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The Galactic Center GeV Excess
§ A bright and highly statistically significant 

excess of gamma-rays has been observed 
from the region surrounding the Galactic 
Center

§ Although a consensus has formed 
regarding the basic features of this signal, 
its origin is still a topic of considerable 
debate

10

FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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Spectrum
§ The spectrum of the excess is well fit by 

a ~20-65 GeV particle annihilating to 
quarks or gluons (and also by a wide range of 
of hidden sector dark matter models)

§ The shape of the spectrum appears to  
be uniform across the Inner Galaxy
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Figure 16. Same as figure 14, but from a fit with the segmented GCE template as illustrated in
figure 15. We show results for GDE model F (black dots), as well as the envelope for all 60 GDE
models (blue dotted lines) and the systematic errors that we derived from fits in 22 test regions along
the Galactic disk (yellow boxes, in analogy to figure 12). See figure 28 below for the spectra of all
components.
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Calore, Cholis, Weniger; Calore, Cholis, McCabe, Weinger (2014);
Escudero, Witte, DH, arXiv:1709.07002
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5
CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-

ments already by at least five orders of magnitude compared to

the conventional Galactic di↵use ⇡0
emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��
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emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
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#ROI Definition ⌦ROI [sr]

I, II
p
`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization
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Morphology
§ The GeV excess exhibits approximate spherical symmetry about the 

Galactic Center (axis ratios within ~20% of unity), with a flux that falls 
as ~r -2.4 out to at least ~10°

§ If interpreted as annihilating dark matter, this implies ρDM ~ r -1.2  out to 
at least ~1.5 kpc, only slightly steeper than the canonical NFW profile 
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FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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Intensity
§ To normalize the observed excess, the dark matter particles must 

annihilate with a cross section of σv ~ 10-26 cm3/s
§ This is approximately equal to the value of the cross section that is 

required to generate the measured dark matter abundance through 
thermal freeze-out in the early universe
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What Produces the Excess?
§ A large population of centrally located millisecond pulsars?
§ A recent outburst of cosmic rays?
§ Annihilating dark matter?
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

The Two Main Arguments in Favor of Pulsars:
Small-scale power in the gamma-ray emission from the 
Inner Galaxy
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The Two Main Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars 
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

The Two Main Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars 
§ Small-scale power in the gamma-ray emission from 

the Inner Galaxy
Small-scale power in the gamma-ray emission from the 
Inner Galaxy
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Small Scale Power Among Inner Galaxy 𝛄-Rays

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124 
Bartels, Krishnamurthy, Weniger, arXiv:1506.05104
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§ In 2015, two groups found that the ~GeV photons from the direction of 
the Inner Galaxy are more clustered than predicted from smooth 
backgrounds, suggesting that the GeV excess might be generated by a 
population of unresolved point sources

§ Lee et al. used a non-Poissonian template technique to show that the 
photon distribution within ~10° of the Galactic Center (masking within 
2° of the Galactic Plane) is clumpy, potentially indicative of an 
unresolved point source population

§ Bartels et al. reach a similar conclusion employing a wavelet technique

Small-scale power in the gamma-ray emission from the Inner Galaxy



Dan Hooper – The Galactic Center Gamma-Ray Excess 

§ A typical Fermi Inner Galaxy analysis might include the following spatial 
templates:
1) Galactic diffuse emission
2) Fermi Bubbles
3) Isotropic background
4) Dark matter annihilation (generalized NFW)
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§ A typical Fermi Inner Galaxy analysis might include the following spatial 
templates:
1) Galactic diffuse emission
2) Fermi Bubbles
3) Isotropic background
4) Dark matter annihilation (generalized NFW)

§ Lee et al. add to this a number of non-Possionian templates to model the 
distribution of unresolved point sources:                                                   
5) Isotropically distributed point sources 
6) Disk-correlated point sources 
7) NFW2 correlated point sources 

Small Scale Power Among Inner Galaxy 𝛄-Rays
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FIG. 2: (Left) Best-fit source-count functions within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked. The
median and 68% confidence intervals are shown for each of the following PS components: NFW (dashed, orange), thin-disk
(solid, blue), and isotropic (dotted, green). The number of observed 3FGL sources in each bin is indicated. The normalization
for the di↵use emission in the fit is consistent with that at high latitudes, as desired. (Right) Posteriors for the flux fraction
within 10� of the GC with |b| � 2� arising from the separate PS components, with 3FGL sources unmasked. The inset shows
the result of removing the NFW PS template from the fit. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.

FIG. 3: Same as Fig. 2, except with 3FGL sources masked.

sources. When the NFW PS template is omitted (inset),
the fraction of flux absorbed by the disk PS population is
essentially unchanged at 6.8+0.7

�0.9%, and the DM template

absorbs 7.7+0.7
�0.8% of the flux. The DM flux obtained in

absence of an NFW PS template is consistent with other
estimates in the literature [12, 14]. The model including
the NFW PS contribution is preferred over that without
by a Bayes factor ⇠106.4

When the 3FGL sources are masked, the NPTF proce-
dure yields a best-fit source-count function given by the
orange band in the left panel of Fig. 3. Below the break,
the source-count function agrees well with that found by
the unmasked fit. In this case, the contributions from the
isotropic and disk-correlated PS templates are negligible.

4 For reference, this corresponds to test statistic 2� lnL ⇡ 36.

The flux fraction attributed to the NFW PS component
is 5.3+1.0

�1.1%, while the NFW DM template absorbs no
significant flux.

