symmetric and dark matter-like (center), or as tracing
a sum of the Boxy and Nuclear Bulges (left), or the X-Shaped Bulge (right). For
all models that provide a reasonably good fit to the Fermi data, a dark matter-like
morphology is strongly preferred over those tracing known stellar populations. From
Ref. [7].

gamma-ray excess. In the first of these studies, the authors reported that the excess traces a
template associated with the X-Shaped Bulge [11]. This result, however, was later shown to
be an artifact of the relatively small region-of-interest that was adopted in that study [10]. In
the more recent works of Refs. [12, 13], the authors claimed that the excess is better fit by a
combination of spatial templates associated with the Boxy Bulge and Nuclear Bulge. This is
in stark disagreement with the conclusions reached by Di Mauro [18] and by Cholis, Zhong,
McDermott and Surdutovich [7], who find that the excess is much better fit by a spherical (i.e.,
dark matter-like) template.

Until recently, it was not obvious (at least to me) which of these very different conclusions
was more likely to be correct. It has since become significantly more clear, however, that
the excess is, in fact, consistent with having a spherical (i.e., dark matter-like) morphology
and does not significantly correlate with any known stellar populations. In particular, the fits
based on the templates from Refs. [12,13] are far worse (at a level of∆χ2 ∼ 6500) than those
based on the templates from Cholis et al. [7], despite involving a larger number of degrees-of-
freedom [19]. In other words, the fits only prefer the excess to have a bulge-like morphology
when the background model provides a poor fit to the overall dataset. Whenever the model
yields a high value for the overall likelihood, the excess is always strongly preferred to be
spherical. It also appears possible that the analyses pipelines used in Refs. [12,13] may have
failed to identify the global minimum of the likelihood, and are instead comparing fits with
spherical and bulge-like excesses at a local minima, leading to spurious results [19].

4 Pulsar Interpretations are Strained on Several Fronts

As described in the previous two sections, the Fermi data show no signs that the Galactic Center
Gamma-Ray Excess is clumpy, or that it traces any known stellar populations. That being said,
these results do not preclude the possibility that this signal could be produced by a large pop-
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ulation of very faint gamma-ray point sources that are distributed with approximate spherical
symmetry around the Galactic Center. Since pulsars are the only known class of astrophysical
objects that produce a gamma-ray spectrum with a similar shape to that the Galactic Center
Gamma-Ray Excess, they are often the focus of such discussions. More specifically, the long
lifetimes of millisecond (or “recycled”) pulsars make them the primary astrophysical candidate
for the origin of the gamma-ray excess.

There are several reasons, however, to conclude that millisecond pulsars are unlikely to
produce much of the observed excess. First of all, the gamma-ray luminosity function of the
millisecond pulsar populations found in globular clusters and in the Galactic Disk have been
measured to peak near Lγ ∼ 1034−1035 erg/s (in L2dN/d L units) [20–24]. If the gamma-ray
excess is generated by a population of pulsars with a similar luminosity function, Fermi should
have already detected∼ 102 such sources at high significance [25]. As of this time, however, no
millisecond pulsars have been detected near the Galactic Center.1 Furthermore, it was shown
in Ref. [28] that masking all of the gamma-ray sources (and source candidates) which exhibit
a pulsar-like spectrum does not impact the measured spectrum or intensity of the excess. From
this, we can conclude that if millisecond pulsars (or other point sources) generate the excess,
they must be very numerous ( >∼ 104 − 105) and significantly less luminous than millisecond
pulsars found elsewhere, featuring a luminosity function that peaks at Lγ <∼ 1033 erg/s.

Millisecond pulsars are formed when they are “spun up” by a binary companion, and the
evolutionary precursors to millisecond pulsars are objects known as low-mass X-ray binaries.
As pointed out in Ref. [23], one can combine measurements of the gamma-ray emission from
globular clusters, the number of bright low-mass X-ray binaries in globular clusters, and the
number of bright low-mass X-ray binaries in the Inner Galaxy, to estimate the fraction of the
gamma-ray excess that originates from millisecond pulsars. When this exercise was carried
out in Ref. [29], it was shown that if the entire excess originates from millisecond pulsars,
INTEGRAL should have observed ∼ 103 bright low-mass X-ray binaries in the Inner Galaxy,
whereas it actually detected only 42. This allows us to conclude that only ∼ 4− 11% of the
excess can be attributed to millisecond pulsars.

