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FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks
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Jovana Petrović,1 Pasquale Dario Serpico,2 and Gabrijela Zaharijaš3
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Several groups have recently claimed evidence for unaccounted gamma-ray excesses over di↵use
backgrounds at few GeV in Fermi-LAT data in a region around the Galactic Center, consistent
with a dark matter annihilation origin. We demonstrate that the main spectral and angular fea-
tures of this “excess” can be reproduced if they are mostly due to inverse Compton emission from
high-energy electrons injected in a burst event of ⇠ 1052 ÷ 1053 erg roughly O(106) years ago. We
consider this example as a proof of principle that time-dependent phenomena need to be understood
and accounted for—together with detailed di↵use foregrounds and unaccounted “steady state” as-
trophysical sources—before any robust inference can be made about dark matter signals at the
Galactic Center. In addition, we point out that the timescale suggested by our study, which con-
trols both the energy cuto↵ and the angular extension of the signal, intriguingly matches what is
inferred by other forensic evidences suggesting a very active Galactic Center (e.g. due to intense
star formation and accretion phenomena) over similar timescales.

PACS numbers: 95.85.Pw, 96.50.S-, 95.35.+d

I. INTRODUCTION

The Galactic Center (GC) represents one of the most
interesting environments for astroparticle physics studies:
it hosts the closest supermassive black hole, which may
allow interesting tests of General Relativity [1, 2], and it
is likely the brightest spot in terms of DM annihilation
emission, in models where this mysterious component is
made of weakly interacting massive particles (WIMPs),
thermal relics of the Early Universe. Unfortunately for
high energy astroparticle probes, it is also one of the most
crowded and hard-to-model regions due to the variety of
non-thermal astrophysical sources it hosts, which might
be a reason for example why a publication of the Fermi-
LAT team on the detailed characterization of the signal
from this region is still in progress, [3–5].

These di�culties have not discouraged researchers to
analyze publicly available Fermi-LAT data1, notably
looking for these elusive models of physics beyond the
standard model. Recently, several groups [6–14] found
an excess of gamma rays above the modeled astrophysi-
cal emission in the inner region of our Galaxy. The claim
that it could originate in the annihilation of motivated
WIMP scenarios with properties close to commonly ex-
pected ones sparked significant attention. The most im-
portant properties of the claimed residuals are i) Their
spatial extension—which even accounting for the point-
spread function is inconsistent with a point-like source—
resembles a steeply falling function of the distance r from
the GC, behaving as ⇠ r�2.4 and reaching out to ⇠ 10�

1
http://fermi.gsfc.nasa.gov/ssc/data/

scale. It is also claimed to be close to spherically symmet-
ric, although this statement is probably less robust, due
to the di�culty in modeling and subtracting the emission
in the Galactic plane. ii) Their spectral shape, which is
well modeled by a power law with an exponential cut-o↵
(PLexp) —of the type E�� exp [�E/Ecut] with parame-
ters in the range � = 0.5÷ 1, Ecut ⇠ 2÷ 3 GeV—is con-
sistent with the ⇠0.1 ÷10 GeV byproducts of a 30 � 40
GeV DM particle annihilating dominantly to the bb̄ chan-
nel. iii) Their total flux at 1-3 GeV, integrated within 1�

of Galactic Center, is ⇠ 10�10 erg cm�2 s�1, roughly
matching what is expected from a 30 GeV thermal relic
DM annihilating with a profile consistent with point i).

While these findings are quite intriguing, some caveats
apply: all these analyses rely on the publicly available
Fermi di↵use model2 to predict the astrophysical signal
in that region. While that model is one of the best suited
to describe the Milky Way �-ray emission, it is obtained
via a fit to data for the main purpose of studying point

sources and is therefore not optimal for the characteri-
zation of extended signals, which are (at least partially)
degenerate with the di↵use emission modeling. Hence the
systematics errors associated to the separation between
signal and background are not yet well assessed. Even
if some extra emission seems to be present, then, some
of the above listed properties of the extended residuals
should not be taken too firmly from a quantitative point
of view. These uncertainties a↵ect even DM interpreta-
tions: for example, in [15] we warned about the impor-
tance of the poorly known bremsstrahlung contribution

