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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: many talks 

(Hooper, Linden, Calore, Malishev, Murgia, Gaggero; O’Leary) 




The millisecond pulsar (MSP) interpretation

of the GC excess


F. Calore, M. Di Mauro, F. Donato, J. Hessels, C. Weniger, very soon
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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 pulsars (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      




MILLISECOND PULSARS: few generalities


Fast rotating neutron stars with small spinning period: 

PMSP < 10-30 ms (while PPSR~0.5s)



Mostly in binary systems.  The companion star transfers mass to the PSR, 
decreasing its magnetic field (<109 G) and increasing its angular momentum.

Period is slowing down at dPMSP/dt~ 10-19 s (wrt dPPSR/dt~ 10-15 s)



Can survives even up to 1010 years, so they can be found at higher latitudes 
than ordinary PSR



Mostly found in globular clusters 



They can be numerous at the galactic center, due to both enhanced stellar 
densities (easier to end up into binary systems) and disruption of globular 
clusters – talk by Brandt (Thursday)





 



The MSP in the ATNF radio catalog


ü  362 MSP are detected at 

   radio wavelengths



ü  233 are field MSPs in the

   Galactic disk



ü  129 are associated to 28 

    GLOBULAR CLUSTERS



ü  Clustering on 3-4 kpc around 

    the Earth



ü  Only few sources in the inner 

   2 kpc
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About 70 MSP were discovered in radio follow-ups pointing at Fermi-LAT unassociated sources


Talk by Eatough




The gamma-ray energy spectrum of MSP 

and the GC excess  


Figure 1. Shown is the spectrum E2dN/dE of the HG source (thick black points with errors), and
its best fit power law with exponential cuto↵ curve (blue). The HG spectrum power-law index is
consistent with the globular cluster gamma ray emission of Omega Cen (green), NGC 6388 (cyan)
and M 28 (magenta) [3]. The spectrum of the Geminga pulsar (light grey) [4] has a nearly identical
peak energy and exponential cuto↵ and a softer power-law index than the HG source. The spectra
of Omega Cen and M 28 are shifted by +0.14 dex and +0.34 dex in energy, respectively, to illustrate
the consistency in power-law index. NGC 6388 is not shifted in energy. The HG source is consistent,
within errors, with the shape of the intrinsic spectrum of all the plotted globular cluster sources. All
sources are normalized to the HG peak flux.

2 Spectrum

In general, pulsar gamma-ray spectra have a flux peak at ⇠ 2 � 3 GeV and a spectrum
dN/dE / E�� exp(E/Ec) with a power law with index � in the range 0.5-2.5 and exponential
cuto↵ energy Ec at 1-5 GeV, a range consistent with the HG source [5]. Note that HG compare
to the average millisecond pulsar spectrum and find it is not consistent, and then reach the
conclusion that no astrophysical source can produce the HG spectrum. However, this is not
appropriate, but rather consistency with any set of pulsars or stellar cluster population of
pulsars must be ruled out before claiming inconsistency with astrophysical sources.

The spectrum of the HG source can be well fit by a pulsar-like power law plus exponential
cuto↵ spectrum. The spectrum below 7 GeV is well fit by dN/dE / E�� exp(E/Ec), with
� = 0.29±0.12 GeV and Ec = 1.34±0.12 GeV and a reduced �2/DOF = 0.5. The spectrum
and best fit curve is shown in Fig. (1).

Several pulsars in the First Fermi-LAT Catalog of Gamma-ray Pulsars [5], including
J1958+2846, J2032+4127 and J2043+2740, have a power-law index and exponential cuto↵
consistent with the HG source. The Geminga pulsar has a detailed published gamma-ray
spectrum which has a similar spectral peak, 2� 3 GeV and cuto↵ as the HG source [4]. The
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Abazajian 2011


The galactic center excess spectrum (Hooper&Goodenough PLB 2011) 

is consistent with emission from Globular Clusters 


                                                                      


Omega Cen

NGC 6388

M28

Geminga


 (see also Cholis, Hooper, Linden PRD 2014)




Spatial 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

10

(E
cut

/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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• 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
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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


See Bartels Talk today 




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 as in Calore, 
Cholis, Weniger 2015:





•  Energy spectrum (McCann 2015):


•  Total gamma luminosity: 


•  HYP 1: The MSPs in the bulge and in globular clusters have the same gamma ray 
and radio emission properties 


•  HYP 2: 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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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



Number of radio MSPs in the 

galactic bulge 


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


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


à We derive the gamma-ray luminosity per source.


3.  From total Galactic center gamma-ray luminosity, assuming all is due to  
the putative bulge MSP population: 
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spin period is critical for the detectability of MSPs. The
analysis of the spin period distribution of field MSPs by
Lorimer et al. (2015) finds a modified log-normal dis-
tribution. The mean is Pmean ' 5.3 ms and hence in
good agreement with the mean of the observed periods
of MSPs in globular clusters (Pmean ' 5.7 ms) (Konar
2010). We will use here the results from Lorimer et al.
(2015) as reference, and comment below on how our re-
sults change when we adopt the log-normal distribution
from Calore et al. (2014) with Pmean ' 2.9 ms instead.

2.2. Predicted radio-bright MSPs in the Galactic bulge

Following the results from the gamma-ray analysis
by Calore et al. (2015b), we assume that the number den-
sity of field MSPs in the Galactic bulge follows an inverse
power-law as function of the Galacto-centric distance r,
with an index of � = 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 (and
population averaged) gamma-ray intensity of this bulge
population in the pivot direction (`, b) = (0�, ±5�). In
this direction, and for a reference energy of E� = 2GeV,
the di↵erential intensity of the proposed bulge MSP pop-
ulation is given by (8.5±0.7)⇥10�7 GeV�1cm�2s�1sr�1

(following Calore et al. 2015b). We remark that the
quoted gamma-ray intensity is not the total intensity of
the excess emission (which is to some degree ill-defined,
given the large uncertainties in the Galactic di↵use fore-
grounds), but the fraction that can be reasonably at-
tributed to MSP-like spectra after accounting for fore-
ground subtraction systematics (for details see Calore
et al. 2015b).

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. As mentioned in the introduction,
this spectrum is in good agreement with the spectrum
of the Fermi GeV excess as derived by Calore et al.
(2015b). The above di↵erential intensity at 2 GeV corre-
sponds then to an energy intensity (above 100 MeV) of
(5.5 ± 0.5) ⇥ 10�12 erg cm�2 s�1 deg�2. Using the ratio
R�

rb as estimated in the previous subsection, this implies
a surface density of radio-bright bulge MSPs 5 deg above
and below the Galactic center of around (4.7±1.5) deg�2.

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

Lbulge
� = (2.7 ± 0.2) ⇥ 1037 erg s�1 . (3)

We note that variations of the spatial index � by ±0.2,
which is the 1� range found in Calore et al. (2015b),
would a↵ect the total gamma-ray luminosity by up to
40%. However, we do not propagate this additional un-
certainty through the analysis, because most of our con-
clusions will depend on the emission around the above-
mentioned pivot directions, which makes them relatively
independent to the exact value of �.

