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Pulsars at the Galactic Centre
Why? 

What have we tried? 
• A long and distinguished history of failures 

Causes for optimism and for pessimism 
• Fermi & X-ray backgrounds 
• GC Magnetar 

The case for MSPs 

Where to from here?
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Why find a pulsar at the GC?
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• Tests of General Relativity (Pfahl & Loeb 2004) 
– Spin of Sgr A*? 

• Measure the BH spin from frame dragging (Lens-Thirring precession) 
– Need something suitable for timing 

• Magnetar: 0.12pc away, if circular orbit, Porb=2300 y 
• Ideally need an unassociated MSP

4.1. Time Delays and Secular Effects

Each pulse arrival time, t, at the solar system barycenter is
related to the pulsar proper time, t 0, by t ! t0 ¼ t 0 þ

P
i !i,

where t0 is a reference time and the !i are variable delays due
to the Keplerian motion and relativity. The delays are functions
of t0 and the following Keplerian parameters: (1) BH mass
MBH, (2) orbital period Porb, (3) eccentricity e, (4) inclination i,
and (5) longitude of pericenter !. When frame-dragging is
considered, we must also specify the magnitude and direction
of the BH spin. Each delay may be characterized by an am-
plitude, the difference between the maximum and minimum
values of !i, and a width, the timescale over which the delay
shows the largest variation.

In Table 1 we quantify the five delays with the largest ex-
pected amplitudes in the special case in which ! ¼ 90$, so
that superior conjunction—when the pulsar is farthest behind
the BH—coincides with pericenter passage. This simplifies the
analysis and illustrates roughly the dependence on eccentric-
ity. Dimensionless variables used in Table 1 are M6:5 ¼
MBH=106:5 M% and P1 ¼ Porb=1 yr. Not included in Table 1 are
the delays due to aberration of the beamed pulsar emission
(e.g., Smarr & Blandford 1976) or the bending of light rays in
the gravitational field of the BH (Doroshenko & Kopeikin
1995; Wex & Kopeikin 1999). Each of these delays has an
amplitude of P1 ms for a wide range of Porb , e, and i.

Several secular processes cause changes in the orbital ele-
ments over long timescales. Emission of gravitational radia-
tion by an orbiting pulsar causes the semimajor axis to shrink
on a timescale of & 1013 yrð ÞM!2=3

6:5 P
8=3
1 (1! e2)7=2 (e.g., Taylor

& Weisberg 1989), which is typically too long to be of in-
terest. The geodetic precession rate of the pulsar spin axis is
’0N1M

2=3
6:5 P

!2=3
1 (1! e2)!1 orbit!1 (e.g., Weisberg et al. 1989).

This is evident as a long-term change in the pulse profile, and
its measurement depends on, among other things, the precise
geometry of the pulsar beam. For ek 0:9 and P1 &1 it is
conceivable that geodetic precession could be detected after
several orbits. We now estimate the Newtonian and relativistic
contributions to the secular apsidal precession of the pulsar
orbit.

Suppose that surrounding the BH is a spherically symmetric
distribution of matter, in the form of mostly low-mass stars
and compact objects (e.g., x 5.2). For a density profile !/ r!" ,
the extended mass enclosed within a radius r is Me(r)/ r3!"

(" < 3). If Me(a)=MBHT1 for an orbit with semimajor axis a,
the Newtonian contribution to the change in ! per orbit is5

!!N ¼ Me(a)

MBH

1! e2ð Þ3!"

e

Z 2#

0

d$
cos $

(1þ e cos $)3!" ; ð3Þ

where $ is the true anomaly for the unperturbed elliptical
trajectory. If " ¼ 2 (a plausible choice) the above integral is
analytic, and we have

!!N ¼ !2#
Me(a)

MBH

1! e2

e2
1

1! e2ð Þ1=2
!1

" #
; ð4Þ

where the minus sign indicates retrograde precession, which is
generally the case for " < 3. For example, if " ¼ 2, Me(a)=
MBH ¼ 0:01, and e ¼ 0:9, we find that !!N ’ 1$.

The net apsidal precession rate also includes two relativistic
contributions. In the Schwarzschild spacetime, the prograde
advance per orbit is (e.g., Weinberg 1972)

!!S ’ þ0N23M
2=3
6:5 P

!2=3
1 1! e2

! "!1
: ð5Þ

For a spinning BH, frame dragging introduces an additional
contribution (e.g., Jaroszynski 1998b; Wex & Kopeikin 1999):

!!FD ’ !2700M6:5P
!1
1 1! e2
! "!3=2

% cos  ; ð6Þ

where  is the angle between the angular momentum vectors of
the BH and the orbit and 0<%< 1 is the dimensionless BH
spin parameter.