2
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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FIG. 2: Top Panel: Latitude profile of the inverse Compton
emission from an electron population injected t0 (red, solid),
0.3 t0 (orange, dashed) and 3 t0 (blue, dotted) years ago (where
t0 = 1 Myr). Bottom Panel: The spectra of the inverse Comp-
ton emission (the same color scheme) at 5� away from the
Galactic plane. The overall energetics is given in units of
E0 = 4 ⇥ 1052 erg, and energy losses are expressed in terms
of the default value b0, which assumes w ⇠ 4 eV cm�3.

alternatively) to similar phenomenology 5. In the recent
analysis [32]—which provides yet another argument in
favor of the existence of some additional soft cosmic ray
cosmic-ray population in order to account for the GeV
emission in the inner Galaxy—a leptonic for the under-
lying population was also considered more likely, based
on an energetic argument.

IV. CONCLUSIONS

In this article, we have argued that a bursting event,
injecting⇠ 1052 ÷1053ergs of energy in a standard power-
law cosmic ray electron spectrum about one million years
ago seem to reproduce naturally most spectral and an-
gular features of the claimed GeV “excess” in the in-
ner Galaxy, for benchmark values of an e↵ective homo-
geneous di↵usion coe�cient and energy loss parameter.
The main goal of our calculations has been to raise aware-
ness on the importance of accounting for transient events

5
Note added: While this work was being finalized for submission,

an in-depth study of this e↵ect has appeared as pre-print [25].
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FIG. 3: Latitude profile (top) and the spectra of the inverse
Compton emission at 5� away from the Galactic plane (bot-
tom), for the electron population injected t0 = 1 Myr ago,
with a source of E0 = 4 ⇥ 1052 erg, calculated with our de-
fault values for the set of parameters (solid). In addition, the
di↵usion index is varied to 0.3 D0 (dashed) and 3 D0 (dotted),
where D0 (10 GeV) = 6 1028 cm2s�1.
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FIG. 4: Solid line, both panels: The spectra of the inverse
Compton emission at 5� away from the Galactic plane, for the
electron population injected t0 = 1 Myr ago, with a source of
E0 = 4⇥ 1052 erg, calculated with our default values for the
set of parameters. The spectral injection index is varied to
↵ = 2.1 (dashed) and ↵ = 2.4 (dotted).

when dealing with extended excesses, notably at the GC.
Until now, however, we have not discussed the plausi-
bility of the parameters required. Is the “toy solution”
found plausible, on the light of other astrophysical evi-
dence? After all, currently the GC is best characterized
by the quiescent state of its supermassive black hole, see
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Abstract

It was found in the Fermi-LAT data that there is an extended γ-ray excess
in the Galactic center region. The proposed sources to be responsible for the
excess include the dark matter annihilation or an astrophysical alternative
from a population of millisecond pulsars (MSPs). Whether or not the MSP
scenario can explain the data self-consistently has very important implica-
tions for the detection of particle dark matter, which is however, subject to
debate in the literature. In this work we study the MSP scenario in detail,
based on the detected properties of the MSPs by Fermi-LAT. We build a
model of the Milky Way MSPs which can reproduce the γ-ray properties
of the Fermi-LAT MSPs, and derive the intrinsic luminosity function of the
MSPs. The model is then applied to a bulge population of MSPs. We find
that the extended γ-ray excess can be well explained by the bulge MSPs
without violating the detectable flux distribution of MSPs by Fermi-LAT.
The spatial distribution of the bulge MSPs as implied by the distribution
of low mass X-ray binaries follows a r−2.4 profile, which is also consistent
with the γ-ray excess data. We conclude that the MSP model can explain
the Galactic center γ-ray excess self-consistently, satisfying all the current
observational constraints.

1. Introduction

It has been reported that there is an extended γ-ray excess in the Galactic
center (GC) region in the Fermi Large Area Telescope (Fermi-LAT) data
[1, 2, 3, 4, 5, 6, 7, 8]. The spatial distribution of the extended excess follows
the square of a generalized Navarro-Frenk-White (gNFW, [9, 10]) profile with

Preprint submitted to Elsevier April 10, 2014

as discussed below, we will further apply the following constraints on the
spectral parameters: Γ > 0 and 1 GeV< Ec < 10 GeV.

