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The Fermi γ-ray galactic center excess

An excess at the galactic center (GC) at GeV energies is 
observed in Fermi-LAT data (Hooper&Goodenough 2009, Vitale&Morselli 2009, 
Hooper&Goodenough 2014, Hooper&Linedn 2011, Abazajian&Kaplinghat 2012, Gordon&Macias 2013, 
Macias&Gordon 2014, Abazajian et al. 2014, Dylan et al. 2014, Zhou at al. 2014, Calore et al. 2015, 

Fermi-LAT Coll. 2015)






The excess is likely to be caused by significant emission from 
the GC and galactic bulge, roughly spherical morphology and is 
resilient to background systematics (Calore, Cholis, Weniger 2015) 






Among many possible explanations, there are point sources 
(Bartels, Krishnamurty & Weniger 2015; Lee, Lisanti, Safdi, Slatyer, Xue 2015) just below the 
Fermi-LAT threshold, and in particular millisecond pulsars 
(MSP) (Abazajian 2011, Abazajian et al. 2014, Gordon&Macias 2013, Yuan&Zhang 2014)




For all the details: talk by C. Weniger!!

and B. Safdi, D. Malyshev 




The millisecond pulsar (MSP) interpretation

of the GC excess


F. Calore, M. Di Mauro, F. Donato, J. Hessels, F. Massaro, C. Weniger, in prep. 
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Figure 3. Number of sources per X-ray flux bin for a population of MSPs able to account for the GeV excess as modeled in Bartels et al. (2015).

Figure 4. Position of the ATNF catalog pulsars in the |l| < 12

� and 2

� < |b| < 12

� region. Left panel: catalog sources are displayed as blue points in the
longitude-latitude plane. Each position in the plane corresponds to an observation a l.o.s. Right panel: all catalog sources are displayed as gold points. They are
projected onto the Galactic plane, knowing their distance from the Earth (identified by a red point) and located by their Galactic coordinates (the Galactic center
is identified by a green point). The sources displayed in the left panel are depicted as blue points.

contains 331 sources with distance estimation, in the sky portion towards the Galactic center and of any period. The location
of these sources as a function of Galactic coordinates in the |l| < 12

� and |b| < 12

� region is displayed in the left panel of
Fig. 4. Each position in l and b corresponds to the line of sight (l.o.s.) along which the observation is performed. The PSR
count increases towards the Galactic plane. In the right panel of Fig. 4 we employ the further information of the distance of each
catalog PSR. The sources are projected onto the Galactic plane, and located through their distance from the Galactic center. This
figure implies an integral on the vertical (z) coordinate. It is evident the observational bias, having most of the measured PSRs
around the Sun location and placed far from the Galactic center. Only 38 PSRs out of 331 are found in the inner 2 kpc around the
Galactic center, while about 90% of PSRs with known distance are set in the outer part of the Galaxy.

We explore here a possible positional correlation between the wavelet peaks in the �-ray sky and the ATNF catalog sources.
If we were to find a significative correlation, the interpretation of the �-ray seeds as PSRs in the Galactic center would be
invalidated by the fact that the most of the radio sources are actually far from the Galactic center. As a first, oversimplified
test of the background to the positional correlation of two source distributions in the same region of sky, we simulate two
isotropic distributions having 300 sources each. I would elimindate this part....We randomly place the sources of each
population in a region of longitude |l| < 12

� and latitude 2

� < |b| < 12

�, and we compute the number of sources with a
difference in longitude and latitude smaller than 0.3�. The result is 30±6 spatial coincidences. To make this test we consider
the wavelet peaks to which we subtract: i) any source associated to the 3FGL catalog (Acero et al. 2015); ii) all unassociated
sources with a non-pulsar spectrum, according to the same criterium as described in (Bartels et al. 2015). We study a potential
correlation between the �-ray wavelet peaks and the ATNF catalog not only in the inner Galaxy ROI, but also in control regions

The inner Galaxy PSR in the ATNF catalog



 
View integrated along l.o.s.              Projection onto the galactic plane

           331 PSR with |b|<12o, |l|<12o             Blue: 2o<|b|<12o, |l|<12o (left panel)  

                                                   38 PSR are found in the inner 2 kpc      




The MSP in the ATNF catalog


ü  328 MSP are detected with 

    rotational period P<30 ms



ü  Clustering on 3-4 kpc around 

    the Earth



ü  Only few sources in the inner 

   2 kpc
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Correlation between wavelet analysis 