Using the ratio R�
rb as estimated in the previous sub-

section, we obtain an estimate for the number of radio-
bright MSPs in the Galactic bulge,

Nbulge
rb = (2.7 ± 0.9) ⇥ 103 . (4)

As discussed above in context of Tab. 2, the number of
radio-bright sources is relatively little dependent on the

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 position of the
Earth. In the lower plane, we only show a slice with |y| < 0.3 kpc
in order to better visualize source densities in the inner Galaxy.

adopted radio luminosity function. However, when sim-
ulating sources in the Galactic bulge, we actually need
the number of all radio MSPs, which is more luminosity
function dependent. We will in the remaining part of the
paper adopt ‘Model 3’, for which we find a total number
of bulge MSPs of Nbulge

rad = (8.9 ± 0.3 ⇥ 103).

2.3. Comparison with disk population

We illustrate the putative bulge population of radio
MSPs in Fig. 2. There, we show the distribution of
bulge radio MSPs in Galacto-centric Cartesian coordi-
nates, both in x-z and x-y projection, and compare it
with the actually observed MSPs and with a thick disk
MSP population (Faucher-Giguère & Kaspi 2006). We
assume that the population of thick disk MSPs has a

(~2.7x103 are radio bright, > 10 μJy)  




The bulge population 


Also plotted the thick disk population (about 20000 sources are predicted).

Observed MSPs are ruled by selection effects. 
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spin period is critical for the detectability of MSPs. The
analysis of the spin period distribution of field MSPs by
Lorimer et al. (2015) finds a modified log-normal dis-
tribution. The mean is Pmean ' 5.3 ms and hence in
good agreement with the mean of the observed periods
of MSPs in globular clusters (Pmean ' 5.7 ms) (Konar
2010). We will use here the results from Lorimer et al.
(2015) as reference, and comment below on how our re-
sults change when we adopt the log-normal distribution
from Calore et al. (2014) with Pmean ' 2.9 ms instead.

2.2. Predicted radio-bright MSPs in the Galactic bulge

Following the results from the gamma-ray analysis
by Calore et al. (2015b), we assume that the number den-
sity of field MSPs in the Galactic bulge follows an inverse
power-law as function of the Galacto-centric distance r,
with an index of � = 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 (and
population averaged) gamma-ray intensity of this bulge
population in the pivot direction (`, b) = (0�, ±5�). In
this direction, and for a reference energy of E� = 2GeV,
the di↵erential intensity of the proposed bulge MSP pop-
ulation is given by (8.5±0.7)⇥10�7 GeV�1cm�2s�1sr�1

(following Calore et al. 2015b). We remark that the
quoted gamma-ray intensity is not the total intensity of
the excess emission (which is to some degree ill-defined,
given the large uncertainties in the Galactic di↵use fore-
grounds), but the fraction that can be reasonably at-
tributed to MSP-like spectra after accounting for fore-
ground subtraction systematics (for details see Calore
et al. 2015b).

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. As mentioned in the introduction,
this spectrum is in good agreement with the spectrum
of the Fermi GeV excess as derived by Calore et al.
(2015b). The above di↵erential intensity at 2 GeV corre-
sponds then to an energy intensity (above 100 MeV) of
(5.5 ± 0.5) ⇥ 10�12 erg cm�2 s�1 deg�2. Using the ratio
R�

rb as estimated in the previous subsection, this implies
a surface density of radio-bright bulge MSPs 5 deg above
and below the Galactic center of around (4.7±1.5) deg�2.

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

Lbulge
� = (2.7 ± 0.2) ⇥ 1037 erg s�1 . (3)

We note that variations of the spatial index � by ±0.2,
which is the 1� range found in Calore et al. (2015b),
would a↵ect the total gamma-ray luminosity by up to
40%. However, we do not propagate this additional un-
certainty through the analysis, because most of our con-
clusions will depend on the emission around the above-
mentioned pivot directions, which makes them relatively
independent to the exact value of �.

Using the ratio R�
rb as estimated in the previous sub-

section, we obtain an estimate for the number of radio-
bright MSPs in the Galactic bulge,

Nbulge
rb = (2.7 ± 0.9) ⇥ 103 . (4)

As discussed above in context of Tab. 2, the number of
radio-bright sources is relatively little dependent on the
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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 position of the
Earth. In the lower plane, we only show a slice with |y| < 0.3 kpc
in order to better visualize source densities in the inner Galaxy.

adopted radio luminosity function. However, when sim-
ulating sources in the Galactic bulge, we actually need
the number of all radio MSPs, which is more luminosity
function dependent. We will in the remaining part of the
paper adopt ‘Model 3’, for which we find a total number
of bulge MSPs of Nbulge

rad = (8.9 ± 0.3 ⇥ 103).

2.3. Comparison with disk population

We illustrate the putative bulge population of radio
MSPs in Fig. 2. There, we show the distribution of
bulge radio MSPs in Galacto-centric Cartesian coordi-
nates, both in x-z and x-y projection, and compare it
with the actually observed MSPs and with a thick disk
MSP population (Faucher-Giguère & Kaspi 2006). We
assume that the population of thick disk MSPs has a
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spin period is critical for the detectability of MSPs. The
analysis of the spin period distribution of field MSPs by
Lorimer et al. (2015) finds a modified log-normal dis-
tribution. The mean is Pmean ' 5.3 ms and hence in
good agreement with the mean of the observed periods
of MSPs in globular clusters (Pmean ' 5.7 ms) (Konar
2010). We will use here the results from Lorimer et al.
(2015) as reference, and comment below on how our re-
sults change when we adopt the log-normal distribution
from Calore et al. (2014) with Pmean ' 2.9 ms instead.

2.2. Predicted radio-bright MSPs in the Galactic bulge

Following the results from the gamma-ray analysis
by Calore et al. (2015b), we assume that the number den-
sity of field MSPs in the Galactic bulge follows an inverse
power-law as function of the Galacto-centric distance r,
with an index of � = 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 (and
population averaged) gamma-ray intensity of this bulge
population in the pivot direction (`, b) = (0�, ±5�). In
this direction, and for a reference energy of E� = 2GeV,
the di↵erential intensity of the proposed bulge MSP pop-
ulation is given by (8.5±0.7)⇥10�7 GeV�1cm�2s�1sr�1

(following Calore et al. 2015b). We remark that the
quoted gamma-ray intensity is not the total intensity of
the excess emission (which is to some degree ill-defined,
given the large uncertainties in the Galactic di↵use fore-
grounds), but the fraction that can be reasonably at-
tributed to MSP-like spectra after accounting for fore-
ground subtraction systematics (for details see Calore
et al. 2015b).

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. As mentioned in the introduction,
this spectrum is in good agreement with the spectrum
of the Fermi GeV excess as derived by Calore et al.
(2015b). The above di↵erential intensity at 2 GeV corre-
sponds then to an energy intensity (above 100 MeV) of
(5.5 ± 0.5) ⇥ 10�12 erg cm�2 s�1 deg�2. Using the ratio
R�

rb as estimated in the previous subsection, this implies
a surface density of radio-bright bulge MSPs 5 deg above
and below the Galactic center of around (4.7±1.5) deg�2.