4.2. Remarks on Measurability

The degree to which different contributions to the timing re-
siduals can be resolved depends on the precision and number
of measured arrival times. Typical precisions are &t & (10!3

10!2)Pp, or &1–10 ms for Pp ’ 1 s. If one average arrival time

TABLE 1

Pulse Arrival-Time Delays

Delaya Amplitude Width References

Roemerb ..................................... & 1 dayð ÞM1=3
6:5 P

2=3
1 sin i &(1 yr)P1 1

Einsteinc ..................................... & 1 hrð ÞM 2=3
6:5

P1=3
1

e &(1 yr)P1 1

First-order Shapirod ................... & 30 sð ÞM6:5jln ½(1! e)(1! sin i )*j & 1 yrð ÞP1(1! e)3=2(cos i )1=2 1

Second-order Shapiroe ............... & 0:1 sð ÞM5=3
6:5 P

!2=3
1 (1! e)!1=cos i & 1 yrð ÞP1(1! e)3=2 cos i 2, 3

Frame draggingf ......................... & 0:1 sð ÞM5=3
6:5

P
!2=3
1 (1! e)!1%=cos i & 1 yrð ÞP1(1! e)3=2% cos i 2, 3, 4, 5

a The dimensionless variables used are M6:5 ¼ MBH=106:5 M% and P1 ¼ Porb=1 yr. For simplicity, we have adopted ! ¼ 90$ in
estimating the amplitudes and widths.

b Light travel time across the orbit. The Keplerian orbit is evident in the Roemer delay.
c Combined effect of time dilation and the gravitational redshift.
d Lowest order relativistic propagation delay in the gravitational field of a point mass.
e Next highest order contribution to the propagation delay that is independent of the BH spin.
f Contribution to the net propagation delay due to the BH spin, in the special case in which the spin direction is parallel to the

orbital angular momentum of the pulsar. Here 0 < % < 1 is the dimensionless spin parameter, where % ¼ 1 corresponds to an
extreme Kerr BH.

References.—(1) Damour & Taylor 1992; (2) Dymnikova 1986; (3) Goicoechea et al. 1992; (4) Laguna & Wolszczan 1997;
(5) Wex & Kopeikin 1999.

5 We determined the precession rate by computing the orbit-averaged rate
of change of the Laplace-Runge-Lenz vector (e.g., Goldstein 1980), e ¼
(GMBH)

!1v < h! r=r, where h ¼ r < v . Weinberg (1972) uses the same tech-
nique to calculate the general relativistic precession rate.

RADIO PULSARS ORBITING SGR A* 255No. 1, 2004
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Pulsar timing effects
Shapiro delay
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Reasons for optimism
Pfahl & Loeb (2004) argue that 
~1000 pulsars orbit Sgr A* with periods <100 yr 

• 1-10 of which are detectable 
• Specifically, they argue that  

based on the estimate that ~10% have shallow spectra. 
Circumstantial evidence from: 
Pulsar Wind Nebulae 
Supernova remnants 
Fermi excess 
NuStar excess
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Reasons for optimism
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• GC Fermi GeV emission attributed to dark matter may 
actually be a signal of this as-yet undetected young pulsar 
population (O’Leary et al. 2015) 

• Mirabel (2013) makes a similar argument

Young Pulsars and the Galactic Center GeV Gamma-ray Excess

Ryan M. O’Leary,1 Matthew D. Kistler,2 Matthew Kerr,3 and Jason Dexter4

1JILA, 440 UCB, University of Colorado, Boulder, CO 80309-0440, USA
2Kavli Institute for Particle Astrophysics and Cosmology, Stanford University,

SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
3CSIRO Astronomy and Space Science, Australia Telescope National Facility, PO Box 76, Epping NSW 171, Australia

4Max Planck Institute for Extraterrestrial Physics, Giessenbachstr. 1, 85748 Garching, Germany
(Dated: April 9, 2015)

Studies of Fermi data indicate an excess of GeV gamma rays around the Galactic center (GC),
possibly due to dark matter. We show that young gamma-ray pulsars can yield a similar signal. First,
a high concentration of GC supernovae naturally leads to a population of kicked pulsars symmetric
about the GC. Second, while very-young pulsars with soft spectra reside near the Galactic plane,
pulsars with spectra that have hardened with age accumulate at larger angles. This combination,
including unresolved foreground pulsars, traces the morphology and spectrum of the Excess.