2.3. Luminosity function

The luminosity function is most relevant for this study. However, it can-
not be directly derived through the observational sample due to the sensitiv-
ity limit of the detectors. Hooper et al. assumed a power-law distribution of
the MSP periods dN/dP ∝ P−2, and a constant fraction of the spin-down
power goes into γ-ray luminosities Lγ ∝ Ė [31]. For a constant magnetic
field B one has Ė ∝ P−4, and the luminosity function is dN/dL ∝ L−3/4. A
log-normal distribution of the magnetic field of MSPs is assumed [31], and
the resulting luminosity function can be derived through a Monte Carlo sim-
ulation. An example adopted in [31], with a central value of magnetic field
B0 = 108.5G and a logarithmic standard width 0.2, is shown by the dashed
line in Fig. 2. We see that such a luminosity function is very hard, which
might be the reason why Hooper et al. did not find enough contribution from
MSPs to explain the γ-ray excess from the low-luminosity sources [31].
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Hooper et al. (2013)

Figure 2: Gamma-ray luminosity function (proportional to dN/d logL) of MSPs. Solid
lines are the broken power-law functions assumed in this work for several different sets
of parameters, and the dashed line is an example as adopted in [31] with B0 = 108.5G.
Shaded histogram is the result of Fermi-LAT detected sample. The total number of the
sources of each model is normalized to reproduce the observed sample. See the text for
details.

However, we find that such a luminosity function may be over hard.
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Figure 6: Cumulative spectrum of the bulge MSPs compared with the Fermi-LAT GC
excess data [6].

In order to check whether the bulge MSP population violates the Fermi-
LAT observations, we show the fluxes versus luminosities of these MSPs in
Fig. 7. The vertical line is the sensitivity of Fermi-LAT for sources located
in the Galactic plane [33]. It is shown that none of these bulge MSPs could
be detected as an individual source by Fermi-LAT, which means that all of
them should contribute to the diffuse emission.

We can compare the number of MSPs estimated here with that derived in
other works. Using the average luminosity of the Fermi-LAT detected MSPs,
L̄ ≈ 1034 erg s−1, Macias & Gordon estimated a number of ∼ 1000 MSPs
in order to explain the data [24]. This number should be a lower bound
because there should be more low-luminosity MSPs which are not detected.
In our work, the main contribution to the total γ-rays comes from the MSPs
with luminosities between 1033 and 1034 erg s−1 (Fig. 6). We find that the
number of MSPs in this luminosity range is about 4200 for a total number
of 13000 (L > 1032 erg s−1). If we count only the 7◦ × 7◦ box the number
becomes 2700, which is consistent with the lower limit derived in [24], given
the average luminosity is about several times smaller. However, as we have
mentioned, this number depends on how many low-luminosity MSPs there
are. There is only one MSP with luminosity below 1032 erg s−1 in the Fermi-
LAT sample, but we are not sure whether the luminosity function can extend
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an excess of gamma rays above the modeled astrophysi-
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that it could originate in the annihilation of motivated
WIMP scenarios with properties close to commonly ex-
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portant properties of the claimed residuals are i) Their
spatial extension—which even accounting for the point-
spread function is inconsistent with a point-like source—
resembles a steeply falling function of the distance r from
the GC, behaving as ⇠ r�2.4 and reaching out to ⇠ 10�

1
http://fermi.gsfc.nasa.gov/ssc/data/

scale. It is also claimed to be close to spherically symmet-
ric, although this statement is probably less robust, due
to the di�culty in modeling and subtracting the emission
in the Galactic plane. ii) Their spectral shape, which is
well modeled by a power law with an exponential cut-o↵
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sistent with the ⇠0.1 ÷10 GeV byproducts of a 30 � 40
GeV DM particle annihilating dominantly to the bb̄ chan-
nel. iii) Their total flux at 1-3 GeV, integrated within 1�

of Galactic Center, is ⇠ 10�10 erg cm�2 s�1, roughly
matching what is expected from a 30 GeV thermal relic
DM annihilating with a profile consistent with point i).