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

Lbulge
� = (2.7 ± 0.2) ⇥ 1037 erg s�1 . (3)

We note that variations of the spatial index � by ±0.2,
which is the 1� range found in Calore et al. (2015b),
would a↵ect the total gamma-ray luminosity by up to
40%. However, we do not propagate this additional un-
certainty through the analysis, because most of our con-
clusions will depend on the emission around the above-
mentioned pivot directions, which makes them relatively
independent to the exact value of �.

Using the ratio R�
rb as estimated in the previous sub-

section, we obtain an estimate for the number of radio-
bright MSPs in the Galactic bulge,

Nbulge
rb = (2.7 ± 0.9) ⇥ 103 . (4)

As discussed above in context of Tab. 2, the number of
radio-bright sources is relatively little dependent on the
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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 position of the
Earth. In the lower plane, we only show a slice with |y| < 0.3 kpc
in order to better visualize source densities in the inner Galaxy.

adopted radio luminosity function. However, when sim-
ulating sources in the Galactic bulge, we actually need
the number of all radio MSPs, which is more luminosity
function dependent. We will in the remaining part of the
paper adopt ‘Model 3’, for which we find a total number
of bulge MSPs of Nbulge

rad = (8.9 ± 0.3 ⇥ 103).

2.3. Comparison with disk population

We illustrate the putative bulge population of radio
MSPs in Fig. 2. There, we show the distribution of
bulge radio MSPs in Galacto-centric Cartesian coordi-
nates, both in x-z and x-y projection, and compare it
with the actually observed MSPs and with a thick disk
MSP population (Faucher-Giguère & Kaspi 2006). We
assume that the population of thick disk MSPs has a
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The surface density of the putative bulge population (number of sources/deg2)



At the very Galactic center the number of sources is ~ 103, 

while it drops remarkably out of a 5 deg ring 
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Figure 3. Surface density of bulge MSPs towards the inner
Galaxy, per deg2. Beyond an angular distance of 5� from the
Galactic center, the density drops below ⇠ 5 deg�2.

cylindrical symmetry with an exponential distribution,
and with a scale radius of 5 kpc (Faucher-Giguère & Loeb
2010) and a scale height of 0.5 kpc (Calore et al. 2014;
Lorimer et al. 2015). Following Levin et al. (2013), we
attribute 20000 radio MSPs to the disk and we will show
below that this number is consistent with the most re-
cent mid-latitude survey of the Parkes telescope. Anal-
ogously to the bulge MSP population, the radio lumi-
nosity function of disk MSPs is modeled according to
our reference radio luminosity function. From Fig. 2
it is very clear that the observed spatial distribution of
known MSPs is almost exclusively driven by selection ef-
fects that limit the maximum distance to which they can
be found, and should obviously not be used as a proxy
for the real distribution of MSPs in the Galaxy.

Lastly, the implied surface density of radio-bright
bulge MSPs is shown in Fig. 3. At (`, b) = (0�, ±5�)
it is consistent with our above simple estimate (although
we now take into account the varying distance to the
bulge sources that can be slightly closer or further away
than 8.5 kpc depending on their position). Otherwise,
it ranges from > 1000 sources/deg2 around the Galactic
center to dozens of sources/deg2 a few degrees away from
the Galactic center.

3. SENSITIVITY OF RADIO TELESCOPES

We summarize here briefly how we estimate the sensi-
tivity of radio pulsation searches.

3.1. Radiometer equation

From the radiometer equation (see e.g. Dewey et al.
1984), the RMS uncertainty of the flux density is given
by

S⌫,rms =
Tsys

G
p

tobs �⌫ np

✓
Wobs

P � Wobs

◆1/2

, (5)

where Tsys = Tsky + Trx is the system temperature (K)
given by the sum of sky and receiver temperatures, G is
the telescope gain (K/Jy), np is the number of polariza-
tions, �⌫ is the frequency bandwidth (MHz), and tobs is
the integration time (s). The sky temperature is a func-
tion of Galactic longitude and latitude. For any given line
of sight we compute the corresponding sky temperature
from the Haslam 408 MHz all-sky radio maps (Haslam

Figure 4. Sky temperature contours at 1.4 GHz, T 1.4 GHz
sky (K),

as derived from the Haslam 408 MHz radio maps (Haslam et al.
1982). The strong emission in the Galactic disk and Galactic center
increases the background noise for MSPs searches in these regions
by a factor of a few. Note that point sources are not removed and
a↵ect our results close to the Galactic center.

Figure 5. Latitude dependence of dispersion measure, DM, as
derived from the NE2001 model (Cordes & Lazio 2002), at zero
Galactic longitude, ` = 0�, for di↵erent line-of-sight distances be-
tween D = 5kpc and D = 12.0 kpc. At longitudes in the range
` = [�10�, 10�] we find results that typically di↵er by < 10%.

et al. 1982), assuming a power-law rescaling to the fre-
quency of interest with index �2.6 (Lawson et al. 1987).
In Fig. 4, we show the contours of constant Tsky for a
20� ⇥ 20� region around the Galactic center at 1.4 GHz.

A 10� detection requires at least a signal flux S⌫ � 10⇥
S⌫,rms. In order to detect the pulsations, the observed
(or e↵ective) period width, Wobs (ms), should be small
compared to the source period, P (ms).

The observed pulse width can be estimated as (Hessels
et al. 2007)

Wobs =
q

(wintP )2 + ⌧2
DM + ⌧2

scatt + ⌧2
samp + ⌧2

�DM , (6)

where wint ⇠ 0.1 is the intrinsic fractional pulse width
typical for MSPs, ⌧DM is the dispersive smearing across
an individual frequency channel, ⌧scatt is the temporal
smearing due to multi-path propagation from scatter-
ing in a non-uniform and ionized interstellar medium,
⌧samp corresponds to the data sampling interval, and
⌧�DM is the smearing due to finite DM step size in the



Radio MSP bulge population detectability: 

flux density vs period


ü  Flux density is for 1400 MHz


ü  Current Parkes HTRU survey cannot 
probe the bulge population




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 
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Figure 6. We show the simulated bulge population of MSPs,
modelled from gamma-ray observations as described in the text,
both in the pulsar period vs. flux density plane (top panel), and
in the dispersion measure vs. scattering time plane (bottom panel).
Grey dots denote the entire population. The colored dots show
show which of these sources would be detectable with the various
observational scenarios that are described in Tab. 3. The solid

blue line in the upper panel corresponds to the 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 blue line. The visible
structures correspond to isolated sky regions with very large DM,
see Fig. 5.

mances of currently operating and upcoming radio tele-
scopes: The Green Bank Telescope (GBT), MeerKAT
and SKA-mid. In Tab. 3, we quote the parameters
used for each instrument. Parameters for the GBT are
based on the GUPPI back-end and taken from the Pro-
poser’s Guide for the GBT.5 Sensitivities for the future
MeerKAT and SKA-mid are based on the SKA1 Sys-
tem Baseline Design report.6 We implement the per-
formances of the MeerKAT and of the SKA-mid (350–

5 https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
6 http://www.skatelescope.org/wp-content/uploads/2012/07/

SKA-TEL-SKO-DD-001-1_BaselineDesign1.pdf, see Tab. 6.

3050 MHz) Antenna Array configuration. The quoted
antenna gain in Tab. 3 (G = Tsys/SEFD) is derived from
the system-equivalent flux density (SEFD) assuming a
reciever temperature of 25 K while neglecting sky tem-
perature.