In the masked analysis, the Bayes factor for a model
that contains an NFW PS component, relative to one
that does not, is ⇠102, substantially reduced relative to
the result for the unmasked case. Masking the 3FGL
sources removes most of the ROI within ⇠5� of the GC,
reducing photon statistics markedly, especially for any
signal peaked at the GC. Furthermore, in the masked
ROI, non-NFW PS templates can absorb a substantial
fraction of the excess. For example, if only disk and
isotropic PS templates are added, the flux fraction at-
tributed to the disk template is 2.5+0.70

�0.62%, while that

attributed to NFW DM is 2.2+1.6
�2.2% (the flux attributed

to isotropic PSs is negligible). When no PS templates
are included in the fit, the NFW DM template absorbs
4.1+1.1

�1.2% of the total flux. As we will discuss later, this

(1.9-11.9 GeV)

Small Scale Power Among Inner Galaxy 𝛄-Rays
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FIG. 2: (Left) Best-fit source-count functions within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked. The
median and 68% confidence intervals are shown for each of the following PS components: NFW (dashed, orange), thin-disk
(solid, blue), and isotropic (dotted, green). The number of observed 3FGL sources in each bin is indicated. The normalization
for the di↵use emission in the fit is consistent with that at high latitudes, as desired. (Right) Posteriors for the flux fraction
within 10� of the GC with |b| � 2� arising from the separate PS components, with 3FGL sources unmasked. The inset shows
the result of removing the NFW PS template from the fit. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.

FIG. 3: Same as Fig. 2, except with 3FGL sources masked.

sources. When the NFW PS template is omitted (inset),
the fraction of flux absorbed by the disk PS population is
essentially unchanged at 6.8+0.7

�0.9%, and the DM template

absorbs 7.7+0.7
�0.8% of the flux. The DM flux obtained in

absence of an NFW PS template is consistent with other
estimates in the literature [12, 14]. The model including
the NFW PS contribution is preferred over that without
by a Bayes factor ⇠106.4

When the 3FGL sources are masked, the NPTF proce-
dure yields a best-fit source-count function given by the
orange band in the left panel of Fig. 3. Below the break,
the source-count function agrees well with that found by
the unmasked fit. In this case, the contributions from the
isotropic and disk-correlated PS templates are negligible.

4 For reference, this corresponds to test statistic 2� lnL ⇡ 36.

The flux fraction attributed to the NFW PS component
is 5.3+1.0

�1.1%, while the NFW DM template absorbs no
significant flux.

In the masked analysis, the Bayes factor for a model
that contains an NFW PS component, relative to one
that does not, is ⇠102, substantially reduced relative to
the result for the unmasked case. Masking the 3FGL
sources removes most of the ROI within ⇠5� of the GC,
reducing photon statistics markedly, especially for any
signal peaked at the GC. Furthermore, in the masked
ROI, non-NFW PS templates can absorb a substantial
fraction of the excess. For example, if only disk and
isotropic PS templates are added, the flux fraction at-
tributed to the disk template is 2.5+0.70

�0.62%, while that

attributed to NFW DM is 2.2+1.6
�2.2% (the flux attributed

to isotropic PSs is negligible). When no PS templates
are included in the fit, the NFW DM template absorbs
4.1+1.1

�1.2% of the total flux. As we will discuss later, this

Disk-Like 
Population

(1.9-11.9 GeV)
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FIG. 2: (Left) Best-fit source-count functions within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked. The
median and 68% confidence intervals are shown for each of the following PS components: NFW (dashed, orange), thin-disk
(solid, blue), and isotropic (dotted, green). The number of observed 3FGL sources in each bin is indicated. The normalization
for the di↵use emission in the fit is consistent with that at high latitudes, as desired. (Right) Posteriors for the flux fraction
within 10� of the GC with |b| � 2� arising from the separate PS components, with 3FGL sources unmasked. The inset shows
the result of removing the NFW PS template from the fit. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.

FIG. 3: Same as Fig. 2, except with 3FGL sources masked.

sources. When the NFW PS template is omitted (inset),
the fraction of flux absorbed by the disk PS population is
essentially unchanged at 6.8+0.7

�0.9%, and the DM template

absorbs 7.7+0.7
�0.8% of the flux. The DM flux obtained in

absence of an NFW PS template is consistent with other
estimates in the literature [12, 14]. The model including
the NFW PS contribution is preferred over that without
by a Bayes factor ⇠106.4

When the 3FGL sources are masked, the NPTF proce-
dure yields a best-fit source-count function given by the
orange band in the left panel of Fig. 3. Below the break,
the source-count function agrees well with that found by
the unmasked fit. In this case, the contributions from the
isotropic and disk-correlated PS templates are negligible.

4 For reference, this corresponds to test statistic 2� lnL ⇡ 36.

The flux fraction attributed to the NFW PS component
is 5.3+1.0

�1.1%, while the NFW DM template absorbs no
significant flux.

In the masked analysis, the Bayes factor for a model
that contains an NFW PS component, relative to one
that does not, is ⇠102, substantially reduced relative to
the result for the unmasked case. Masking the 3FGL
sources removes most of the ROI within ⇠5� of the GC,
reducing photon statistics markedly, especially for any
signal peaked at the GC. Furthermore, in the masked
ROI, non-NFW PS templates can absorb a substantial
fraction of the excess. For example, if only disk and
isotropic PS templates are added, the flux fraction at-
tributed to the disk template is 2.5+0.70

�0.62%, while that

attributed to NFW DM is 2.2+1.6
�2.2% (the flux attributed

to isotropic PSs is negligible). When no PS templates
are included in the fit, the NFW DM template absorbs
4.1+1.1

�1.2% of the total flux. As we will discuss later, this

Disk-Like 
Population

Excess-Like 
Population

(1.9-11.9 GeV)

Small Scale Power Among Inner Galaxy 𝛄-Rays

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124 
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Bottom Line:  A population of ~103 points sources with luminosities just 
below Fermi’s threshold could potentially account for the GeV Excess
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FIG. 2: (Left) Best-fit source-count functions within 10� of the GC and |b| � 2�, with the 3FGL sources unmasked. The
median and 68% confidence intervals are shown for each of the following PS components: NFW (dashed, orange), thin-disk
(solid, blue), and isotropic (dotted, green). The number of observed 3FGL sources in each bin is indicated. The normalization
for the di↵use emission in the fit is consistent with that at high latitudes, as desired. (Right) Posteriors for the flux fraction
within 10� of the GC with |b| � 2� arising from the separate PS components, with 3FGL sources unmasked. The inset shows
the result of removing the NFW PS template from the fit. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.

