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Strong Support for the Millisecond Pulsar Origin of the Galactic Center GeV Excess
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(Received 26 June 2015; revised manuscript received 12 December 2015; published 4 February 2016)

Using γ-ray data from the Fermi Large Area Telescope, various groups have identified a clear excess
emission in the Inner Galaxy, at energies around a few GeV. This excess resembles remarkably well a signal
from dark-matter annihilation. One of the most compelling astrophysical interpretations is that the excess is
caused by the combined effect of a previously undetected population of dim γ-ray sources. Because of their
spectral similarity, the best candidates are millisecond pulsars. Here, we search for this hypothetical source
population, using a novel approach based on wavelet decomposition of the γ-ray sky and the statistics of
Gaussian random fields. Using almost seven years of Fermi-LAT data, we detect a clustering of photons as
predicted for the hypothetical population of millisecond pulsar, with a statistical significance of 10.0σ. For
plausible values of the luminosity function, this population explains 100% of the observed excess emission.
We argue that other extragalactic or Galactic sources, a mismodeling of Galactic diffuse emission, or the
thick-disk population of pulsars are unlikely to account for this observation.
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Introduction.—Since its launch in 2008, the Fermi Large
Area Telescope (LAT) has revolutionized our understand-
ing of the γ-ray sky. Among the major successes are the
detection of more than 3000 γ-ray sources [1], the discov-
ery of the Fermi bubbles [2], some of the most stringent
limits on dark-matter annihilation [3], and, most recently,
the detection of cross-correlations between the extragalac-
tic γ-ray background and various galaxy catalogs [4].
One of the most interesting γ-ray signatures identified in

the Fermi-LAT data by various groups [5–16], is an excess
emission in the Inner Galaxy at energies around a few GeV.
This excess attracted great attention because it has proper-
ties typical for a dark-matter annihilation signal. This
Galactic Center excess (GCE) is detected both within
the inner 10 arcmin of the Galactic Center (GC) [7,9,10]
and up to Galactic latitudes of more than 10° [13,15,17,18].
It features a remarkably uniform spectrum and approx-
imately spherical symmetry [13,15]. Proposed diffuse
emission mechanisms, like leptonic or hadronic outbursts
[19–21] or cosmic-ray injection in the central molecular
zone [22], potentially explain part of the excess emission.
However, it is challenging to explain all of the above
aspects of the GCE with these mechanisms alone.
Probably the most plausible astrophysical interpretation

for the GCE is the combined emission from a large number
of unresolved millisecond pulsars (MSPs) in the Galactic
bulge region [10,12,23,24]. MSPs feature a spectrum
compatible with the GCE emission [15], and a large
unresolved component can naturally explain the uniformity
of the GCE spectrum in different regions of the sky.
Recently, it was shown that the spatial distribution of
MSPs that were spilled out of disrupted globular clusters
can explain the morphology of the GCE [25]. Such MSPs
from disrupted globular clusters have also been suggested

as the source behind the GeV through TeV emission in the
inner few parsec of the GC [26]. Further possible support
for the MSP hypothesis might come from Chandra
observations of low-mass x-ray binaries (which are pro-
genitor systems of MSPs) in M31, which show a centrally
peaked profile in the inner 2 kpc [27,28], as well as the
recent observation of extended hard-x-ray emission from
the Galactic Center by NuSTAR [29].
It was claimed that an interpretation of 100% of the GCE

emission in terms of MSPs would be already ruled out: a
sizeable fraction of the required 103–104 MSPs should have
been already detected by the Fermi LAT [30,31], but no
(isolated) MSP has been identified so far in the bulge region.
This conclusion depends crucially, however, on the adopted
γ-ray luminosity of the brightest MSPs in the bulge pop-
ulation, on the effective source sensitivity of Fermi LAT, and
on the treatment of unassociated sources in the Inner Galaxy
[25,32]. A realistic sensitivity study for MSPs in the context
of the GeVexcess, taking into account all these effects, was
lacking in the literature up to now (but see Ref. [33]).
In this Letter, we close this gap and present a novel