We emphasize that our estimates for MeerKAT and
SKA1 are only of indicative value, and need to be re-
evaluated once the accurate telescope performance is
known. Furthermore, the amount of data that can be
collected with these instruments in a short time is enor-
mous, and the likely bottleneck for pulsar searches will be
computer processing time rather than data acquisition.
Since not all data can be stored and analyzed o✏ine, our
estimated observation times for MeerKAT and SKA1 are
likely too optimistic, probably by a factor of a few.

In Tab. 3 we also quote the parameters for the High
Time Resolution Universe (HTRU) survey performed
recently with the 13-beam Multibeam receiver on the
Parkes radio telescope at 1.4 GHz (Keith et al. 2010).
This is the most recent and relevant large area survey of
the southern sky, performed in di↵erent latitude regions
(from the Galactic plane up to |b| ⇠ 15�).

In what follows, we adopt the HRTU mid-latitude sur-
vey as a reference to check the consistency of our results
with already existing surveys.

We indicate in Tab. 3 the observation reference per
pointing times that we assume throughout the paper, and
the corresponding time that is needed to cover a 4 deg2

area as we will discuss below (with the caveat that data-
processing bottlenecks are not included in the estimate).
We neglect here the decrease of the antenna gain at the
boundaries of the beam, and assume that beams are non-
overlapping. These e↵ects need to be taken into account
when setting up an actual observation strategy, and will
increase the required observation time for a given field
by a factor of less than two.

4. RESULTS FOR LARGE AREA SEARCHES

In this section, we will first discuss prospects for cur-
rent and future radio telescopes to detect bulge MSPs
in large area surveys, and then quantify the number of
MSPs detections that are required to actually confirm
the existence of a bulge population above the disk.

4.1. Current and future radio survey: best target regions

For each simulated MSP in the bulge, modeled accord-
ing to Sec. 2, we compute the corresponding 10� detec-
tion sensitivity flux, following Eqs. 5 and 6 for the obser-
vation scenarios in Tab. 3. In Fig. 6 (top panel), we show
the distribution of all bulge MSPs in the radio flux at 1.4
GHz versus period plane. The period distribution, mod-
eled from Lorimer et al. (2015), has a mean of 6.7 ms.
No sources with period higher (lower) than 40 (4) ms are
present in our simulated population. The corresponding
radio fluxes at 1.4 GHz span from about 10�5 mJy up
to about 0.9 mJy. However, not all the high-radio-flux
sources can be detected for our three reference scenar-
ios. Colored dots represent the number of sources that
would be detected by the GBT, MeerKAT and SKA-mid
with 10� significance. The GBT will be able to detect
sources down to about 0.03 mJy and period in the range
1 ms  P  25 ms. MeerKAT and SKA-mid, instead,
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39 nearby sources. As mentioned in the introduction,
this spectrum is in good agreement with the spectrum
of the Fermi GeV excess as derived by Calore et al.
(2015b). The above di↵erential intensity at 2 GeV corre-
sponds then to an energy intensity (above 100 MeV) of
(5.5 ± 0.5) ⇥ 10�12 erg cm�2 s�1 deg�2. Using the ratio
R�

rb as estimated in the previous subsection, this implies
a surface density of radio-bright bulge MSPs 5 deg above
and below the Galactic center of around (4.7±1.5) deg�2.

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

Lbulge
� = (2.7 ± 0.2) ⇥ 1037 erg s�1 . (3)

We note that variations of the spatial index � by ±0.2,
which is the 1� range found in Calore et al. (2015b),
would a↵ect the total gamma-ray luminosity by up to
40%. We do however not propagate this additional un-
certainty through the analysis, because most of our con-
clusion will dependent on the emission around the above
pivot directions, which makes them relatively indepen-
dent to the exact value of �.

Using the ratio R�
rb as estimated in the previous sub-

section, we obtain an estimate for the number of radio-
bright MSPs in the Galactic bulge,

Nbulge
rb = (2.7 ± 0.9) ⇥ 103 . (4)

2.3. Comparison with disk population

We illustrate the putative bulge population of radio
MSPs in Fig. 2. There, we show the distribution of
bulge radio MSPs in Galacto-centric Cartesian coordi-
nates, both in x-z and x-y projection, and compare it
with the actually observed MSPs and with a thick disk
MSP population Faucher-Giguère & Kaspi (2006). We
assume that the population of thick disk MSPs has a
cylindrical symmetry with an exponential distribution,
and with a scale radius of 5 kpc (Faucher-Giguère & Loeb
2010) and a scale height of 0.5 kpc (Calore et al. 2014;
Lorimer et al. 2015). Following Levin et al. (2013), we
attribute 20000 radio MSPs to the disk and we will show
below that this number is consistent with the most re-
cent mid-latitude survey of the Parkes telescope. (FC:
Update) Analogously to the bulge MSP population, the
radio luminosity function of disk MSPs is modeled ac-
cording to our reference radio luminosity function. (FC:
Lastly check code for consistency.) From Fig. 2 it is
very clear that the spatial distribution of known MSPs is
almost exclusively driven by selection e↵ects, and should
obviously not be used as a proxy for the real distribution
of MSPs in the Galaxy.

Lastly, the implied surface density of radio-bright
bulge MSPs is shown in Fig. 3. At (`, b) = (0�, ±5�)
it is consistent with our above simple estimate (although
we now take into account the varying distance to the
bulge sources that can be slightly closer or further away
than 8.5 kpc depending on their position). Otherwise,
it ranges from > 1000 sources/deg2 around the Galactic
center to dozens of sources/deg2 a few degrees away from
the Galactic center. (CW: Update plot and text)

3. SENSITIVITY OF RADIO TELESCOPES

We summarize here briefly how we estimate the sensi-
tivity of radio pulsation searches.

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 position of the
Earth. In the lower plane, we only show a slice with |y| < 0.5 kpc
in order to better visualize source densities in the inner Galaxy.

3.1. Radiometer equation

From the radiometer equation (see e.g. Dewey et al.
1984; Hessels et al. 2007), the RMS uncertainty of the
flux density is given by

S⌫,rms =
Tsys

G
p

tobs �⌫ np

✓
Wobs

P � Wobs

◆1/2

, (5)

where Tsys = Tsky + Trx is the system temperature (K)
given by the sum of sky and receiver temperatures, G is
the telescope gain (K/Jy), np is the number of polariza-
tions, �⌫ is the frequency bandwidth (MHz), and tobs is
the integration time (s). The sky temperature is a func-
tion of Galactic longitude and latitude. For any given line
of sight we compute the corresponding sky temperature
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Figure 3. Surface density of bulge MSPs towards the inner
Galaxy, per deg2. Beyond an angular distance of 5� from the
Galactic center, the density drops below ⇠ 10 deg�2.
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Figure 4. Sky temperature contours at 1.4 GHz, T 1.4 GHz
sky (K),

as derived from the (unsubtracted) Haslam 408 MHz radio
maps (Haslam et al. 1982). The strong emission in the Galactic
disk and Galactic center increases the background noise for MSPs
searches in these regions by a factor of a few.