FIG. 3: Same as Fig. 2, except with 3FGL sources masked.

sources. When the NFW PS template is omitted (inset),
the fraction of flux absorbed by the disk PS population is
essentially unchanged at 6.8+0.7

�0.9%, and the DM template

absorbs 7.7+0.7
�0.8% of the flux. The DM flux obtained in

absence of an NFW PS template is consistent with other
estimates in the literature [12, 14]. The model including
the NFW PS contribution is preferred over that without
by a Bayes factor ⇠106.4

When the 3FGL sources are masked, the NPTF proce-
dure yields a best-fit source-count function given by the
orange band in the left panel of Fig. 3. Below the break,
the source-count function agrees well with that found by
the unmasked fit. In this case, the contributions from the
isotropic and disk-correlated PS templates are negligible.

4 For reference, this corresponds to test statistic 2� lnL ⇡ 36.

The flux fraction attributed to the NFW PS component
is 5.3+1.0

�1.1%, while the NFW DM template absorbs no
significant flux.

In the masked analysis, the Bayes factor for a model
that contains an NFW PS component, relative to one
that does not, is ⇠102, substantially reduced relative to
the result for the unmasked case. Masking the 3FGL
sources removes most of the ROI within ⇠5� of the GC,
reducing photon statistics markedly, especially for any
signal peaked at the GC. Furthermore, in the masked
ROI, non-NFW PS templates can absorb a substantial
fraction of the excess. For example, if only disk and
isotropic PS templates are added, the flux fraction at-
tributed to the disk template is 2.5+0.70

�0.62%, while that

attributed to NFW DM is 2.2+1.6
�2.2% (the flux attributed

to isotropic PSs is negligible). When no PS templates
are included in the fit, the NFW DM template absorbs
4.1+1.1

�1.2% of the total flux. As we will discuss later, this
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Evidence For Unresolved Point Sources?
§ It is difficult to tell whether these clustered gamma-rays result from 

unresolved sources, or from backgrounds that are less smooth than are 
being modeled
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Evidence For Unresolved Point Sources?
§ It is difficult to tell whether these clustered gamma-rays result from 

unresolved sources, or from backgrounds that are less smooth than are 
being modeled
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Evidence For Unresolved Point Sources?
§ It is difficult to tell whether these clustered gamma-rays result from 

unresolved sources, or from backgrounds that are less smooth than are 
being modeled

§ These clusters consist of only a few photons each, on top of large and 
imperfectly known backgrounds 

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Evidence For Unresolved Point Sources?
§ It is difficult to tell whether these clustered gamma-rays result from 

unresolved sources, or from backgrounds that are less smooth than are 
being modeled

§ These clusters consist of only a few photons each, on  top of large and 
imperfectly known backgrounds 

§ Gamma-ray point source identification is difficult in the Galactic Center 
region – even for bright sources – and the contents of source catalogs 
depend strongly on how one treats diffuse backgrounds  
(try comparing the contents of Fermi’s 3FGL, 1FIG, 2FIG catalogs)

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Millisecond Pulsars and The Galactic Center 
Gamma-Ray Excess

The Two Main Arguments in Favor of Pulsars:
§ The gamma-ray spectrum of observed pulsars 
§ Small-scale power in the gamma-ray emission from                

the Inner Galaxy
Small-scale power

Arguments Against Pulsars:
§ The measured luminosity function of gamma-ray pulsars 
§ The lack of low-mass X-ray binaries in the Inner Galaxy
in the gamma-ray emission from the Inner Galaxy
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Comparison With The Measured MSP 
Luminosity Function

§ It should be appreciated that the MSP populations observed in globular 
clusters and in the disk do not exhibit a luminosity function like that 
indicated by the analysis of Lee et al.

§ The measured MSP luminosity function is very broad and extends over 
several orders of magnitude and up to at least ~1035 erg/s

§ If the small scale power identified by 
these analyses does in fact originate 
from a population of MSPs, this is a very 
different population than those found in 
the disk of the Milky Way or in globular
clusters
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§ While a dead pulsar is being “spun-up” by a stellar companion to 
become a millisecond pulsar, it exists for a time as a low-mass X-ray 
binary (LMXB) 

§ We should expect the ratio of MSPs to LMXBs to be similar in the Inner 
Galaxy as in the Milky Way’s globular cluster population

§ We can use the number of low-mass X-ray binaries in the Inner Galaxy 
to estimate the population of MSPs that is present there
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Millisecond Pulsars and Low-Mass X-Ray Binaries

Cholis, DH, Linden, JCAP, arXiv:1407.5625



Millisecond Pulsars and Low-Mass X-Ray Binaries 
In Globular Clusters

§ We begin with the following sample of Milky Way globular 
clusters (selected for their large stellar encounter rates):

§ As expected, most of of these 
have been detected by Fermi
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Globular Cluster Flux (erg/cm2/s) Distance (kpc) Stellar Encounter Rate TS