While these findings are quite intriguing, some caveats
apply: all these analyses rely on the publicly available
Fermi di↵use model2 to predict the astrophysical signal
in that region. While that model is one of the best suited
to describe the Milky Way �-ray emission, it is obtained
via a fit to data for the main purpose of studying point

sources and is therefore not optimal for the characteri-
zation of extended signals, which are (at least partially)
degenerate with the di↵use emission modeling. Hence the
systematics errors associated to the separation between
signal and background are not yet well assessed. Even
if some extra emission seems to be present, then, some
of the above listed properties of the extended residuals
should not be taken too firmly from a quantitative point
of view. These uncertainties a↵ect even DM interpreta-
tions: for example, in [15] we warned about the impor-
tance of the poorly known bremsstrahlung contribution

2
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Several groups have recently claimed evidence for unaccounted gamma-ray excesses over di↵use
backgrounds at few GeV in Fermi-LAT data in a region around the Galactic Center, consistent
with a dark matter annihilation origin. We demonstrate that the main spectral and angular fea-
tures of this “excess” can be reproduced if they are mostly due to inverse Compton emission from
high-energy electrons injected in a burst event of ⇠ 1052 ÷ 1053 erg roughly O(106) years ago. We
consider this example as a proof of principle that time-dependent phenomena need to be understood
and accounted for—together with detailed di↵use foregrounds and unaccounted “steady state” as-
trophysical sources—before any robust inference can be made about dark matter signals at the
Galactic Center. In addition, we point out that the timescale suggested by our study, which con-
trols both the energy cuto↵ and the angular extension of the signal, intriguingly matches what is
inferred by other forensic evidences suggesting a very active Galactic Center (e.g. due to intense
star formation and accretion phenomena) over similar timescales.

PACS numbers: 95.85.Pw, 96.50.S-, 95.35.+d

I. INTRODUCTION

The Galactic Center (GC) represents one of the most
interesting environments for astroparticle physics studies:
it hosts the closest supermassive black hole, which may
allow interesting tests of General Relativity [1, 2], and it
is likely the brightest spot in terms of DM annihilation
emission, in models where this mysterious component is
made of weakly interacting massive particles (WIMPs),
thermal relics of the Early Universe. Unfortunately for
high energy astroparticle probes, it is also one of the most
crowded and hard-to-model regions due to the variety of
non-thermal astrophysical sources it hosts, which might
be a reason for example why a publication of the Fermi-
LAT team on the detailed characterization of the signal
from this region is still in progress, [3–5].

These di�culties have not discouraged researchers to
analyze publicly available Fermi-LAT data1, notably
looking for these elusive models of physics beyond the
standard model. Recently, several groups [6–14] found
an excess of gamma rays above the modeled astrophysi-
cal emission in the inner region of our Galaxy. The claim
that it could originate in the annihilation of motivated
WIMP scenarios with properties close to commonly ex-
pected ones sparked significant attention. The most im-
portant properties of the claimed residuals are i) Their
spatial extension—which even accounting for the point-
spread function is inconsistent with a point-like source—
resembles a steeply falling function of the distance r from
the GC, behaving as ⇠ r�2.4 and reaching out to ⇠ 10�

1
http://fermi.gsfc.nasa.gov/ssc/data/

scale. It is also claimed to be close to spherically symmet-
ric, although this statement is probably less robust, due
to the di�culty in modeling and subtracting the emission
in the Galactic plane. ii) Their spectral shape, which is
well modeled by a power law with an exponential cut-o↵
(PLexp) —of the type E�� exp [�E/Ecut] with parame-
ters in the range � = 0.5÷ 1, Ecut ⇠ 2÷ 3 GeV—is con-
sistent with the ⇠0.1 ÷10 GeV byproducts of a 30 � 40
GeV DM particle annihilating dominantly to the bb̄ chan-
nel. iii) Their total flux at 1-3 GeV, integrated within 1�

of Galactic Center, is ⇠ 10�10 erg cm�2 s�1, roughly
matching what is expected from a 30 GeV thermal relic
DM annihilating with a profile consistent with point i).

While these findings are quite intriguing, some caveats
apply: all these analyses rely on the publicly available
Fermi di↵use model2 to predict the astrophysical signal
in that region. While that model is one of the best suited
to describe the Milky Way �-ray emission, it is obtained
via a fit to data for the main purpose of studying point

sources and is therefore not optimal for the characteri-
zation of extended signals, which are (at least partially)
degenerate with the di↵use emission modeling. Hence the
systematics errors associated to the separation between
signal and background are not yet well assessed. Even
if some extra emission seems to be present, then, some
of the above listed properties of the extended residuals
should not be taken too firmly from a quantitative point
of view. These uncertainties a↵ect even DM interpreta-
tions: for example, in [15] we warned about the impor-
tance of the poorly known bremsstrahlung contribution
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FIG. 2: Top Panel: Latitude profile of the inverse Compton
emission from an electron population injected t0 (red, solid),
0.3 t0 (orange, dashed) and 3 t0 (blue, dotted) years ago (where
t0 = 1 Myr). Bottom Panel: The spectra of the inverse Comp-
ton emission (the same color scheme) at 5� away from the
Galactic plane. The overall energetics is given in units of
E0 = 4 ⇥ 1052 erg, and energy losses are expressed in terms
of the default value b0, which assumes w ⇠ 4 eV cm�3.