Figure 5. Latitude dependence of dispersion measure, DM, as
derived from the NE2001 model (Cordes & Lazio 2002), at zero
Galactic longitude, ` = 0�, for di↵erent line-of-sight distances be-
tween D = 5kpc and D = 12.0 kpc. At longitudes in the range
` = [�10�, 10�] we find results that typically di↵er by < 10%.

Parameters HRTU GBT MeerKAT SKA-mid
⌫ [GHz] 1.0 1.4 1.4 1.67
�⌫ [MHz] 340 600 1000 770
Trx [K] 23 23 25 25
G [K/Jy] 0.74 2.0 2.9 15
✓FWHM [arcmin] 8.56 – –
FoV [deg2] 0.016 0.86 0.49
tobs (pointing) [min] 60 120 60
tobs (4 deg2) [h] 250 9.3 8.2

Table 3

Relevant instrumental and observational parameters for exisiting
(Parkes HRTU, GBT) and future (MeerKAT, SKA1) telescopes
that we consider in this work. We quote the survey frequency ⌫
and e↵ective bandwidth �⌫, the receiver temperature Trx and
telescope gain G, the beam FWHM ✓FWHM where applicable,
and the FoV. We also quote the reference observation times per
pointing that we adopt in most of this work, and the required

time to cover a 4 deg2 region of the sky.

from the Haslam 408 MHz all-sky radio maps (Haslam
et al. 1982), assuming a power-law rescaling to the fre-
quency of interest with index -2.6 (Lawson et al. 1987).
In Fig. 4, we show the contours of constant Tsky for a
20� ⇥ 20� region around the Galactic center at 1.4 GHz.

A 10� detection requires at least a signal flux S⌫ � 10⇥
S⌫,rms. In order to detect the pulse from the source, the
observed (or e↵ective) period width, Wobs (ms), should
be small compared to the source period, P (ms).

The observed pulse width can be estimated as

Wobs =
q

(wintP )2 + ⌧2
DM + ⌧2

scatt + ⌧2
samp , (6)

where wint ⇠ 0.1 is the intrinsic fractional pulse width,
⌧DM is the dispersive smearing across an individual fre-
quency channel, ⌧scatt is the temporal smearing due to
multiple scattering of the pulse propagating in the non-
uniform and ionized interstellar medium, and ⌧samp cor-
responds to the data sampling interval. Throughout, we
assume that the impact of ⌧DM and ⌧samp is negligible.
(CW: Jason TODO: Comment on ⌧DM and the

missing ⌧�DM)
The dispersion measure, DM, which enters in the def-

inition of both ⌧DM and ⌧scatt, for any given line of sight
and distance of the source is computed using the Cordes-
Lazio model for free electron density in the Galaxy,
NE2001 (Cordes & Lazio 2002)4. In Fig. 5, we show
the latitude profile of the DM, as derived from Cordes
& Lazio (2002), for ` = 0� and for di↵erent distances of
the source from the Galactic center. The scattering time
is modeled according to Bhat et al. (2004) and a lognor-
mal distribution with mean µ = log10 ⌧scatt. A variance
� = 0.8 is assumed to account for the large uncertainty
a↵ecting ⌧scatt. Typically, temporal scattering has the
e↵ect of hiding the radio pulsation of almost all MSPs
within a degree of the Galactic disk.
(CW: Jason TODO: Comment on caveat of

lower gain at beam edges and other things that
might reduce the sensitivity)

3.2. Instrumental parameters

In the present work, we provide sensitivity predictions
for three observational scenarios based on the perfor-

4 http://www.nrl.navy.mil/rsd/RORF/ne2001/
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Figure 3. Surface density of bulge MSPs towards the inner
Galaxy, per deg2. Beyond an angular distance of 5� from the
Galactic center, the density drops below ⇠ 5 deg�2.

cylindrical symmetry with an exponential distribution,
and with a scale radius of 5 kpc (Faucher-Giguère & Loeb
2010) and a scale height of 0.5 kpc (Calore et al. 2014;
Lorimer et al. 2015). Following Levin et al. (2013), we
attribute 20000 radio MSPs to the disk and we will show
below that this number is consistent with the most re-
cent mid-latitude survey of the Parkes telescope. Anal-
ogously to the bulge MSP population, the radio lumi-
nosity function of disk MSPs is modeled according to
our reference radio luminosity function. From Fig. 2
it is very clear that the observed spatial distribution of
known MSPs is almost exclusively driven by selection ef-
fects that limit the maximum distance to which they can
be found, and should obviously not be used as a proxy
for the real distribution of MSPs in the Galaxy.

Lastly, the implied surface density of radio-bright
bulge MSPs is shown in Fig. 3. At (`, b) = (0�, ±5�)
it is consistent with our above simple estimate (although
we now take into account the varying distance to the
bulge sources that can be slightly closer or further away
than 8.5 kpc depending on their position). Otherwise,
it ranges from > 1000 sources/deg2 around the Galactic
center to dozens of sources/deg2 a few degrees away from
the Galactic center.

3. SENSITIVITY OF RADIO TELESCOPES

We summarize here briefly how we estimate the sensi-
tivity of radio pulsation searches.

3.1. Radiometer equation

From the radiometer equation (see e.g. Dewey et al.
1984), the RMS uncertainty of the flux density is given
by

S⌫,rms =
Tsys

G
p

tobs �⌫ np

✓
Wobs

P � Wobs

◆1/2

, (5)

where Tsys = Tsky + Trx is the system temperature (K)
given by the sum of sky and receiver temperatures, G is
the telescope gain (K/Jy), np is the number of polariza-
tions, �⌫ is the frequency bandwidth (MHz), and tobs is
the integration time (s). The sky temperature is a func-
tion of Galactic longitude and latitude. For any given line
of sight we compute the corresponding sky temperature
from the Haslam 408 MHz all-sky radio maps (Haslam

Figure 4. Sky temperature contours at 1.4 GHz, T 1.4 GHz
sky (K),

as derived from the Haslam 408 MHz radio maps (Haslam et al.
1982). The strong emission in the Galactic disk and Galactic center
increases the background noise for MSPs searches in these regions
by a factor of a few. Note that point sources are not removed and
a↵ect our results close to the Galactic center.
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Figure 5. Latitude dependence of dispersion measure, DM, as
derived from the NE2001 model (Cordes & Lazio 2002), at zero
Galactic longitude, ` = 0�, for di↵erent line-of-sight distances be-
tween D = 5kpc and D = 12.0 kpc. At longitudes in the range
` = [�10�, 10�] we find results that typically di↵er by < 10%.

et al. 1982), assuming a power-law rescaling to the fre-
quency of interest with index �2.6 (Lawson et al. 1987).
In Fig. 4, we show the contours of constant Tsky for a
20� ⇥ 20� region around the Galactic center at 1.4 GHz.

A 10� detection requires at least a signal flux S⌫ � 10⇥
S⌫,rms. In order to detect the pulsations, the observed
(or e↵ective) period width, Wobs (ms), should be small
compared to the source period, P (ms).