NGC 104 2.51+0.05
�0.06 ⇥ 10�11 4.46 1.00 3995.9

NGC 362 6.74+2.63
�2.46 ⇥ 10�13 8.61 0.74 9.69

Palomar 2 < 2.69 ⇥ 10�13 27.11 0.93 0.0

NGC 6624 1.14+0.10
�0.10 ⇥ 10�11 7.91 1.15 455.8

NGC 1851 9.05+2.92
�2.67 ⇥ 10�13 12.1 1.53 14.4

NGC 5824 < 4.78 ⇥ 10�13 32.17 0.98 0.0

NGC 6093 4.32+0.57
�0.53 ⇥ 10�12 10.01 0.53 91.9

NGC 6266 1.84+0.07
�0.10 ⇥ 10�11 6.83 1.67 850.7

NGC 6284 < 2.85 ⇥ 10�13 15.29 0.67 0.0

NGC 6441 1.00+0.09
�0.07 ⇥ 10�11 11.6 2.30 210.9

NGC 6652 4.84+0.51
�0.52 ⇥ 10�12 10.0 0.70 128.3

NGC 7078/M15 1.81+0.40
�0.39 ⇥ 10�12 10.4 4.51 29.7

NGC 6440 1.57+0.10
�0.11 ⇥ 10�11 8.45 1.40 311.2

Terzan 6 2.18+1.20
�0.90 ⇥ 10�12 6.78 2.47 5.1

NGC 6388 1.77+0.06
�0.09 ⇥ 10�11 9.92 0.90 778.4

NGC 6626/M28 1.95+0.13
�0.13 ⇥ 10�11 5.52 0.65 749.8

Terzan 5 6.61+0.17
�0.13 ⇥ 10�11 5.98 6.80 2707.1

NGC 6293 9.39+5.69
�5.45 ⇥ 10�13 9.48 0.85 3.98

NGC 6681 9.91+4.14
�3.86 ⇥ 10�13 9.01 1.04 7.2

NGC 2808 3.77+0.48
�0.48 ⇥ 10�11 9.59 0.92 96.7

NGC 6715 6.02+4.15
�3.77 ⇥ 10�13 26.49 2.52 2.6

NGC 7089 < 4.50 ⇥ 10�13 11.56 0.52 0.0

Table 1. The gamma-ray fluxes (integrated between 0.1 and 100 GeV), distances [67], and stellar
encounter rates of the 22 globular clusters in the Milky Way with stellar encounter rates of �e > 0.5,
as calculated in Ref. [65] and in units such that the rate for NGC 104 is equal to unity. In calculating
the gamma-ray fluxes and test statistic (TS), we have adopted a millisecond pulsar-like spectral shape,
dN�/dE� / E�1.57

� exp(�E�/3.78GeV).

to our background model, including the treatment of point sources, we direct the reader to
Ref. [38].3

The INTEGRAL telescope provides us with our most sensitive and complete catalog of
LMXBs in the Inner Galaxy, and we make use of these observations in Sec. 3 to characterize
the LMXB population in and around the Galactic Center. In order to facilitate a comparison
between the LMXBs found within globular clusters and those found within the Inner Galaxy,
we have compiled a list of those LMXBs in our sample of 22 globular clusters (those with
�
e

> 0.5) that would almost certainly have been detected by INTEGRAL if they had instead

3The gamma-ray fluxes from the globular clusters NGC 6624 and NGC 6626 di↵er significantly from their
values as presented in Ref. [38]. These two clusters each contain a source that is listed in the 3FGL catalog,
whose spectrum was allowed to float in the previous analysis. Here, the fluxes shown reflect the total flux
from each cluster, including that from any 3FGL sources that they may contain.

– 3 –
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Millisecond Pulsars and Low-Mass X-Ray Binaries 
In Globular Clusters

§ We begin with the following sample of Milky Way globular 
clusters (selected for their large stellar encounter rates):

§ As expected, most of of these 
have been detected by Fermi

§ This same collection of 
globular clusters contains the 
following list of bright LMXBs 
(those that would have been
detected if they had been
located in the Inner Galaxy)
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�2.46 ⇥ 10�13 8.61 0.74 9.69
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NGC 6388 1.77+0.06
�0.09 ⇥ 10�11 9.92 0.90 778.4

NGC 6626/M28 1.95+0.13
�0.13 ⇥ 10�11 5.52 0.65 749.8

Terzan 5 6.61+0.17
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NGC 6715 6.02+4.15
�3.77 ⇥ 10�13 26.49 2.52 2.6

NGC 7089 < 4.50 ⇥ 10�13 11.56 0.52 0.0

Table 1. The gamma-ray fluxes (integrated between 0.1 and 100 GeV), distances [67], and stellar
encounter rates of the 22 globular clusters in the Milky Way with stellar encounter rates of �e > 0.5,
as calculated in Ref. [65] and in units such that the rate for NGC 104 is equal to unity. In calculating
the gamma-ray fluxes and test statistic (TS), we have adopted a millisecond pulsar-like spectral shape,
dN�/dE� / E�1.57

� exp(�E�/3.78GeV).

to our background model, including the treatment of point sources, we direct the reader to
Ref. [38].3

The INTEGRAL telescope provides us with our most sensitive and complete catalog of
LMXBs in the Inner Galaxy, and we make use of these observations in Sec. 3 to characterize
the LMXB population in and around the Galactic Center. In order to facilitate a comparison
between the LMXBs found within globular clusters and those found within the Inner Galaxy,
we have compiled a list of those LMXBs in our sample of 22 globular clusters (those with
�
e

> 0.5) that would almost certainly have been detected by INTEGRAL if they had instead

3The gamma-ray fluxes from the globular clusters NGC 6624 and NGC 6626 di↵er significantly from their
values as presented in Ref. [38]. These two clusters each contain a source that is listed in the 3FGL catalog,
whose spectrum was allowed to float in the previous analysis. Here, the fluxes shown reflect the total flux
from each cluster, including that from any 3FGL sources that they may contain.
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LMXB Notes Globular Cluster References

4U 1820-30 P NGC 6624 [69–71]

4U 0513-40 P NGC 1851 [72–74]

4U 1746-37 P NGC 6441 [69, 75, 76]

XB 1832-330 P NGC 6652 [75, 77, 78]