technique for the analysis of dim γ-ray sources and apply it
to Fermi-LAT observations of the Inner Galaxy. Our
method is based on the statistics of maxima in the wave-
let-transformed γ-ray sky (in the context of Fermi-LAT
data, wavelet transforms were used previously for the
identification of point source seeds [1,16]). We search
for contributions from a large number of dim MSP-like
sources, assuming that they are spatially distributed as
suggested by GCE observations. Our method has several
advantages with respect to previously proposed techniques
based on one-point fluctuations [34], most notably, the
independence from Galactic diffuse emission models and
the ability for candidate source localization.
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Modeling.—We simulate a population of MSP-like
sources, which we hereafter refer to simply as the central
source population (CSP), distributed around the GC at
8.5 kpc distance from the Sun. The CSP is taken to have a
spatial distribution that follows a radial power law with an
index of Γ ¼ −2.5 and a hard cutoff at radius r ¼ 3 kpc
[13,15]. As a reference γ-ray energy spectrum, we adopt
the stacked MSP spectrum from Ref. [35],
ðdN=dEÞ ∝ e−E=3.78 GeVE−1.57. The γ-ray luminosity
function is modeled with a power law, ðdN=dLÞ ∝ L−α,
with index α ¼ −1.5 [32,35–37], and with lower and
upper hard cutoffs at Lmin ¼ 1029 erg s−1 and Lmax ¼
1034–1036 erg s−1, respectively. Luminosities are integrated
over 0.1–100 GeV. Our results depend little on Lmin. Given
that only about 70 MSPs have been detected in γ rays up to
now [33], Lmax is not well constrained. The γ-ray lumi-
nosity of the brightest observed MSP is somewhere in the
range ð0.5–2Þ × 1035 erg s−1 [33,35], depending on the
adopted source distance [25,32]. Diffuse emission is
modeled with the standard model for point source analysis
gll_iem_v06.fits and the corresponding isotropic
background.
Data.—For our analysis, we use almost seven years of

ultraclean Fermi-LAT P8R2 data taken between August 4,
2008 and June 3, 2015 (we find similar results for source
class data). We select both front- and back-converted events
in the energy range 1–4 GeV, which covers the peak of the
GCE spectrum. The region of interest (ROI) covers the
Inner Galaxy and spans Galactic longitudes jlj ≤ 12° and
latitudes 2° ≤ jbj ≤ 12°. The data are binned in Cartesian
coordinates with a pixel size of 0.1°.
Wavelet peaks.—The wavelet transform of the γ-ray data

is defined as the convolution of the photon count map,
CðΩÞ, with the wavelet kernel, WðΩÞ,

FW ½C�ðΩÞ≡
Z

dΩ0WðΩ − Ω0ÞCðΩ0Þ; ð1Þ

where Ω denotes Galactic coordinates [38] [note thatR
dΩWðΩÞ ¼ 0]. The central observable for the current

analysis is the signal-to-noise ratio (SNR) of the wavelet
transform, which we define as

SðΩÞ≡ FW ½C�ðΩÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FW2 ½C�ðΩÞp ; ð2Þ

where in the denominator the wavelet kernel is squared
before performing the convolution. If the γ-ray flux varied
only on scales much larger than the extent of the wavelet
kernel, and in the limit of a large number of photons, SðΩÞ
would behave like a smoothed Gaussian random field.
Consequentially, SðΩÞ can be loosely interpreted as the
local significance for having a source at position Ω in units
of standard deviations.

As the wavelet kernel, we adopt the second member of
the Mexican hat wavelet family, which was shown to
provide very good source discrimination power [39] and
which was used for the identification of compact sources in
Planck data [40]. The wavelet can be obtained by a
successive application of the Laplacian operator to a
two-dimensional Gaussian distribution with width σbR.
Here, σb ¼ 0.4° corresponds to the Fermi-LAT angular
resolution at 1–4 GeV, and R is a tuning parameter. We find
best results when R varies linearly with latitude from R ¼
0.53 at b ¼ 0° to R ¼ 0.83 at b ¼ �12°. This compensates
to some degree the increasing diffuse backgrounds towards
the Galactic disk, while optimizing the source sensitivity at
higher latitudes [40].
The resulting SNR of the wavelet transform SðΩÞ is

shown in Fig. 1. As expected, the Galactic diffuse emission
is almost completely filtered out by the wavelet transform,
whereas bright sources lead to pronounced peaks. We adopt
a simple algorithm for peak identification: we find all pixels
in SðΩÞ with values larger than in the four adjacent pixels.
We then clean these results from artifacts by forming
clusters of peaks with cophenetic distances less than 0.3°
and only keep the most significant peak in each cluster.
In Fig. 1, we show the identified wavelet peaks with peak

significance S > 2, as well as all 3FGL sources for
comparison [1]. For sources that are bright enough in
the adopted energy range, we find a good correspondence