Introduction.— The Fermi Large Area Telescope [1]
has transformed GeV gamma-ray astrophysics. Pulsar
physics in particular has experienced an enormous ad-
vance [2]. The impact is much greater than even the
impressive increase in the number of gamma-ray pulsars,
from 7 pre-Fermi to >170 now [3, 4], alone suggests. GeV
detections of old, recycled millisecond pulsars (MSPs)
went from zero to ⇠ 60 in under six years. The > 100
detections of young pulsars (⌧ <⇠ Myr) imply ubiquitous
GeV emission [5, 6], with the radio-quiet population now
at ⇠ 40 from a lone prototypical member, Geminga [7, 8].

Fermi could also fulfill the long-standing hope of de-
tecting gamma rays from the annihilation or decay of
dark matter [9–14], which comprises ⇡ 84% of all mat-
ter [15, 16]. A number of groups [17–29] have used Fermi

data to search for a signal originating from around the
Galactic center (GC), where this flux should be largest.

The exciting recent development from these studies is
the measurement of an extended excess of GeV gamma
rays above model predictions peaking from 1–3 GeV. The
Excess spectrum is reasonably fit by the annihilation of a
30�60 GeV dark matter particle [e.g., 19–45], though the
angular intensity implies a density profile steeper than
often extrapolated from simulations.

The great challenge is to determine whether this sig-
nal indeed arises from dark matter or is due to an
unaccounted-for source of gamma rays. One suggestion
is a contribution from MSPs [20, 46–48], which have a
similar spectral shape as the Excess in gamma rays and
are expected to exist there at some level [49]. It has been
argued that MSPs cannot match the Excess [50, 51] and
uncertainties in MSP formation make definite predictions
di�cult.

We show that young pulsars from the GC itself produce
a di↵use GeV flux that has been widely underestimated.
Such pulsars arise from core-collapse supernova explo-
sions of short-lived massive stars. Their birthplaces thus
tend to trace star formation. The GC is the most con-
centrated star forming region in the Milky Way (MW);
the inner ⇠ 200 pc central molecular zone (CMZ) ac-

counts for 5�10% of the current Galactic star formation
rate [e.g., 53–56]. Further, the CMZ contains an esti-
mated ⇠ 13% of all MW Wolf rayet stars [57–61]; these
evolved, >⇠ 25M� stars are near explosion and may re-
main from an even more intense recent period of star
formation [e.g., 62]. This implies a substantial, ongoing
production of pulsars, with birth kicks leading to a con-
tinuous, symmetrical distribution centered on the GC.

Fig. 1 displays a second piece to this puzzle. Here
we compare the gamma-ray spectrum measured from
Geminga, the best characterized of radio-quiet pulsars,
to that expected from 35 GeV dark matter annihilating
to a b-quark pair [63] as proposed for the Excess. The
striking similarity to the Excess is a consequence of the
hardening of gamma-ray pulsar spectra with decreasing
spin-down power (Ė) as seen in Fermi data [3, 64].
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FIG. 1: A comparison of phase-averaged Fermi gamma-ray
data of Geminga [52] to our spectral shape from pulsars within
5� of the GC and> 2� from the disk (see text), which resemble
that from 35GeV dark matter particles annihilating to bb̄ as
proposed to explain the GC Excess [25].
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Reasons for optimism
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• Perez et al. (2015) find an excess 
of hard X-rays (20-40keV) at the 
GC that is either due to  

• accreting white dwarfs 
• large population of low-mass X-ray binaries 
• large population of MSPs 
• particle outflows interacting with radiation 

field, molecular material or magnetic field 

• The X-ray MSP interpretation would 
strengthen the interpretation of the gamma-
ray excess in terms of MSPs.

LETTER
doi:10.1038/nature14353

Extended hard-X-ray emission in the inner few
parsecs of the Galaxy
Kerstin Perez1,2, Charles J. Hailey1, Franz E. Bauer3,4,5, Roman A. Krivonos6, Kaya Mori1, Frederick K. Baganoff7,
Nicolas M. Barrière6, Steven E. Boggs6, Finn E. Christensen8, William W. Craig6,9, Brian W. Grefenstette10, Jonathan E. Grindlay11,
Fiona A. Harrison10, Jaesub Hong11, Kristin K. Madsen10, Melania Nynka1, Daniel Stern12, John A. Tomsick6, Daniel R. Wik13,
Shuo Zhang1, William W. Zhang13 & Andreas Zoglauer6