alternatively) to similar phenomenology 5. In the recent
analysis [32]—which provides yet another argument in
favor of the existence of some additional soft cosmic ray
cosmic-ray population in order to account for the GeV
emission in the inner Galaxy—a leptonic for the under-
lying population was also considered more likely, based
on an energetic argument.

IV. CONCLUSIONS

In this article, we have argued that a bursting event,
injecting⇠ 1052 ÷1053ergs of energy in a standard power-
law cosmic ray electron spectrum about one million years
ago seem to reproduce naturally most spectral and an-
gular features of the claimed GeV “excess” in the in-
ner Galaxy, for benchmark values of an e↵ective homo-
geneous di↵usion coe�cient and energy loss parameter.
The main goal of our calculations has been to raise aware-
ness on the importance of accounting for transient events

5
Note added: While this work was being finalized for submission,

an in-depth study of this e↵ect has appeared as pre-print [25].
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when dealing with extended excesses, notably at the GC.
Until now, however, we have not discussed the plausi-
bility of the parameters required. Is the “toy solution”
found plausible, on the light of other astrophysical evi-
dence? After all, currently the GC is best characterized
by the quiescent state of its supermassive black hole, see
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Abstract

It was found in the Fermi-LAT data that there is an extended γ-ray excess
in the Galactic center region. The proposed sources to be responsible for the
excess include the dark matter annihilation or an astrophysical alternative
from a population of millisecond pulsars (MSPs). Whether or not the MSP
scenario can explain the data self-consistently has very important implica-
tions for the detection of particle dark matter, which is however, subject to
debate in the literature. In this work we study the MSP scenario in detail,
based on the detected properties of the MSPs by Fermi-LAT. We build a
model of the Milky Way MSPs which can reproduce the γ-ray properties
of the Fermi-LAT MSPs, and derive the intrinsic luminosity function of the
MSPs. The model is then applied to a bulge population of MSPs. We find
that the extended γ-ray excess can be well explained by the bulge MSPs
without violating the detectable flux distribution of MSPs by Fermi-LAT.
The spatial distribution of the bulge MSPs as implied by the distribution
of low mass X-ray binaries follows a r−2.4 profile, which is also consistent
with the γ-ray excess data. We conclude that the MSP model can explain
the Galactic center γ-ray excess self-consistently, satisfying all the current
observational constraints.

1. Introduction

It has been reported that there is an extended γ-ray excess in the Galactic
center (GC) region in the Fermi Large Area Telescope (Fermi-LAT) data
[1, 2, 3, 4, 5, 6, 7, 8]. The spatial distribution of the extended excess follows
the square of a generalized Navarro-Frenk-White (gNFW, [9, 10]) profile with

Preprint submitted to Elsevier April 10, 2014

as discussed below, we will further apply the following constraints on the
spectral parameters: Γ > 0 and 1 GeV< Ec < 10 GeV.

2.3. Luminosity function

The luminosity function is most relevant for this study. However, it can-
not be directly derived through the observational sample due to the sensitiv-
ity limit of the detectors. Hooper et al. assumed a power-law distribution of
the MSP periods dN/dP ∝ P−2, and a constant fraction of the spin-down
power goes into γ-ray luminosities Lγ ∝ Ė [31]. For a constant magnetic
field B one has Ė ∝ P−4, and the luminosity function is dN/dL ∝ L−3/4. A
log-normal distribution of the magnetic field of MSPs is assumed [31], and
the resulting luminosity function can be derived through a Monte Carlo sim-
ulation. An example adopted in [31], with a central value of magnetic field
B0 = 108.5G and a logarithmic standard width 0.2, is shown by the dashed
line in Fig. 2. We see that such a luminosity function is very hard, which
might be the reason why Hooper et al. did not find enough contribution from
MSPs to explain the γ-ray excess from the low-luminosity sources [31].