(Bartels, Krishnamurty & Weniger 2015) and ATNF sources  
Radio searches for bulge MSPs from Fermi diffuse observations 15

Figure 14. Number of positional correlations between the �-ray wavelet peaks and the sources in the ATNF catalog, as a function of the
Galactic longitude, for latitudes 2� < |b| < 12�. The left (right) panels correspond to peaks with significance S >2 (S >3). The black point
represent the correlations found from the real �-ray peak catalog, while the blue ones are derived from a reshu✏ing in latitude bins. The
green points represent the maximum number of possible positional correlations between the �-ray wavelet peak and the ATNF catalogs.
For illustrative purposes this number has been rescaled by the N claimed in the inside labels as MAX/N. From top to bottom, the analysis
is performed for threshold angles < 0.1� and 0.2�, respectively. See text for details.

C. Analysis of the �-ray spectra of the unassociated sources

We study the �-ray spectral energy distribution (SED) of the 13 unassociated sources in Ref. Bartels et al. (2015)
analysis (see their Table I). We perform a fit to their �-ray spectra as given in the 3FGL catalog (Acero et al. 2015),
in the energy range 0.1 � 100 GeV and adopting a power-law with an exponential cuto↵ which is the typical �-ray
SED of pulsars:
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where K
0

is the normalization of the spectrum, E
0

is the pivot energy, � is the photon index and E
cut

is the energy
cuto↵. However, in order to check if those sources could be associated to AGN, which are the most numerous source
population in the 3FGL catalog, we consider two di↵erent frameworks.

• Pulsar like. The average value for � and and E
cut

for pulsars in the Fermi-LAT catalogs (see e.g. Abdo et al.
(2013)) are � = 1.30 ± 0.30 and log
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/MeV) = (3.38 ± 0.18). We therefore force the photon index in range
� 2 [0.70, 1.90] and the energy cuto↵ E

cut

2 [1.5, 5.50] GeV, according to the 2� upper and lower limits of their
observed distributions.

• FSRQ like. We have performed a fit to the FSRQ sources in the 3FGL catalog Acero et al. (2015) with a detection
significance large than 6, with the SED assumed to be a power-law with an exponential cuto↵ (Eq. A1). The
result is � = 2.25± 0.25 and E

cut

= 30120

16

GeV, with an overall reduced chi-square �̃2 = 0.72. We therefore force
the photon index in range to fall range � 2 [1.75, 2.75] and E

cut

2 [8.0, 270] GeV.
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C. Analysis of the �-ray spectra of the unassociated sources
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SED of pulsars:

dN

dE
= K

0

✓
E

E
0

◆��

exp

✓
� E

E
cut

◆
, (A1)

where K
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is the normalization of the spectrum, E
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is the pivot energy, � is the photon index and E
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is the energy
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significance large than 6, with the SED assumed to be a power-law with an exponential cuto↵ (Eq. A1). The
result is � = 2.25± 0.25 and E

cut

= 30120

16

GeV, with an overall reduced chi-square �̃2 = 0.72. We therefore force
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REAL =  number of coincidences between the 

peaks found with the wavelet analysis and the 

ATNF PSRs



SIM = number of coincidences between a simulated

Isotropic distribution of sources and the ATNF PSRs



MAX = number of maximal correlations: 100% of the 

Wavelet peaks are correlated with ATNF PSRs



SNR is ~ peak statistical significance, and the 

correlation is found in angles of 0.1o or 0.2o. 



Lack of a significant spatial correlation between 

wavelet peaks and ATNF PSRs è the gamma-ray 

seeds interpretation as sources in the GC is not 

invalidated




Bulge MSP population: radio detection 

We estimate the number of radio MSPs of the bulge 

population required to explain the GC excess  


•  Number density of the MSP bulge population follows the GC excess(Calore, Cholis, 
Weniger 2015):





•  Energy spectrum (McCann 2015):


•  Total gamma luminosity: 


•  The MSPs in the bulge and in globular clusters have the same gamma ray and 
radio emission properties 


•  All the gamma-ray emission from globular clusters comes from MSPs




• O(10000)(MSPs(in(the(bulge,(such(to(account(for(gamma8ray(observa?ons.((
!
!
• O(10000)(MSPs(in(the(disc,(radio(luminosity(of(observed(local(radio(sources.