The Galactic Centre hosts a puzzling stellar population in its inner
few parsecs, with a high abundance of surprisingly young, rela-
tively massive stars bound within the deep potential well of the
central supermassive black hole, Sagittarius A* (ref. 1). Previous
studies suggest that the population of objects emitting soft X-rays
(less than 10 kiloelectronvolts) within the surrounding hundreds
of parsecs, as well as the population responsible for unresolved
X-ray emission extending along the Galactic plane, is dominated
by accreting white dwarf systems2–5. Observations of diffuse hard-
X-ray (more than 10 kiloelectronvolts) emission in the inner 10
parsecs, however, have been hampered by the limited spatial reso-
lution of previous instruments. Here we report the presence of a
distinct hard-X-ray component within the central 4 3 8 parsecs, as
revealed by subarcminute-resolution images in the 20–40 kiloelec-
tronvolt range. This emission is more sharply peaked towards the
Galactic Centre than is the surface brightness of the soft-X-ray
population5. This could indicate a significantly more massive
population of accreting white dwarfs, large populations of low-
mass X-ray binaries or millisecond pulsars, or particle outflows
interacting with the surrounding radiation field, dense molecular
material or magnetic fields. However, all these interpretations pose
significant challenges to our understanding of stellar evolution,
binary formation, and cosmic-ray production in the Galactic
Centre.

The Galactic Centre region is dense with X-ray-emitting objects6; it
contains the supernova remnant Sagittarius (Sgr) A East, the colliding
stellar winds surrounding Sgr A*, the hot plasma of the Sgr A East
plume, dozens of magnetic X-ray filaments, and thousands of resolved7

and unresolved point sources that constitute the Galactic ridge X-ray
emisison3–5,8. In hard X-rays, the INTEGRAL satellite has detected
emission centred within 19 of the Galactic Centre9. However, the spa-
tial resolution of INTEGRAL’s IBIS coded aperture mask (129) has
motivated speculation that the emission results not from a single
object, but from a collection of the many surrounding X-ray sources3.

The NuSTAR X-ray observatory10, which has an effective area
extending from 3 to 79 keV and an angular resolution of 180 (equival-
ent to 0.7 pc at the Galactic Centre), viewed the Galactic Centre for a
total of 281 ks in July, August and October of 2012. The image of the
central 12 pc 3 12 pc of the Galaxy (Fig. 1) in the 20–40 keV energy
band reveals for the first time a faint diffuse emission that is peaked at
the Galactic Centre and extends along the Galactic plane. The image is
dominated by this feature, whose spectrum and localization within
several parsecs of Sgr A* distinguish it from other unresolved X-ray

emission in the Galaxy, and which has no obvious correlation with
radio images of the dense molecular gas of the circumnuclear disk11 or
the dust and gas of Sgr A West12. The features prominent in soft-X-ray
images no longer visibly contribute, with the exception of bright point-
like emission from the pulsar wind nebula G359.9520.0413 and fainter
emission from the X-ray filament G359.9720.03814 and the
Cannonball15 neutron star.

4.62 × 10–6 6.59 × 10–6 8.55 × 10–6 1.05 × 10–5

54:0

55:00.0
55:00.0

56:00.0
56:00.0

359:57:00.0

359:57:00.0

359:57:00.0

58:00.0
58:00.0

59:00.0
59:00.0

0:00:00.0

0:00:00.0

01:00.0
01:00.0

02:00.0
02:00.0

04:00.0
04:00.0

.

–0:05:00.0

–0:05:00.0

E

N

Sgr A East Sgr A*

G359.95–0.04

G359.97–0.038G359.97–0.038

CannonballCannonball

1′

1 pc1 pc

Flux (counts per pixel s–1)

Figure 1 | The 20–40 keV image of the inner 59 3 59 (12 pc 3 12 pc) of the
Galaxy. The colour scale shows flux in units of counts per pixel s21. The image
has been smoothed with a Gaussian kernel of width ,50 (2 pixels). The solid
ellipse (white) illustrates the FWHM of the fit to the unresolved emission.
Emission consistent with the pulsar wind nebula G359.95–0.0413, as well as
fainter emission from the Cannonball19 and non-thermal filament G359.97–
0.03814, is also visible. The dashed ellipse (green) indicates the soft X-ray extent
of Sgr A East19. Spectra are extracted from the two thick-dashed regions (white
polygons).