FIG. 1. SNR of the wavelet transform of γ rays with energies in
the range 1–4 GeV, SðΩÞ. The black circles show the position of
wavelet peaks with S ≥ 2; the red circles show the position of
third Fermi-LAT catalog (3FGL) sources. In both cases, the circle
area scales with the significance of the source detection in that
energy range. The dashed lines indicate the regions that we use
for the binned likelihood analysis, where latitudes jbj < 2° are
excluded because of the strong emission from the Galactic disk.
The subset of 3FGL sources that remains unmasked in our
analysis is indicated by the green crosses.
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between wavelet peaks and the 3FGL, both in terms of
position and significance (we compare the significance of
wavelet peaks S with the 1–3 GeV detection significance
for 3FGL sources).
It is worth emphasizing that for the adopted spherically

symmetric and centrally peaked distribution of the CSP,
most of the sources would be detected not directly at the
GC but a few degrees away from the Galactic disk. This
is simply due to the much weaker diffuse emission at
higher latitudes. Our focus on latitudes jbj ≥ 2°, thus,
avoids regions where source detection becomes less effi-
cient due to strong diffuse foregrounds, without significant
sensitivity loss for the source population of interest.
3FGL sources.—Before studying the statistics of the

wavelet peaks in detail below, we remove almost all peaks
that correspond to the known 3FGL sources based on a 0.3°
(1° for

ffiffiffiffiffiffi
TS

p
≥ 50) proximity cut. However, in order to

mitigate a potential bias on Lmax, we do not mask peaks that
correspond to 3FGL sources that are likely part of the CSP.
We identify such MSP candidate sources by requiring that
they (i) are tagged as unassociated, (ii) showno indication for
variability, and (iii) have a spectrum compatible with MSPs.
The last criterion is tested by performing a χ2 fit of the above
MSP reference spectrum to the spectrum given in the 3FGL
(0.1–100 GeV; five energy bins). Only the normalization is
left free to vary. We require a fit quality of χ2=DOF ≤ 1.22
(with DOF ¼ 4) corresponding to a p value ≥ 0.3.
We find 13 3FGL sources in the Inner Galaxy ROI that

pass the above MSP cuts (listed in the Supplemental
Material [41]). Interestingly, the average number of MSP
candidate sources in same-sized control regions along the
Galactic disk in the range jlj ¼ 12°–60° is significantly
smaller, with an average of 3.1. It is tempting to interpret
this excess of MSP candidate sources in the Inner Galaxy as
being caused by the brightest sources of the CSP, above the
less-pronounced thick-disk population of MSPs [42,43].
However, we emphasize that the status of these 13 sources
is currently neither clear nor qualitatively decisive for our
results. Whether we mask them plays a minor role in the
detection of the CSP below (but it does affect the inferred
values for Lmax; see the Supplemental Material [41]).
Statistical analysis.—In Fig. 2 we show a histogram of

the wavelet peaks in our ROI. We bin the peaks in a two-
dimensional grid, which spans the projected angle from the
Galactic Center 2°–17° and wavelet peak significances in
the range 1–10. The bin edges are as indicated in the figure.
As expected, photon shot noise gives rise to a large number
of peaks with low significances S ≤ 3, and only a small
number of peaks has S ≥ 5.
We assume that the number of peaks in each bin in Fig. 2

follows—in repeated experiments and random realizations
of the CSP—to a good approximation a Poisson distribu-
tion. We estimate the corresponding average number of
expected wavelet peaks in each bin using a large number of
Monte Carlo simulations, where we simulate the diffuse

background emission, random realizations of the source
population, and photon shot noise.
In order to quantify what CSP luminosity function

reproduces best the observations, we perform a binned
Poisson likelihood analysis of the wavelet peak distribu-
tion. The likelihood function is given by

L ¼
Ynr
i¼1

Yns
j¼1

P(cijjμijðLmax;Φ5Þ); ð3Þ

where nr and ns are, respectively, the numbers of radial and
peak SNR bins, cij is the observed and μij the expected
number of peaks, and P is a Poisson distribution. The
expectation values depend directly on the maximal lumi-
nosity, Lmax, as well as on the number of simulated sources,
n. To ease comparison with the literature, we determine n as
a function of Φ5, which denotes the mean differential
intensity of the CSP at b ¼ �5°, l ¼ 0°, and 2 GeV. In the
case of the GCE, this value was found to be ΦGCE

5 ¼
ð8.5�1.5Þ×10−7 GeV−1 cm−2 s−1 sr−1 at 95.4% C.L. [15].
Results.—In Fig. 2, we show the expectation values that

we obtain when neglecting contributions from the CSP
(and any other nondiffuse emission). This corresponds to
good approximation to the case where the GCE is of truly
diffuse origin, including the case of DM annihilation or
outburst events. We find that the observed number of
wavelet peaks with S < 2 is significantly lower than
expected, whereas the observed number of peaks with
S > 3 is significantly higher. As we will show next,
this is precisely the effect that is caused by a dim source
population.
We now turn to the case with a nonzero CSP contribu-