M15 X-2 P NGC 7078/M15 [79–81]

AC 211 P NGC 7078/M15 [69, 80, 82]

SAX J1748.9-2021 T, XP NGC 6440 [75, 83, 84]

GRS 1747-312 T Terzan 6 [85–87]

Terzan 6 X-2 T Terzan 6 [88]

IGR J17361-4441 T NGC 6388 [89, 90]

IGR J18245-2542 T, XP NGC 6626/M28 [91, 92]

EXO 1745-248 T Terzan 5 [93, 94]

IGR J17480-2446 T Terzan 5 [95–97]

Terzan 5 X-3 T Terzan 5 [98]

MAXI J0911-635 T NGC 2808 [99]

Table 2. The list of LMXBs in globular clusters with stellar encounter rates �e > 0.5 observed
between 2003 and 2016 that would have been detected by INTEGRAL if they had been located in
the Inner Galaxy. In particular, these sources each reached an X-ray luminosity of >⇠ 1036 erg/s for
a duration of a week or more. The codes in the “Notes” column denote whether a given LMXB
is a persistent source (P), transient source (T), and/or an X-ray pulsar (XP). For each LMXB, the
references listed include the detection by INTEGRAL.

been located in the Inner Galaxy (see Table 2). More specifically, we consider a given LMXB
to be detectable by INTEGRAL (if it had been located in the Inner Galaxy) if it has reached
an X-ray luminosity exceeding 1036 erg/s for a duration of at least a week at some point
over the period of INTEGRAL’s mission. This is a conservative choice of threshold, as
INTEGRAL has collected su�cient exposure from the region around the Galactic Center
to detect significantly fainter sources if they have been active for a long time. To compile
this list, we begin with the 18 (non-quiescent) sources listed in Table 5 of Ref. [98], which
contains all such LMXBs found in globular clusters, published as of 2014. To make a fair
comparison with the collection of sources detected by INTEGRAL, we remove NGC 6440
X-2 from this list, as its peak luminosity of L

X

⇠ (2� 3)⇥ 1036 erg/s was only reached over
a timescale of a day, and it wasn’t detected by INTEGRAL, or even clearly detected by the
Rossi X-ray Timing Explorer (RXTE/PCA) bulge monitoring, which is more sensitive [100].
We also removed the source XB 1732-304 from our list, as it has been quiescent since 1999,
and thus does not overlap with the period covered by INTEGRAL. The other 16 LMXBs
listed in Ref. [98] each have peak X-ray luminosities and durations large enough to have
been detected by INTEGRAL if they had been located in the Inner Galaxy. In fact, we note
that many of these LMXBs were originally detected by INTEGRAL (as denoted by the IGR
names in Table 2). We then add to this list two more recently discovered transient sources
which reached a luminosity of ⇠ 1036 erg/s in 2016 (in NGC 2808) and in 2009 (in Terzan 6),
respectively [88, 101]. We have removed the sources X1850-087 (in NGC 6712), 4U 1722-30
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Millisecond Pulsars and Low-Mass X-Ray Binaries 
In The Inner Galaxy

§ Within 10° of the Galactic Center, the INTEGRAL General Reference 
Catalog contains 42 sources that are classified as an LMXB and 46 
unclassified sources (which may or may not be LMXBs)

§ To estimate the gamma-ray flux from MSPs in the Inner Galaxy, we 
compare the numbers of LMXBs in globular clusters to in the Inner Galaxy

§ From this exercise, we conclude that no more than 8±3% (LMXBs) and 
16±7% (LMXBs+unclassified) of the observed intensity of the GeV excess 
comes from millisecond pulsars

A MSP population capable of generating the observed GeV excess 
should be accompanied by ~500 bright LMXB, but only 42 (88) are 
actually observed

Dan Hooper – The Galactic Center Gamma-Ray Excess 

Haggard, Heinke, DH, Linden, JCAP, arXiv:1701.02726
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Gamma-Ray Bright MSPs in The Inner Galaxy?

Dan Hooper – The Galactic Center Gamma-Ray Excess 

§ The most direct way to prove that MSPs generate the GeV excess would 
be to detect a significant number of individual pulsars in the Inner Galaxy

§ Last year, the Fermi Collaboration posted a paper which purported to 
present strong evidence (~7𝛔) for a large centrally located pulsar 
population

Fermi Collaboration, arXiv:1705.00009v1



Evidence of a Central Pulsar Population?
§ In examining this paper, my collaborators and I 

found that we were unable to reproduce these 
results; our fit favored only a ~2𝛔 preference for a 
central source component 

§ As a result of the ensuing discussions with the 
Fermi Collaboration, an error was identified in their 
code, and a replacement (v2) of their paper was 
posted in conjunction with our paper

Dan Hooper – The Galactic Center Gamma-Ray Excess 

Bartels, DH, Linden, Mishra-Sharma, Rodd, Safdi, Slatyer, arXiv:1710.10266
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Evidence of a Central Pulsar Population?
§ In our paper, we also note that masking the pulsar candidate sources 

contained in the new Fermi catalog does not impact the characteristics of 
the excess; a negligible fraction of the excess emission originates from 
these sources

Dan Hooper – The Galactic Center Gamma-Ray Excess 

Bartels, DH, Linden, Mishra-Sharma, Rodd, Safdi, Slatyer, arXiv:1710.10266
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A Series of Cosmic Ray Outbursts?

Carlson, Profumo, PRD, arXiv:1405.7685,  
Petrovic, Serpico, Zaharijas, arXiv:1405.7928

§ Although the existence of the excess is robust across a wide range of 
diffuse background models, non-steady state cosmic ray scenarios are 
more difficult to rule out – perhaps a recent series of burst-like events 
might be responsible?