31 31.5 32 32.5 33 33.5 34 34.5 35
100

101

102

103

104

log[L/(erg s−1)]

N
um

be
r

Hooper et al. (2013)

Figure 2: Gamma-ray luminosity function (proportional to dN/d logL) of MSPs. Solid
lines are the broken power-law functions assumed in this work for several different sets
of parameters, and the dashed line is an example as adopted in [31] with B0 = 108.5G.
Shaded histogram is the result of Fermi-LAT detected sample. The total number of the
sources of each model is normalized to reproduce the observed sample. See the text for
details.

However, we find that such a luminosity function may be over hard.
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Figure 6: Cumulative spectrum of the bulge MSPs compared with the Fermi-LAT GC
excess data [6].

In order to check whether the bulge MSP population violates the Fermi-
LAT observations, we show the fluxes versus luminosities of these MSPs in
Fig. 7. The vertical line is the sensitivity of Fermi-LAT for sources located
in the Galactic plane [33]. It is shown that none of these bulge MSPs could
be detected as an individual source by Fermi-LAT, which means that all of
them should contribute to the diffuse emission.

We can compare the number of MSPs estimated here with that derived in
other works. Using the average luminosity of the Fermi-LAT detected MSPs,
L̄ ≈ 1034 erg s−1, Macias & Gordon estimated a number of ∼ 1000 MSPs
in order to explain the data [24]. This number should be a lower bound
because there should be more low-luminosity MSPs which are not detected.
In our work, the main contribution to the total γ-rays comes from the MSPs
with luminosities between 1033 and 1034 erg s−1 (Fig. 6). We find that the
number of MSPs in this luminosity range is about 4200 for a total number
of 13000 (L > 1032 erg s−1). If we count only the 7◦ × 7◦ box the number
becomes 2700, which is consistent with the lower limit derived in [24], given
the average luminosity is about several times smaller. However, as we have
mentioned, this number depends on how many low-luminosity MSPs there
are. There is only one MSP with luminosity below 1032 erg s−1 in the Fermi-
LAT sample, but we are not sure whether the luminosity function can extend
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Abstract

It was found in the Fermi-LAT data that there is an extended γ-ray excess
in the Galactic center region. The proposed sources to be responsible for the
excess include the dark matter annihilation or an astrophysical alternative
from a population of millisecond pulsars (MSPs). Whether or not the MSP
scenario can explain the data self-consistently has very important implica-
tions for the detection of particle dark matter, which is however, subject to
debate in the literature. In this work we study the MSP scenario in detail,
based on the detected properties of the MSPs by Fermi-LAT. We build a
model of the Milky Way MSPs which can reproduce the γ-ray properties
of the Fermi-LAT MSPs, and derive the intrinsic luminosity function of the
MSPs. The model is then applied to a bulge population of MSPs. We find
that the extended γ-ray excess can be well explained by the bulge MSPs
without violating the detectable flux distribution of MSPs by Fermi-LAT.
The spatial distribution of the bulge MSPs as implied by the distribution
of low mass X-ray binaries follows a r−2.4 profile, which is also consistent
with the γ-ray excess data. We conclude that the MSP model can explain
the Galactic center γ-ray excess self-consistently, satisfying all the current
observational constraints.

1. Introduction

It has been reported that there is an extended γ-ray excess in the Galactic
center (GC) region in the Fermi Large Area Telescope (Fermi-LAT) data
[1, 2, 3, 4, 5, 6, 7, 8]. The spatial distribution of the extended excess follows
the square of a generalized Navarro-Frenk-White (gNFW, [9, 10]) profile with
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Question 1: Can we seriously trust 

any analysis based on an 

(extra)galactic spectrum? 



3.5 keV line 

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.