tion. In Fig. 3, we show the limits that we obtain on the two

FIG. 2. Histogram of observed peaks in SðΩÞ in bins of
projected radial distance from the GC and SNR values (black
dots with statistical error bars). We show the expectation value for
the case of a negligible CSP as blue bars, whereas the expectation
values for the best fit are shown in red.
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CSP parameters when fitting the histogram in Fig. 2 as
described above. We find that a nonzero contribution from
the CSP is favored at the level of at least 10.0σ. (When
quoting the statistical significance, we conservatively take
into account bins with S < 5 only, which are most affected
by a dim source population and least affected by themasking
of 3FGL sources [see the Supplemental Material [41] for
details]). The best-fit value for the total differential intensity
is Φ5¼ð9.0�1.9Þ×10−7GeV−1cm−2s−1sr−1 and for the
maximum luminosity Lmax ¼ð7.0�1.0Þ×1034 ergs−1. As
can be seen in Fig. 2, we obtain in this case a very good fit to
the data.
Our preferred range of the maximum γ-ray luminosities

reaches up to Lmax ≤ 1.04 × 1035 erg s−1 (at 95.4% C.L.),
which is compatible with observations of nearby MSPs. We
illustrate this by showing in Fig. 3 the γ-ray luminosity of
the brightest individually observed nearby MSPs as given
in Ref. [35]. (We only show objects where second γ-ray
pulsar catalog [33] distances are available; see Ref. [25] for
a detailed discussion about distance uncertainties.)
Furthermore, for the adopted slope of the luminosity
function α ¼ 1.5, the best-fit value for the total differential
intensity of the CSP Φ5 is consistent with the CSP
accounting for 100% of the GCE emission.
Discussion and conclusions.—We found corroborating

evidence for the hypothesis that the GCE is caused by a
hitherto undetected population of MSP-like sources. We
performed a wavelet transform of the γ-ray emission from
the Inner Galaxy, which removes Galactic diffuse emission
and enhances point sources, and we studied the statistics of
the peaks in this transform. We detected with 10.0σ

significance a suppression (enhancement) of low- (high-)
significance wavelet peaks, relative to the expectations for
purely diffuse emission.We showed that this effect is caused
by the presence of a large number of dim point sources. The
spatial distribution of wavelet peaks in the Inner Galaxy is
compatible with a centrally peaked source distribution, and
the inferred cutoff of the γ-ray luminosity function of these
sources agrees with the observation of nearby MSPs. This
source population can, for reasonable slopes of the lumi-
nosity function, account for 100% of the GCE emission.
For the purpose of this Letter, which introduces a novel

technique, we kept our analysis as simple as possible. In
general, one might worry that our results could be affected
by the presence of extragalactic and Galactic sources, by
the thick-disk population ofMSPs and young pulsars, by the
details of masking and unmasking 3FGL sources, by the
details of the adopted γ-ray luminosity function, and by
unmodeled substructure in the Galactic diffuse emission
that is not removed by the wavelet transform.We address all
of these points in the Supplemental Material [41] and show
that it is rather unlikely that they affect our results
qualitatively, although quantitative changes in the obtained
best-fit values forΦ5 andLmax are possible. In particular, we
showed that the wavelet signal expected from the thick-disk
population of MSPs is an order of magnitude weaker than
what we actually observed and that interpretations related to
unmodeled gas remain, on closer inspection, unlikely.
The prospects for fully establishing the MSP interpre-

tation within the coming decade are very good. Our results
suggested that upcoming γ-ray observations with improved
angular resolution (planned or proposed γ-ray satellites like
GAMMA-400 [44], ASTROGAM, and PANGU [45]) will
allow us to detect many more of the bulge sources and
study their distribution and spectra. For current radio
instruments, it remains rather challenging to detect a
MSP population in the bulge [25], but prospects for
next-generation instruments are good.

We thank for useful discussions with David Berge,
Francesca Calore, Ilias Cholis, Jennifer Gaskins, Dan
Hooper, Simona Murgia, Tracy Slatyer, Ben Safdi, and
Jacco Vink. We thank the Fermi Collaboration for provid-
ing the public Fermi data as well as the Fermi Science
Tools (v10r0p5). SURFsara is thanked for use of the Lisa
Compute Cluster. S. K. and C.W. are part of the VIDI
research programme “Probing the Genesis of Dark
Matter,” which is financed by the Netherlands
Organisation for Scientific Research (NWO). R. B. is part
of a GRAPPA-Ph.D. program funded by NWO. Part of this
work was performed at the Aspen Center for Physics,
which is supported by National Science Foundation Grant
No. PHY-1066293.

Note added in proof.—Recently, we became aware of
another group studying dim γ-ray sources in the Inner
Galaxy, using non-Poissonian photon statistics [46].

FIG. 3. Constraints on the maximum γ-ray luminosity of the
CSP, Lmax, and the population averaged intensity at b ¼ �5°,
l ¼ 0°, and 2 GeV, Φ5, as derived from our wavelet analysis. We
show 68.7%, 95.4%, and 99.7% C.L. contours. We also indicate
the values ofΦ5 where the source population can explain 100% of
theGCE (horizontal gray band, 95.4%C.L.) and as vertical orange
lines the luminosity of the brightest observed nearby MSPs.
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