The observed pulse width can be estimated as (Hessels
et al. 2007)

Wobs =
q

(wintP )2 + ⌧2
DM + ⌧2

scatt + ⌧2
samp + ⌧2

�DM , (6)

where wint ⇠ 0.1 is the intrinsic fractional pulse width
typical for MSPs, ⌧DM is the dispersive smearing across
an individual frequency channel, ⌧scatt is the temporal
smearing due to multi-path propagation from scatter-
ing in a non-uniform and ionized interstellar medium,
⌧samp corresponds to the data sampling interval, and
⌧�DM is the smearing due to finite DM step size in the

Dispersion measure at l=0


From Cordes & Lazio models 2002 




Radio detection perspectives: GBT




Spatial distribution of the bulge and simulated disk MSP population 


Thick dots: sources detected by GBT 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 
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Figure 7. Top panel: GBT detected sources from bulge (disk)
population for 100 hr integration time for each field of 2�⇥2� at 1.4
GHz. The number of sources detectable is also represented by the
colored background. Bottom panel: x – z projection of simulated
bulge (thin black dots) and disk (thin blue dots) MSPs. Thick

black dots refer to bulge MSPs detectable towards the inner Galaxy,
|`| < 2� and |b| < 20�, with the GBT survey. The integration time
per beam is 24 minutes. Thick blue dots are instead the disk MSPs
that would be detected by the survey in the same region of interest.

optimistic for upcoming radio telescopes. While with
the GBT it is hard to discriminate bulge and disk MSPs
population – although a few detections are expected –,
this will be possible with MeerKAT and later with SKA-
mid.

4.2. Discrimination of bulge and thick disk population

In Fig. 10, we show a histogram of the distances of all
MSPs that would be detected by our quoted MeerKAT
reference survey in eight 4 deg2 subregions below and
above the Galactic center, |`| < 2� and 3� < |b| < 7�.
The number of detected bulge sources would be 57.6,
whereas the number of detected disk sources (in our ref-
erence scenario) would be 24.6. Already visually it is
clear that the distance distributions are very di↵erent,
with the disk distribution peaking very broadly at 6 kpc,
whereas the bulge population has a pronounced peak
around 8 kpc.

Figure 8. Same as Fig. 7, but for a MeerKAT-like survey with
parameters as described in Tab. 3.

!

In order to provide a first estimate for the minimum
number of bulge MSPs that need to be detected in or-
der to identify the bulge population with a statistical
significance of 99.7% CL above the foreground of disk
MSPs, we perform a simple statistical test as follows. Let
µdisk

i and µbulge
i be respectively the expectation values

for the disk and bulge components as shown in Fig. 10
(i refers to individual bins). We consider the “Asimov
data set” (Cowan et al. 2011) cA

i = ⇣(µbulge
i + µdisk

i ),
where cA

i denotes the number of measured MSPs in a
certain distance bin, and ⇣ is a rescaling factor w.r.t. the
number of sources shown in Fig. 10. It accounts, e.g.,
for a survey over a smaller region of the sky. We cal-
culate now the Poisson likelihood both for the null hy-
pothesis µnull

i = ⇣µdisk
i and the alternative hypothe-

sis µalt
i = ⇣(µbulge

i + µdisk
i ). We numerically solve for

⇣ by requiring that the minus-two log-likelihood ratio
�2 ln (Lnull/Lalt) equals 9. The value that we find is
⇣ = 0.054, which corresponds to the detection of 1.3 disk
and 3.1 bulge sources. Note that we implicitly assume
here that the normalization of the disk component can be
constrained from other regions of the sky (since we keep
⇣ fixed when calculating Lnull). Indeed, the main reason
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per beam is 24 minutes. Thick blue dots are instead the disk MSPs
that would be detected by the survey in the same region of interest.

optimistic for upcoming radio telescopes. While with
the GBT it is hard to discriminate bulge and disk MSPs
population – although a few detections are expected –,
this will be possible with MeerKAT and later with SKA-
mid.

4.2. Discrimination of bulge and thick disk population

In Fig. 10, we show a histogram of the distances of all
MSPs that would be detected by our quoted MeerKAT
reference survey in eight 4 deg2 subregions below and
above the Galactic center, |`| < 2� and 3� < |b| < 7�.
The number of detected bulge sources would be 57.6,
whereas the number of detected disk sources (in our ref-
erence scenario) would be 24.6. Already visually it is
clear that the distance distributions are very di↵erent,
with the disk distribution peaking very broadly at 6 kpc,
whereas the bulge population has a pronounced peak
around 8 kpc.

Figure 8. Same as Fig. 7, but for a MeerKAT-like survey with
parameters as described in Tab. 3.
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In order to provide a first estimate for the minimum
number of bulge MSPs that need to be detected in or-
der to identify the bulge population with a statistical
significance of 99.7% CL above the foreground of disk
MSPs, we perform a simple statistical test as follows. Let
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i and µbulge
i be respectively the expectation values

for the disk and bulge components as shown in Fig. 10
(i refers to individual bins). We consider the “Asimov
data set” (Cowan et al. 2011) cA

i = ⇣(µbulge
i + µdisk

i ),
where cA

i denotes the number of measured MSPs in a
certain distance bin, and ⇣ is a rescaling factor w.r.t. the
number of sources shown in Fig. 10. It accounts, e.g.,
for a survey over a smaller region of the sky. We cal-
culate now the Poisson likelihood both for the null hy-
pothesis µnull

i = ⇣µdisk
i and the alternative hypothe-

sis µalt
i = ⇣(µbulge

i + µdisk
i ). We numerically solve for

⇣ by requiring that the minus-two log-likelihood ratio
�2 ln (Lnull/Lalt) equals 9. The value that we find is
⇣ = 0.054, which corresponds to the detection of 1.3 disk
and 3.1 bulge sources. Note that we implicitly assume
here that the normalization of the disk component can be
constrained from other regions of the sky (since we keep
⇣ fixed when calculating Lnull). Indeed, the main reason
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Radio perspectives: MeerKAT-like


MeerKAT


Thick dots: sources detected by MeerKAT-like telescope 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 
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Figure 7. Top panel: GBT detected sources from bulge (disk)
population for 100 hr integration time for each field of 2�⇥2� at 1.4
GHz. The number of sources detectable is also represented by the
colored background. Bottom panel: x – z projection of simulated
bulge (thin black dots) and disk (thin blue dots) MSPs. Thick

black dots refer to bulge MSPs detectable towards the inner Galaxy,
|`| < 2� and |b| < 20�, with the GBT survey. The integration time
per beam is 24 minutes. Thick blue dots are instead the disk MSPs
that would be detected by the survey in the same region of interest.

optimistic for upcoming radio telescopes. While with
the GBT it is hard to discriminate bulge and disk MSPs
population – although a few detections are expected –,
this will be possible with MeerKAT and later with SKA-
mid.

4.2. Discrimination of bulge and thick disk population

In Fig. 10, we show a histogram of the distances of all
MSPs that would be detected by our quoted MeerKAT
reference survey in eight 4 deg2 subregions below and
above the Galactic center, |`| < 2� and 3� < |b| < 7�.
The number of detected bulge sources would be 57.6,
whereas the number of detected disk sources (in our ref-
erence scenario) would be 24.6. Already visually it is
clear that the distance distributions are very di↵erent,
with the disk distribution peaking very broadly at 6 kpc,
whereas the bulge population has a pronounced peak
around 8 kpc.
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Figure 8. Same as Fig. 7, but for a MeerKAT-like survey with
parameters as described in Tab. 3.