§ Hadronic scenarios predict a
signal that is more disky than 
spherical; highly incompatible 
with the data

§ Leptonic scenarios, however,
are more difficult to rule out 

In Fig. 3 we investigate the overall spatial distribution of
the emission from a new population of cosmic ray protons
injected in the Galactic Center region. The figure shows the
gamma-ray flux associated with a central proton source
for benchmark impulses of age 0.5, 2.5, and 19 Kyr (upper
panels) and of 100 Kyr, 2 Myr, as well as a continuous
source (lower panels). We use a linear scale in the three
upper panels to help the reader visually compare our results
with what is shown e.g. in Fig. 9, right panels, of Ref. [21].
To the end of emphasizing the emission outside the Galactic
plane, we instead employ a logarithmic scale for the older
bursts and continuous sources in the lower panels. In each
case, the fluxes are rescaled such that the maximum flux
equals unity. The Galactic plane mask (jbj < 1∘) is bounded
by white lines (or is masked out) and reference reticles have
been overlaid at radial increments of 2°.
The top three panels show that a recent (from a fraction

of a Kyr to tens of Kyr) impulsive cosmic ray proton
injection event in the Galactic Center region yields a highly
spherically symmetric and concentrated source, with mor-
phological properties very closely resembling and match-
ing those found in the Galactic Center analysis of Ref. [21]
(see their Fig. 9, right panels), as well as in the GCE source
residuals shown in the bottom panels of Fig. 1 in Ref. [20],
and in the residual found in Ref. [19] and shown in Fig. 3.

As long as the injection episode is recent enough, the
morphology primarily traces the distribution of cosmic ray
protons, and is relatively insensitive to the details of the
target gas density distribution—the diametrically opposite
regime from what is assumed in the diffuse Galactic
emission background models of Refs. [20,21].
It is evident that the sub-Myr simulations show a

significant degree of spherical symmetry outside the
masked regions. Also, an excess with the same morpho-
logical aspect as in Fig. 9, right panels, of Ref. [21] can be
easily reproduced by young or very young sources, as
shown in the three upper panels. As the diffusion time
increases to several Myr, the emission profile becomes
more elongated and spherical symmetry is degraded. At
higher latitudes (jbj≳ 2∘), most of the spherical symmetry
is, however, restored as the molecular and atomic gas
distributions fall off, and the ionized component produces a
more isotropic emission. In the template analyses of
Refs. [20,21], a portion of this residual ridge emission
may also be absorbed by the Fermi diffuse model, although
it is difficult to exactly pinpoint this effect without repeat-
ing the full maximum likelihood analysis. It is also evident
that gas structure is mostly washed out for recent impulsive
sources, and that it becomes increasingly more prominent
for older sources and for the continuous emission cases.

FIG. 3 (color online). Hadronic gamma-ray flux density at 2 GeV from an approximately central source of high-energy
protons integrated over the line of sight. We show impulsive sources of increasing age in all panels with the exception of the bottom
right which shows a continuously emitting source in steady state. For each map, the fluxes are normalized to the maximum. For the ease
of comparing the morphology of the claimed GCE in Ref. [21] shown in their fig. 9, we employ a linear scale in the three upper panels.
The three lower panels employ, instead, a logarithmic scale to enhance the features of the emission outside the Galactic plane region.
Also overlaid are reference reticles in increments of two degrees and indicators of the Galactic plane mask jbj < 1∘. All maps have been
smoothed by a Gaussian of width σ ¼ 0.25∘ to match Ref. [21].

COSMIC RAY PROTONS IN THE INNER GALAXY AND … PHYSICAL REVIEW D 90, 023015 (2014)

023015-7
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A Series of Cosmic Ray Outbursts?

Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104  

After exploring a wide range of leptonic outburst scenarios, there appear to 
be two main challenges (among others):
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A Series of Cosmic Ray Outbursts?
After exploring a wide range of leptonic outburst scenarios, there appear to 
be two main challenges (among others):

1) The morphology from a given 
outburst is “convex”, whereas the 
data is “concave” – to fit the data, 
we need several outbursts, with 
highly tuned parameters
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Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104  
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After exploring a wide range of leptonic outburst scenarios, there appear to 
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1) The morphology from a given 
outburst is “convex”, whereas the 
data is “concave” – to fit the data, 
we need several outbursts, with 
highly tuned parameters
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A Series of Cosmic Ray Outbursts?
After exploring a wide range of leptonic outburst scenarios, there appear to 
be two main challenges (among others):

1) The morphology from a given 
outburst is “convex”, whereas the 
data is “concave” – to fit the data, 
we need several outbursts, with 
highly tuned parameters

2) The gamma-ray spectrum is 
approximately uniform across the 
Inner Galaxy, but energy losses 
should lead to softer emission from 
the outer regions – to fit the data, 
we need the older outbursts to 
inject electrons with higher energies      
than more recent outbursts

~1051 erg, ~106 yr
Hard Spectrum

~1050 erg, ~105 yr
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~1048 erg, ~103 yr
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Softer Spectra

Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104  
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Testing Dark Matter Interpretations
§ Searches for gamma rays from dwarf galaxies with Fermi and 

measurements of the cosmic-ray antiproton spectrum by AMS, are 
moderately sensitive to dark matter with the characteristics needed to 
account for the observed gamma-ray excess

Fermi Collaboration, arXiv:1611.03184Cuoco, et al., arXiv:1610.03071
Cui, et al. arXiv:1610.03840
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Fermi Observations of Dwarf Galaxies
§ Current Fermi dwarf constraints are based on stacks of many dwarf 

candidates, aided by recent discoveries by DES and other surveys
§ At this time, these constraints are compatible with dark matter 

interpretations of the Galactic Center excess 
§ That being said, if the Galactic Center signal is coming from annihilating 

dark matter, one should 
expect gamma rays to be 
detected from dwarfs soon

§ Particularly exciting are 
Reticulum II, Tucana III and 
Cetus II which are each 
nearby (~25-30 kpc) and 
represent attractive targets for 
dark matter searches