Looking$for$MSPs$at$radio$frequency

Francesca Calore  University of Amsterdam
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Figure 1. Complementary cumulative distribution of the flux
densities of the 64 pulsars from the GCs in Tab. 1, rescaled to a dis-
tance of 8.5 kpc. We show for comparison the maximum sensitivty
of the Parkes HTRU mid-latitude survey as well as the reference
GBT survey. The plot illustrates that a survey that is significantly
deeper than Parkes would start probing the radio luminosity func-
tion in a regime that is well constrained by data.

an index � = 2.56. For definiteness, we adopt a hard
cuto↵ at r = 3kpc, which is not critical for our results.
We fix the normalization of the combined gamma-ray
emission from this population at the pivot coordinate
(`, b) = (0�, ±5�). At this position, and for a reference
energy of E� = 2 GeV, the di↵erential intensity of the
proposed bulge MSP population is expected to be given
by (8.5±1.5)⇥10�7 GeV�1cm�2s�1sr�1. Note that this
is not the total intensity of the excess emission, but only
the fraction that can be attributed to MSP-like spec-
tra after accounting for systematics in the subtraction of
Galactic di↵use foreground emission.

We assume that the energy spectrum of the com-
bined gamma-ray emission of bulge MSPs follows the
stacked MSP spectrum inferred by McCann (2015) from
39 nearby sources, dN/dE / e�E/EcutE�� , with E

cut

=
3.60±0.21 GeV and � = 1.46±0.05 ( Cholis et al. (2014)
found similar results). This spectrum is in very good
agreement with the findings for the GCE, when assum-
ing the same parametric form for the excess spectrum
and accouting for the large foreground systematics, as
was shown by Calore et al. (2015b).

With the above assumptions, we find a total gamma-
ray luminosity of the MSP bulge population of

Lbulge

� ' (2.7 ± 0.5) ⇥ 1037 erg s�1 , (3)

where we integrate over gamma-ray energies above 100
MeV. We note that variations of the spatial index �
by ±0.16, which is the 1� range found in Calore et al.
(2015b), would a↵ect the total gamma-ray luminosity by
up to 20%. We do however not propagate this additional
uncertainty through the analysis, because our main re-
sults will mostly dependent on the emission around the
above pivot coordinates. This makes them relatively in-
dependent to the exact value of �.
(CW: Maybe refit GCE covariance matrix with

MSP spectrum to get better flux estimate?)
Together with the per-source luminosity discussed in

Figure 2. Predicted spatial distribution of MSPs in the bulge
(grey dots) and the disk (blue dots), modeled based on gamma-
ray and radio data as we describe in the text. For comparison,
we also show the position of measured radio pulsars with P <
30ms from the ATNF (red crosses), and gamma-ray MSPs (black
circles). Distance estimates for these sources are based on the
NE2001 model. We show projections both in the x-y (upper panel)
and the x-z plane (lower panel), and mark the positions of Earth
and the Galactic center. In the lower plane, we only show a slize
with |y| < 0.5 kpc in order to better emphasize on sources towards
the inner Galaxy.

the previous subsection, we obtain then an estimate for
the number of radio MSPs in the galactic bulge that is
given by

Nbulge

rad

⇠ (9.1 ± 4.2) ⇥ 103 . (4)

(CW: Update) We emphasize again that this number is
strictly linked to the adopted radio luminosity function.
For example, if we would have used ‘model 1’ or ‘model
2’ from Bagchi et al. (2011) instead, we would have re-
spectively obtained Nbulge

rad

= XXX or Nbulge

rad

= XXX,
instead. We will comment on the associated impact on
our radio predictions below.

3.3. Comparison with disk population
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3.3. Comparison with disk population



Number of radio MSPs in the 

galactic bulge 


1.  Estimated number of radio MSPs in globular clusters from radio luminosity 
function (Bagchi, Lorimer, Chennamangalam 2011) 


2.  Total gamma-ray luminosity in globular clusters from Fermi-LAT observations (Acero
+ 2015)


à gamma-ray luminosity per source.