Finally, observations using the HAWC and LHAASO telescopes have shown that young and
middle-aged pulsars are approximately universally surrounded by bright, spatially-extended,
multi-TeV emitting regions known as “TeV halos” [30–33]. This emission is produced through
the inverse Compton scattering of very high-energy electrons and positrons, and the intensity
of the observed emission requires that O(10%) of the pulsars’ total energy budget (i.e., spin-
down power) goes into the acceleration of such particles [30,34]. It has recently been shown
(at the 99% C.L.) that millisecond pulsars also generate TeV halos, with an efficiency that is
similar to that of young and middle-aged pulsars [35]. If this result is robustly confirmed,
we could use ground-based gamma-ray telescopes to search for the multi-TeV emission from
TeV halos near the Galactic Center, providing us with an independent measurement of (or at
least an independent upper limit on) our Inner Galaxy’s millisecond pulsar population [36].
At present, measurements of the Milky Way’s innermost 0.5◦ by HESS [37] are in modest ten-
sion with pulsar interpretations of the gamma-ray excess [36]. Future measurements of the
inner several degrees around the Galactic Center by CTA will provide a powerful probe of the
Inner Galaxy’s pulsar population, and could supply a definitive test of whether pulsars are
responsible for the observed gamma-ray excess [38].

1In Ref. [26], the authors claimed that the millisecond pulsars PSR J1747-4036, PSR J1811-2405 and PSR
J1855-1436 are likely to be members of an Inner Galaxy population, but the measured distances to these pulsars
rules out this possibility [27].
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5 Conclusion

The gamma-ray emission observed from the region surrounding the Galactic Center includes
an excess relative to known astrophysical sources and emission mechanisms. Furthermore, the
spectrum, angular distribution, and overall intensity of this excess are consistent with arising
from the annihilations of a mX ∼ 50GeV dark matter particle with an annihilation cross section
of 〈σv〉 ∼ 10−26 cm3/s, in good agreement with the expectations of a thermal relic. In contrast
to previous claims, it has recently become clear that this signal does not show evidence of small
scale power, and does not trace any known stellar populations. Instead, the gamma-ray excess
is approximately smooth and distributed with spherical symmetry around the Galactic Center,
as would be expected of dark matter annihilation products.

While it remains possible that this signal could be generated by a large population of very
faint gamma-ray point sources (such as millisecond pulsars), distributed with approximate
spherical symmetry around the Galactic Center, this seems unlikely for several reasons. In
particular, in order to explain the fact that Fermi has not detected many bright pulsar candi-
dates from the direction of the Inner Galaxy, the luminosity function of any source population
that could potentially be responsible for the excess must peak at a significantly lower value
than is measured among the millisecond pulsar populations observed in globular clusters or
the Galactic Disk. Furthermore, if millisecond pulsars were responsible for the gamma-ray ex-
cess, we should have observed many more bright low-mass X-ray binaries in the Inner Galaxy,
as well as a greater intensity of TeV-scale emission. From these and other considerations, we
can conclude that if pulsars are, in fact, responsible for this signal, the Inner Galaxy’s pulsar
population must have very different properties than those observed elsewhere in the Milky
Way.

Looking to the future, radio searches for millisecond pulsars in the Inner Galaxy [39],
as well as measurements of the Inner Galaxy with CTA [38], will each provide important
constraints on the Inner Galaxy’s pulsar population. In addition, searches for dark matter
annihilation products from dwarf galaxies, and in the anti-proton and anti-nuclei components
of the cosmic-ray spectrum, will play an important role in confirming or constraining dark
matter interpretations of the Galactic Center Gamma-Ray Excess.
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