Dan Hooper – The Galactic Center Gamma-Ray Excess 

Region favored by 
the GeV Excess

Fermi Collaboration, arXiv:1611.03184 
(see also 1503.02641)



Fermi’s Observations of Dwarf Galaxies
§ In 2015, three groups reported an excess from the newly discovered 

Reticulum II, with a significance of 2.4-3.2σ (Geringer-Sameth et al. Drlica-Wagner, 
et al, DH & Linden)

Dan Hooper – The Galactic Center Gamma-Ray Excess 

Fermi Collaboration, arXiv:1611.03184
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Figure 4. Local detection significance, expressed as a log-likelihood test statistic (TS), from the broad-band analysis of each target in
Table 1 assuming DM annihilation through the bb̄ (left) or ⌧+⌧� (right) channels. The bands represent the local one-sided 84% (green)
and 97.5% (yellow) containment regions derived from 300 random sets of 45 blank-sky locations. Curves corresponding to targets with
peak significance larger than the local 95% expectation from blank-sky regions are explicitly colored and labeled, while other targets are
shown in gray.

Table 2
Targets with the Largest Excesses above Background

(1) (2) (3) (4) (5) (6) (7)
Name Channel Mass (GeV) TS p

local

p
target

p
sample

Indus II ⌧+⌧� 15.8 7.4 0.01 (2.3�) 0.04 (1.7�) 0.84 (-1.0�)
Reticulum II ⌧+⌧� 15.8 7.0 0.01 (2.3�) 0.05 (1.7�) 0.88 (-1.2�)
Tucana III ⌧+⌧� 10.0 6.1 0.02 (2.1�) 0.06 (1.5�) 0.94 (-1.6�)
Tucana IV ⌧+⌧� 25.0 5.1 0.02 (2.1�) 0.09 (1.3�) 0.98 (-2.1�)

Note. — (1) Target name (2) best-fit DM annihilation channel (3) best-fit DM particle

mass (4) highest TS value (5) local p-value calibrated from random blank regions (6) target

p-value applying a trials factor from testing multiple DM annihilation spectra (7) sample

p-value applying an additional trials factor from analyzing 45 targets. The Gaussian

significance associated with each p-value is given in parentheses. More details can be

found in Section 3.

using the spectroscopic J-factors from Geringer-Sameth
et al. (2015b) as opposed to those from Martinez (2015).
The two data sets give compatible results (see DW15);
however, the J-factors derived by Geringer-Sameth et al.
(2015b) rely on fewer assumptions about the popula-
tion of dSphs and provide slightly more conservative esti-
mates for the predicted J-factors. The predicted J-factor
for each stellar system is shown in Table 1.

In addition to predicting the value of the J-factor we
approximate the uncertainty achievable with future ra-
dial velocity measurements. The uncertainty on the
J-factor derived from spectroscopic observations depends
on several factors, most importantly the number of stars
for which radial velocities have been measured. For ultra-
faint dSphs that are similar to the dSph candidates, spec-
tra have been measured for 20–100 stars. Additional
sources of uncertainty include the DM density profile
and dynamical factors such as the velocity anisotropy
of member stars. We consider characteristic J-factor un-
certainties, log10 �J = {0.4, 0.6, 0.8} dex, for the newly
discovered ultra-faint satellites lacking spectroscopically
determined J-factors. Note that these uncertainties re-
fer to characteristic measurement uncertainties on the
J-factor for a typical dSph, and do not reflect any in-
trinsic scatter that may exist in a larger population of
satellites.

We reiterate that this analysis assumes that the newly
discovered systems are DM-dominated, similar to the
known population of ultra-faint dSphs. Some of the more
compact systems might actually be faint outer-halo star
clusters. Some of the larger systems also may be subject
to tidal stripping, in which case the distance-based esti-
mation described above may not apply. On-going spec-
troscopic analyses seek to robustly determine the DM
content of new systems and identify those that have com-
plicated kinematics.

5. DARK MATTER CONSTRAINTS

We use the spectroscopically determined J-factors
(when possible) and predicted J-factors (otherwise) for
each confirmed and candidate dSph to interpret the �-
ray flux upper limits within a DM framework. Figure 6
summarizes the observed flux and h�vi upper limits de-
rived for individual confirmed and candidate dSphs, as-
suming a DM particle with a mass of 100 GeV annihilat-
ing through the bb̄-channel.6 We find that the observed
upper limits are consistent with expectations from blank-
sky regions. We also show the median expected upper

6 Results for both channels as well as bin-by-bin likelihood func-
tions for each target are available in machine-readable format at:
http://www-glast.stanford.edu/pub_data/1203/.

Range Favored 
by Galactic Center



The plot I see in my dreams…

J-factor 
(proportional to the predicted annihilation signal)
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Annihilating Dark Matter And                       
Cosmic-Ray Antiprotons

§ In the AMS antiproton spectrum, there is    
a small excess (relative to standard   
secondary production) at R~10-20 GV 

§ This is quite statistically significant (~4.5σ), 
but systematics associated with the 
antiproton production cross section and  
the effects of solar modulation are difficult 
to quantify

§ The excess is well fit by a ~50-90 GeV 
dark matter particle with an annihilation 
cross section of ~10-26 cm3/s (for bb), in 
good agreement with the Galactic Center 
excess

Cuoco, et al., arXiv:1610.03071
Cui, et al., arXiv:1610.03840
Reinert, Winkler, arXiv:1712.00002
Cui, et al., arXiv:1803.02163
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Summary
§ The Galactic Center’s GeV excess remains compelling: highly statistically 

significant, robust, extended, and difficult to explain with known or proposed 
astrophysics

§ Although millisecond pulsars could be responsible for this gamma-ray 
excess, the Inner Galaxy population would have to be quite different from 
those observed in the disk of the Milky Way and in the Milky Way’s globular 
cluster population (strongly peaked luminosity function, accompanied by 
fewer LMXBs)