3.  From total (GalCen) gamma-ray luminosity: 
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found similar results). This spectrum is in very good
agreement with the findings for the GCE, when assum-
ing the same parametric form for the excess spectrum
and accouting for the large foreground systematics, as
was shown by Calore et al. (2015b).

With the above assumptions, we find a total gamma-
ray luminosity of the MSP bulge population of

Lbulge

� ' (2.7 ± 0.5) ⇥ 1037 erg s�1 , (3)

where we integrate over gamma-ray energies above 100
MeV. We note that variations of the spatial index �
by ±0.16, which is the 1� range found in Calore et al.
(2015b), would a↵ect the total gamma-ray luminosity by
up to 20%. We do however not propagate this additional
uncertainty through the analysis, because our main re-
sults will mostly dependent on the emission around the
above pivot coordinates. This makes them relatively in-
dependent to the exact value of �.
(CW: Maybe refit GCE covariance matrix with

MSP spectrum to get better flux estimate?)
Together with the per-source luminosity discussed in

Figure 2. Predicted spatial distribution of MSPs in the bulge
(grey dots) and the disk (blue dots), modeled based on gamma-
ray and radio data as we describe in the text. For comparison,
we also show the position of measured radio pulsars with P <
30ms from the ATNF (red crosses), and gamma-ray MSPs (black
circles). Distance estimates for these sources are based on the
NE2001 model. We show projections both in the x-y (upper panel)
and the x-z plane (lower panel), and mark the positions of Earth
and the Galactic center. In the lower plane, we only show a slize
with |y| < 0.5 kpc in order to better emphasize on sources towards
the inner Galaxy.

the previous subsection, we obtain then an estimate for
the number of radio MSPs in the galactic bulge that is
given by

Nbulge

rad

⇠ (9.1 ± 4.2) ⇥ 103 . (4)

(CW: Update) We emphasize again that this number is
strictly linked to the adopted radio luminosity function.
For example, if we would have used ‘model 1’ or ‘model
2’ from Bagchi et al. (2011) instead, we would have re-
spectively obtained Nbulge

rad

= XXX or Nbulge

rad

= XXX,
instead. We will comment on the associated impact on
our radio predictions below.

3.3. Comparison with disk population
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Radio MSP bulge population detectability: 

flux density vs period


ü  Current Parkes HTRU survey cannot 
probe the bulge population


ü  Flux density is for 1400 MHz


ü  Reference observation time per 
pointing is 60 – 120 – 60 min for 
GBT – MeerKAT – SKA


ü   Green Bank Telescope and 
upcoming telescopes could detect 
hundreds of sources 




Radio detection perspectives: 

GBT and MeerKAT-like 
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Spatial distribution of the bulge and simulated disk MSP population 


Thick dots: sources detected by GBT and MeerKAT in |l|<2o and |b|<20o, assuming that 

Pixels of 2×2 are covered by 100 h observation 


Contamination of disk sources – Difficulty in survey the true GC sources 


GBT
 MeerKAT




Radio detection perspectives:

SKA & best sky explorable regions 
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Spatial distribution of the bulge MSPs and of simulated MSP disk population 


Thick dots: sources detected by SKA in |l|<2o and |b|<20o, 100 h /pixel

The most efficient survey would be ~ 5o about the galactic center


Role of the scattering of the radio signal


SKA




Discrimination between disk and bulge 

MSP populations
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MeerKAT reference survey.


The two populations can be clearly separated 




Conclusions


•  We investigate the possibility the all the gamma-ray galactic center 
excess might be due to a bulge population of field millisecond pulsars


•  We estimate the number of these MSPs in the radio band, passing 
through the gamma and radio properties of globular clusters


•  This putative radio MSP bulge population could be investigated by 
ongoing and future radio surveys


•  The best region to look for bulge MSPs is few degrees around the 
galactic center, where tens of sources could be detected by SKA


•  Our predictions, as well as their intrinsic interest, could help to reduce 
the ambiguity between the MSP and the dark matter interpretation of 
the GC excess. 