!

In order to provide a first estimate for the minimum
number of bulge MSPs that need to be detected in or-
der to identify the bulge population with a statistical
significance of 99.7% CL above the foreground of disk
MSPs, we perform a simple statistical test as follows. Let
µdisk

i and µbulge
i be respectively the expectation values

for the disk and bulge components as shown in Fig. 10
(i refers to individual bins). We consider the “Asimov
data set” (Cowan et al. 2011) cA

i = ⇣(µbulge
i + µdisk

i ),
where cA

i denotes the number of measured MSPs in a
certain distance bin, and ⇣ is a rescaling factor w.r.t. the
number of sources shown in Fig. 10. It accounts, e.g.,
for a survey over a smaller region of the sky. We cal-
culate now the Poisson likelihood both for the null hy-
pothesis µnull

i = ⇣µdisk
i and the alternative hypothe-

sis µalt
i = ⇣(µbulge

i + µdisk
i ). We numerically solve for

⇣ by requiring that the minus-two log-likelihood ratio
�2 ln (Lnull/Lalt) equals 9. The value that we find is
⇣ = 0.054, which corresponds to the detection of 1.3 disk
and 3.1 bulge sources. Note that we implicitly assume
here that the normalization of the disk component can be
constrained from other regions of the sky (since we keep
⇣ fixed when calculating Lnull). Indeed, the main reason

Spatial distribution of the bulge MSPs and of simulated MSP disk population 
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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
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Figure 9. Same as Fig. 7, but for a SKA-mid-like survey with
parameters as described in Tab. 3.

for the low number of only 3.1 required bulge detections
is the low background from the disk around D ⇠ 8 kpc
distance.

We conclude that the detection of a handful of bulge
sources is enough, provided their distances can be es-
timated accurately enough, to start discriminating the
bulge and disk components in a statistically meaning-
ful way (in our example at the 99.7% CL). However, we
stress that a robust statistical statement should be ide-
ally based on a physical model for the bulge distribution
(which might not necessarily include sources in the inner
kpc) and be marginalized appropriately over disk and
bulge profile uncertainties, the total number of disk and
bulge sources, and include uncertainties in the DM-based
distance measure. However, our above estimates suggest
that a robust detection of the bulge MSP component is
indeed possible once the first couple of bulge sources are
observed.

5. RESULTS FOR TARGETED SEARCHES

Deep radio searches for pulsation in unassociated
Fermi sources turned out to be extremely successful in
identifying new MSPs (Grenier & Harding 2015; Abdo
et al. 2013). It is hence natural to assume that the same

Figure 10. Histogram of distances of detected bulge (black) and
disk MSPs (blue), assuming the MeerKAT reference survey in
Tab. 3. Bulge and disk components can be clearly separated. The
bulge component will appear as a clear excess of sources with dis-
persion measures that indicate distances larger than 7 kpc.

Figure 11. Fraction of bulge MSPs along the line-of-sight that
can be detected with the GBT survey from Tab. 3. (FC: Correct

color bar label: log 10 of fraction?!) (FC: Specify that this

for the no-correlation case)

strategy should also be useful for identifying the bulge
population of MSPs. Interesting targets in this case
are of course unassociated Fermi sources in the inner
Galaxy, but also potential sources that remained below
the Fermi source detection threshold could be valuable
targets. Candidates for the latter were recently identified
as wavelet peaks in the analysis of Bartels et al. (2015),
and as hotspots in the analysis of Lee et al. (2015). We
will from here on refer to all of these sources as MSP
candidates, and discuss the prospects for identifying their
radio counterparts.

In Fig. 11, we show the detection probability of bulge
MSPs in di↵erent regions of the inner Galaxy, assuming
that each source is exposed by the GBT as summarized
in Tab. 3. At high latitudes the probability is almost as
high as 10%, whereas close to the Galactic disk it is well
below 0.1%. This already indicates that follow-up obser-
vations of individual MSPs candidates are rather chal-
lenging, even if their position is perfectly known. This is
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(which might not necessarily include sources in the inner
kpc) and be marginalized appropriately over disk and
bulge profile uncertainties, the total number of disk and
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strategy should also be useful for identifying the bulge
population of MSPs. Interesting targets in this case
are of course unassociated Fermi sources in the inner
Galaxy, but also potential sources that remained below
the Fermi source detection threshold could be valuable
targets. Candidates for the latter were recently identified
as wavelet peaks in the analysis of Bartels et al. (2015),
and as hotspots in the analysis of Lee et al. (2015). We
will from here on refer to all of these sources as MSP
candidates, and discuss the prospects for identifying their
radio counterparts.

In Fig. 11, we show the detection probability of bulge
MSPs in di↵erent regions of the inner Galaxy, assuming
that each source is exposed by the GBT as summarized
in Tab. 3. At high latitudes the probability is almost as
high as 10%, whereas close to the Galactic disk it is well
below 0.1%. This already indicates that follow-up obser-
vations of individual MSPs candidates are rather chal-
lenging, even if their position is perfectly known. This is
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Figure 14. Number of detectable sources from targeted observa-
tions using GBT (red), MeerKAT (blue), and SKA (green). The
assumed total observation time, Tobs, is 4 hr (solid), 10 hr (dashed)
and 100 hr (dotted).

Instrument tobs Detection of MSP candidates
total Probability Number (20 total)

GBT 20 h 21.4% 4.3
MeerKAT 40 h 44.0% 8.8
SKA-mid 20 h 60.0% 12.0

Table 4
Projected number of detections for follow-up radio searches in 20
MSP candidates, assuming that all of the MSP candidates are

indeed gamma-ray luminous MSPs in the bulge region. The radio
luminosity of gamma-ray luminous MSPs is estimated from a flux
limited sample of high-latitude MSPs and unassociated sources.
Although the results were obtained in an observation-driven

approach, they are uncertain by at least a factor of two and of
indicative value only. Caveats are discussed in the text.

some or most of the unassociated sources could be ac-
tually radio-dim MSPs. This procedure is somewhat ad
hoc, but is completely data driven and should give a rea-
sonably accurate description of the detection prospects
of MSP candidates.

5.2. Detectability

We give now an example for a generic MSP candidate.
Our generic MSP candidate has a position that is ran-
domly drawn from the position of the 13 reference 3FGL
sources from Bartels et al. (2015). As stated above, we
assume that the MSP candidate indeed corresponds to
one of the bulge MSPs that lies anywhere along the line-
of-sight in the bulge region. We then calculate the prob-
ability that this MSP candidate can be detected in radio
observations with the parameters from Tab. 3. We av-
erage over possible distances to the sources, weighted by
the source density in the bulge and the volume factor that
increases with distance, and over the radio luminosities
that are randomly drawn as described in the previous
subsection. Furthermore, we average over the MSP po-
sition, by randomly drawing from the 13 positions.

Our results are summarized in Tab. 4, for the di↵er-
ent observational strategies listed in Tab. 3. We con-
sider the observation of 20 MSP candidates, assuming
that each of the candidates corresponds indeed to an
MSP in the bulge region. We find that the probability of
identifying radio MSPs in one of the 20 MSP candidates

are reasonably good, even for the GBT. This is mostly
due to the strong correlation that we found above. The
prospects for MeerKAT and SKA are as expected even
better, though just by a factor of a few.