0.01

0.10

1.00

10.00

No
rm
al
iz
ed
 c
ou
nt
 r
at
e

[c
ts
/s
ec
/k
eV
]

M31 ON-center

-6⋅10-3
-4⋅10-3
-2⋅10-3
 0⋅100
 2⋅10-3
 4⋅10-3
 6⋅10-3
 8⋅10-3
 1⋅10-2

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Da
ta
 -
 m
od
el

[c
ts
/s
ec
/k
eV
]

Energy [keV]

No line at 3.5 keV

0.22

0.24

0.26

0.28

0.30

0.32

0.34

0.36

No
rm
al
iz
ed
 c
ou
nt
 r
at
e

[c
ts
/s
ec
/k
eV
]

M31 ON-center
No line at 3.5 keV

-4⋅10-3
-2⋅10-3
 0⋅100
 2⋅10-3
 4⋅10-3
 6⋅10-3
 8⋅10-3
 1⋅10-2

3.0 3.2 3.4 3.6 3.8 4.0

Da
ta
 -
 m
od
el

[c
ts
/s
ec
/k
eV
]

Energy [keV]

No line at 3.5 keV
Line at 3.5 keV

FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).

A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse; http://arxiv.org/abs/
1402.4119

Higgs

�

�

�

�

�

�

�

LHC 5σ
XMM Newton 4σ



3.5 keV line 

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.

0.01

0.10

1.00

10.00

No
rm
al
iz
ed
 c
ou
nt
 r
at
e

[c
ts
/s
ec
/k
eV
]

M31 ON-center

-6⋅10-3
-4⋅10-3
-2⋅10-3
 0⋅100
 2⋅10-3
 4⋅10-3
 6⋅10-3
 8⋅10-3
 1⋅10-2

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Da
ta
 -
 m
od
el

[c
ts
/s
ec
/k
eV
]

Energy [keV]

No line at 3.5 keV

0.22

0.24

0.26

0.28

0.30

0.32

0.34

0.36

No
rm
al
iz
ed
 c
ou
nt
 r
at
e

[c
ts
/s
ec
/k
eV
]

M31 ON-center
No line at 3.5 keV

-4⋅10-3
-2⋅10-3
 0⋅100
 2⋅10-3
 4⋅10-3
 6⋅10-3
 8⋅10-3
 1⋅10-2

3.0 3.2 3.4 3.6 3.8 4.0

Da
ta
 -
 m
od
el

[c
ts
/s
ec
/k
eV
]

Energy [keV]

No line at 3.5 keV
Line at 3.5 keV

FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).

A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse; http://arxiv.org/abs/
1402.4119
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.

5

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level would have been expected to give 3.1
additional events above 2 PeV (a higher energy search
[10] also saw none). This may indicate, along with the
slight excess in the lower energy bins, either a softer spec-
trum or a cuto↵ at high energies. Correlated systematic
uncertainties in the first few points in the reconstructed
spectrum (Fig. 4) arise from the poorly constrained level
of the prompt atmospheric neutrino background. The
presence of this softer (E�2.7) component would decrease
the non-atmospheric excess at low energies, hardening
the spectrum of the remaining data. The corresponding
range of best fit astrophysical slopes within our current
90% confidence band on the prompt flux [9] is �2.0 to
�2.3. As the best-fit prompt flux is zero, the best-fit
astrophysical spectrum is on the lower boundary of this
interval at �2.3 with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [32]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypotheti-
cal point source. This reduces the bias introduced by
muons, allowing track and shower events to be used to-
gether, and also improves sensitivity to multiple sources
by considering the entire sky rather than the single best
point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources, also using
track and shower events together. The first two searched
for clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [33],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [34] and ANTARES [35]

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events are marked with + and those con-
taining muon tracks with ⇥. Event IDs match those in the
catalog in the online supplement and are time ordered. The
grey line denotes the equatorial plane. The color map shows
the test statistic (TS) for the point source clustering test at
each location. No significant clustering was observed.

lists; see online supplement). For the catalog search, the
TS value was evaluated at each source location, and the
post-trials significance calculated by comparing the high-
est observed value in each hemisphere to results from
performing the analysis on scrambled datasets.
No hypothesis test yielded statistically significant evi-

dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater TS 84% and 7.2% of the time for all
events and for shower-like events only. As in the two-year
data set, the strongest clustering was near the galactic
center. Other neutrino observations of this location have
given no evidence for a source [36], however, and none of
the new events were strongly correlated with this region.
When using the marginalized likelihood, a test statistic
greater than or equal to the observed value was found
in 28% of scrambled datasets. The source list yielded p-
values for the northern and southern hemispheres of 28%
and 8%, respectively. Correlation with the galactic plane
was also not significant: when letting the width float
freely, the best fit was ±7.5� with a post-trials chance
probability of 2.8%, while a fixed width of ±2.5� returned
a p-value of 24%. A repeat of the time clustering search
from [11] also found no evidence for structure.
With or without a possible galactic contribution [37,