§ Gamma-ray (and radio) searches for millisecond pulsars in the Inner Galaxy 
have not yet found any evidence for such sources; sub-threshold searches 
have yielded results that are open to multiple interpretations

§ The modest excesses observed from dwarf galaxies and in the cosmic-ray 
antiproton spectrum are suggestive

Dan Hooper – The Galactic Center Gamma-Ray Excess 





Millisecond Pulsars and Next Generation 
Radio Telescopes

§ Although no radio MSPs have been 
detected in the Inner Galaxy (in mild 
tension with  pulsar interpretations of 
the gamma-ray excess), upcoming 
large-area surveys (utilizing MeerKAT, 
and later SKA) are expected to detect 
dozens to hundreds of MSPs if they 
are, in fact, responsible for the excess

§ This seems like a reasonably clear 
and straightforward path to test the 
hypothesis that MSPs are responsible 
for the gamma-ray excess

10 F. Calore et al.
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Figure 6. We show the simulated bulge population of MSPs,
modeled from gamma-ray observations as described in the text,
both in the period vs. flux density plane (top panel), and in the
dispersion measure vs. scattering time plane (bottom panel). Grey

dots denote the entire MSP bulge population. The colored dots

show which of these sources would be detectable with the vari-
ous observational scenarios that are described in Tab. 3. Namely,
yellow points correspond to sources that will be detectable by
GBT, MeerKAT and SKA-mid, red points to sources detectable by
MeerKAT and SKA-mid, and blue points to sources detectable only
by SKA-mid. The dashed black line in the upper panel corresponds
to the minimum flux sensitivity of the Parkes HTRU mid-latitude
survey at a reference value of DM = 300 pc cm�3, and rescaled for
the 10% duty cycle we adopt in the present work. In the bottom

panel, we show also the average relation from Bhat et al. (2004) as
dashed black line. The visible structures correspond to specific sky
regions with very large DM, see Fig. 5.

4.1. General reach of current and future radio surveys

For each simulated MSP in the bulge, modeled accord-
ing to Sec. 2, we compute the corresponding 10� de-
tection sensitivity flux, following Eqs. 5 and 6 for the
observation scenarios in Tab. 3. In Fig. 6 (top panel),
we show the distribution of all bulge MSPs in the flux
density (at 1.4 GHz) versus period plane. As mentioned
above, the adopted period distribution (Lorimer et al.
2015) has a mean of 5.3 ms. We note that this value is

slightly higher than what is typically adopted as mean
MSP period, P ⇠ 3 ms.

Assuming a lower mean spin period would somewhat
reduce our estimates since finding fast-spinners is harder
due to scattering and Doppler smearing in binaries. How-
ever, since the threshold sensitivities in the top panel of
Fig. 6 depend only mildly on the spin period, we do not
expect a large e↵ect.

We simulate sources with period between 0.4 and 40
ms. The corresponding radio fluxes at 1.4 GHz span from
about 10�5 mJy up to about 0.9 mJy (we note that the
lower flux limit is a consequence of the adopted lumi-
nosity function and observationally neither relevant nor
well constrained). However, not all the sources with high
flux densities can be detected for our three reference sce-
narios. Colored dots show which of the sources would
be detected by our assumed measurements with GBT,
MeerKAT and SKA-mid with 10� significance. The GBT
will be able to detect sources down to about 0.03 mJy and
periods in the range 1 ms  P  40 ms. MeerKAT and
SKA-mid, instead, will probe radio fluxes as low as 0.03
mJy and 0.01 mJy respectively, in the full period range
of the population above 0.8 ms. We also overlay the sen-
sitivity of the currently most sensitive survey covering
the relevant sky area, the Parkes HTRU mid-latitude
survey (assuming DM = 300 pc cm�3). No source lies
above this line, showing that such a survey is not quite
yet sensitive to detect the bulge MSPs, however it is ev-
ident that it starts to scratch the high-luminosity tail
of this population. On the other hand, it is clear that
there will be a progressive improvement in the number
of sources detectable by the three telescopes we consider.
Already with GBT the gain in sensitivity would result in
hundreds of sources being above threshold with only 20
minutes integration time per sky position (although the
total time to survey a large enough region of the sky still
remains very large, as we will see below).

The bottom panel of Fig. 6 clarifies what is the distri-
bution of DM for the simulated bulge population and the
corresponding scattering time, ⌧scatt. Most of the sources
have DM in the range 100–800 pc cm�3. The sharp, and
dense, features at around 800 pc cm�3 and 1800 pc cm�3

correspond to regions very close to the Galactic center
and are due to discrete “clumps” of enhanced free elec-
tron density that are included in the NE2001 model (see
Tables 5 –7 in Cordes & Lazio (2002); these are also vis-
ible in Fig. 5). The scattering times follow as expected
the trend of the adopted reference model from Bhat et al.
(2004), with a significant scatter. In general, scattering
times larger than 5–10 ms prevent the sources to be de-
tected and the limiting factor in Eq. 6 is indeed ⌧scatt. For
scattering times smaller than 5–10 ms, instead, a source
might be detected or not depending on its spin period.
The GBT and MeerKAT can detect most sources with
DM up to 550 pc cm�3, while none with DM ⇠ 600–
800 pc cm�3. On the other hand, SKA-mid will be able
to detect MSPs that su↵er from larger scattering, up to
about 800 pc cm�3. In particular, we can see that with
SKA-mid we will be able to detect a few sources with
high DM (⇠ 600–800 pc cm�3) and in the few inner de-
grees of the Galactic center, namely the inner 2� ⇥ 2�

degrees. In general, SKA can probe more sources be-
cause of the higher sensitivity. Since the luminosities are

Calore, et al. arXiv:1512.06825 
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