Our results indicate that, on a short timescale, radio
follow-up observations of MSP candidates with the GBT
or similar instruments are the most promising strategy
to actually find the first MSPs from the bulge region.
The numbers in Tab. 4 are very promising. However,
as mentioned above, additional e↵ects need to be taken
into account that will reduce the detection probability
somewhat. Firstly, the not every MSP candidate will
correspond to a MSP. This might reduce the number of
possible detections by a factor around two. Secondly,
source localization is critical. The GBT beam size of
0.14 deg FWHM is comparable to the localization accu-
racy that can be reached with Fermi. Several pointings
might hence be necessary to fully cover the area in which
the radio emission from an MSP candidate could lie.
Both of the caveats need to be carefully taken into con-
sideration when planning actual observations. We note
that another limitation comes from the presence of bi-
nary MSPs, which as we discussed above prevent us from
easily using very long integration times.

6. DISCUSSION

About three quarters of all field MSPs are bound in bi-
nary systems, with orbital periods ranging from 94 min
to hundreds of days (Stovall et al. 2013, 2014). Given the
many free orbital parameters, the induced Doppler shift
in the observed pulse period can make an identification
of the pulsation extremely di�cult because it smears out
the periodic signal in the Fourier domain. Although the
observation time per pointing in our described large area
surveys are comparable to the smallest observed orbital
period, most other observed orbital periods are much
larger, and we do not expect a very strong e↵ect on our
results. As we discussed above, orbits that are at least
ten times longer than the dwell time per survey pointing
should be enough.

In general, while the total number of bulge MSPs de-
pends strongly on the uncertain low-luminosity tail of the
adopted radio luminosity function, result for the num-
ber of observable MSPs mostly hinge on the better con-
strained high luminosity tail. The adopted radio lumi-
nosity function predicts slightly less bright sources than
the model from Faucher-Giguère & Kaspi (2006) (‘model
1’ in Bagchi et al. 2011). If we instead adopt this model,
we obtain the following results:

As described above, we assume that the all of the
gamma-ray emission from the considered globular clus-
ters comes from MSPs. In the case of, e.g., NGC 6440,
which contains a young pulsar that is very bright in ra-
dio, it could be that the dominant part of the observed
gamma-ray emission is actually due to this young pul-
sar, or another source along the line-of-sight (Abdo et al.
2010). In that case, namely if we neglect NGC 6440 with
its very high gamma-ray luminosity in our analysis, our
estimate in Eq. (2) would systematically decrease. This
would then increase the number of predicted radio-bright
MSPs in the bulge, in the case at hand, by a factor of
1.5.

The observation of MSPs in the X-ray band has been

Many unassociated Fermi sources have MSP characteristics and could 

Be detected as MSP in the bulge already by GBT after 


a deep search campaign.

On short timescale, radio observations of the first bulge MSP 


candidates with GBT could find the first bulge MSP 




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. 


•  Followups with GBT on unassociated sources look promising
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Parameters HTRU GBT MeerKAT SKA-mid
⌫ [GHz] 1.0 1.4 1.4 1.67
�⌫ [MHz] 340 600 1000 770
Trx [K] 23 23 25 25
G [K/Jy] 0.74 2.0 2.9 15
✓FWHM [arcmin] 8.56 – –
FoV [deg2] 0.016 0.86 0.49
Tpoint [min] 60 120 60
T4 deg2 [h] 250 9.3 8.2

Table 3
Relevant instrumental and observational parameters for existing
(Parkes HTRU, GBT) and future (MeerKAT, SKA1) telescopes

that we consider in this work. We quote the survey central
observing frequency ⌫ and e↵ective bandwidth �⌫, the receiver
temperature Trx and telescope gain G, the beam FWHM ✓FWHM

where applicable, and the FoV. We also quote the reference
observation times per pointing that we adopt in most of this

work, and the required time to cover a 4 deg2 region of the sky.

scan. Throughout, we assume that the impact of ⌧DM,
⌧�DM and ⌧samp is negligible. We note that intra-channel
smearing, ⌧DM, can be mostly ignored, as long as we as-
sume that the data is taken with a high-enough frequency
resolution. Analogously, we can safely neglect ⌧�DM,
since su�ciently small DM step sizes can make this con-
tribution small as well. The only limitation comes then
from the computing resources that are available for the
problem.

The dispersion measure, DM, which enters in the def-
inition of both ⌧DM and ⌧scatt, for any given line of sight
and distance of the source is computed using the Cordes-
Lazio model for free electron density in the Galaxy,
NE2001 (Cordes & Lazio 2002)4. In Fig. 5, we show
the latitude profile of the DM, as derived from Cordes
& Lazio (2002), for ` = 0� and for di↵erent distances of
the source from the Galactic center. The scattering time
is modeled according to Bhat et al. (2004) and a lognor-
mal distribution with mean µ = log10 ⌧scatt. A variance
� = 0.8 is assumed to account for the large uncertainty
a↵ecting ⌧scatt and the fact that there is only a loose
correlation between DM and the amount of scattering.
Indeed, while DM just depends on the column density of
material, the amount of scattering depends on how that
material is distributed along the line of sight.

Typically, temporal scattering has the e↵ect of hiding
the radio pulsation of almost all MSPs within a degree
of the Galactic disk.

The sensitivity calculations here assume the telescope
gain at the center of the field-of-view (beam). The gain
decreases by a factor of two towards the FWHM edge of
the telescope beam.

3.2. Instrumental parameters

In the present work, we provide sensitivity predictions
for three observational scenarios based on the perfor-
mances of currently operating and upcoming radio tele-
scopes: The Green Bank Telescope (GBT), MeerKAT
and SKA-mid. As a reference, and for comparison with
past results, we choose to present results for surveys at
1.4 GHz. However, we discuss how sensitivity predictions
change at higher and lower frequencies in Sec. 6, and
show that 1.4 GHz is already close to optimal. In Tab. 3,

4 http://www.nrl.navy.mil/rsd/RORF/ne2001/

Figure 6. We show the simulated bulge population of MSPs,
modelled from gamma-ray observations as described in the text,
both in the pulsar period vs. flux density plane (top panel), and
in the dispersion measure vs. scattering time plane (bottom panel).
Grey dots denote the entire population. The colored dots show
show which of these sources would be detectable with the various
observational scenarios that are described in Tab. 3. The solid

blue line in the upper panel corresponds to the 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 blue line. The visible
structures correspond to isolated sky regions with very large DM,
see Fig. 5.

we quote the parameters used for each instrument. Pa-
rameters for the GBT are based on the GUPPI back-
end and taken from the Proposer’s Guide for the GBT.5

Sensitivities for the future MeerKAT and SKA-mid are
based on the SKA1 System Baseline Design report.6 We
implement the performances of the MeerKAT and of the
SKA-mid (350–3050 MHz) Antenna Array configuration.
The quoted antenna gain in Tab. 3 (G = Tsys/SEFD) is
derived from the system-equivalent flux density (SEFD)

5 https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf
6 http://www.skatelescope.org/wp-content/uploads/2012/07/

SKA-TEL-SKO-DD-001-1_BaselineDesign1.pdf, see Tab. 6.