38], the high galactic latitudes of many of the highest-
energy events (Fig. 5) suggest at least some extragalac-
tic component. Exception may be made for local large
di↵use sources (e.g. the Fermi bubbles [39] or the galac-
tic halo [40, 41]), but these models typically can ex-
plain at most a fraction of the data. If our data arise
from an extragalactic flux produced by many isotropi-
cally distributed point sources, we can compare our all-
sky flux with existing point-source limits. By exploiting
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level would have been expected to give 3.1
additional events above 2 PeV (a higher energy search
[10] also saw none). This may indicate, along with the
slight excess in the lower energy bins, either a softer spec-
trum or a cuto↵ at high energies. Correlated systematic
uncertainties in the first few points in the reconstructed
spectrum (Fig. 4) arise from the poorly constrained level
of the prompt atmospheric neutrino background. The
presence of this softer (E�2.7) component would decrease
the non-atmospheric excess at low energies, hardening
the spectrum of the remaining data. The corresponding
range of best fit astrophysical slopes within our current
90% confidence band on the prompt flux [9] is �2.0 to
�2.3. As the best-fit prompt flux is zero, the best-fit
astrophysical spectrum is on the lower boundary of this
interval at �2.3 with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [32]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypotheti-
cal point source. This reduces the bias introduced by
muons, allowing track and shower events to be used to-
gether, and also improves sensitivity to multiple sources
by considering the entire sky rather than the single best
point.

Three tests were performed to search for neutrinos in
correlation with known gamma-ray sources, also using
track and shower events together. The first two searched
for clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [33],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [34] and ANTARES [35]

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events are marked with + and those con-
taining muon tracks with ⇥. Event IDs match those in the
catalog in the online supplement and are time ordered. The
grey line denotes the equatorial plane. The color map shows
the test statistic (TS) for the point source clustering test at
each location. No significant clustering was observed.

lists; see online supplement). For the catalog search, the
TS value was evaluated at each source location, and the
post-trials significance calculated by comparing the high-
est observed value in each hemisphere to results from
performing the analysis on scrambled datasets.
No hypothesis test yielded statistically significant evi-

dence of clustering or correlations. For the all-sky clus-
tering test, scrambled datasets produced locations with
equal or greater TS 84% and 7.2% of the time for all
events and for shower-like events only. As in the two-year
data set, the strongest clustering was near the galactic
center. Other neutrino observations of this location have
given no evidence for a source [36], however, and none of
the new events were strongly correlated with this region.
When using the marginalized likelihood, a test statistic
greater than or equal to the observed value was found
in 28% of scrambled datasets. The source list yielded p-
values for the northern and southern hemispheres of 28%
and 8%, respectively. Correlation with the galactic plane
was also not significant: when letting the width float
freely, the best fit was ±7.5� with a post-trials chance
probability of 2.8%, while a fixed width of ±2.5� returned
a p-value of 24%. A repeat of the time clustering search
from [11] also found no evidence for structure.
With or without a possible galactic contribution [37,

38], the high galactic latitudes of many of the highest-
energy events (Fig. 5) suggest at least some extragalac-
tic component. Exception may be made for local large
di↵use sources (e.g. the Fermi bubbles [39] or the galac-
tic halo [40, 41]), but these models typically can ex-
plain at most a fraction of the data. If our data arise
from an extragalactic flux produced by many isotropi-
cally distributed point sources, we can compare our all-
sky flux with existing point-source limits. By exploiting
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Question 4: 100% of talk was about 

thermal dark matter. Is it 

reasonable?



Model building trying to NOT ONLY solve the issue of DM 
but addresses also others SM problematics (intermediate scale, 
νR, leptogenesis, unification, Higgs stability, anomalies… 

and avoiding addoc  « lepto/hadro/electro/hydro-phobic/
philic » constructions introduced to fit some data points? 



Open questions
Question 1: Stop giving too much importance to 
study involving spectrum?

Question 2: What is the meaning of « σ » in DM 

studies, should we take more care on the «look 
elsewhere effects.

Question 3: Does DM experiments can be the first one to 
test intermediate scale?

Question 4: Universe was/is non-thermal, why 
insisting on thermal scenarios?
Question 5: Model building in ultraviolet 
completions?