1Columbia Astrophysics Laboratory, Columbia University, 550 West 120th Street, Room 1027, New York, New York 10027, USA. 2Haverford College, 370 Lancaster Avenue, KINSC L109, Haverford,
Pennsylvania 19041, USA. 3Instituto de Astrofı́sica, Facultad de Fı́sica, Pontificia Universidad Católica de Chile, 306, Santiago 22, Chile. 4Millennium Institute of Astrophysics, Vicuña Mackenna 4860,
7820436 Macul, Santiago, Chile. 5Space Science Institute, 4750Walnut Street, Suite 205, Boulder, Colorado 80301, USA. 6Space Science Laboratory, UC Berkeley, 7 Gauss Way, Berkeley, California 94720,
USA. 7Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, 77 Massachusetts Avenue, 37-555, Cambridge, Massachusetts 02139, USA. 8DTU Space, National Space
Institute, Technical University of Denmark, Elektrovej 327, DK-2800 Lyngby, Denmark. 9Lawrence Livermore National Laboratory, PO Box 808, Livermore, California 94551-0808, USA. 10Cahill Center for
Astronomy and Astrophysics, 1200 East California Boulevard, MC 290-17, California Institute of Technology, Pasadena, California 91125, USA. 11Harvard-Smithsonian Center for Astrophysics, 60 Garden
Street, MS-83, Cambridge, Massachusetts 02138, USA. 12Jet Propulsion Laboratory, California Institute of Technology, Pasadena, 4800 Oak Grove Drive, MS 169-221, California 91109, USA. 13NASA
Goddard Space Flight Center, 8800 Greenbelt Road, Code 662, Greenbelt, Maryland 20771, USA.
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So, what’s the problem?
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• Despite several deep searches, no regular 
pulsar has ever been found at the GC 

• Thought that turbulent plasma associated 
with Sgr A* made this prohibitive 

• Angular broadening constrains the scale of 
the scattering pattern, but the screen 
distance is need to determine the scattering 
time 

• D=130pc implies t~400s
λ2 dependence

Angular size of Sgr A*

⇥ =
D

c

�
D

�
� 1

⇥
�2
scat

Δ
D

Doeleman et al. 2008
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The GC scattering environment

• Lazio & Cordes (1998) estimated the 
scattering occurs within 133+200-80 pc of Sgr 
A* based on 
– distribution of angular broadened sOH/IR 

stars in the GC 
– the paucity of AGN near the GC 
– Inconsistent with limits based on free-free 

absorption (van Langevelde et al. 1992) 
– If near to Sgr A*: to overcome lever-arm 

effect scattering has to be so strong that 
a high density and EM is implied 

– But absence of self-absorption at 1 GHz 
puts an upper limit on EM.

9

Lazio & Cordes 1998
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FIG. 3.ÈAngular broadening measurements toward the GC compiled
from and the literature. Crosses show the relative diameter of thePaper I
major and minor axes of sources with measured angular diameters. The
large star shows the relative size of the upper limit on the scattering diam-
eter of the extragalactic source GPSR 0.539]0.263. Source diameters are
scaled up by a factor of 500. The contours are from the 5 GHz survey with
the NRAO 91 m telescope Broderick, & Seielstad(Condon, 1991).

where and are the scales in the distribution and g is aa
r

a
znumerical factor of order unity. Should the OH/IR stars

have a bar-like distribution, then there would be a / depen-
dent term in equation (8).

Assume that the location of the scattering region may be
described by its location from the GC along anX

s
(l, b)

x-coordinate axis directed from Sgr A* to the Sun. The
y-axis points toward l \ 270¡ and the z-axis points out of
the Galactic plane. For a radio source in the direction l, b at
radius r and angle / from the x axis, the source-screen
distance is then

* \ X
s
(l, b) [ r cos / . (9)

Using the radius isy \ r sin / \ DGC sin l, r \ [(X
s
[ *)2

and the transformation of the distribu-] (DGC sin l)2]1@2,
tion in (r, /, z) to one in Galactic coordinates and source-
screen distance is

f
l,b,*(l, b, *) \ADGC2

r
B

f
r,Õ,z(r, /, z) . (10)

When calculating geometrical e†ects, we consider the
screen to be in⌫nitesimally thin. In this limit, we envision
three simple shapes for the scattering screens (see Fig. 1) :

Flat screen.ÈPerpendicular to the line of sight to Sgr A*
and at a distance from Sgr A*, for which*GC

* \ *GC [ r cos / ,

X
s
\ *GC . (11)

Cylindrical screen.ÈWith radius coaxial with the z*GCaxis :

* \ [*GC2 [ (DGC sin l)2]1@2 [ r cos / ,

X
s
\ [*GC2 [ (DGC sin l)2]1@2 . (12)

Spherical screen.ÈWith radius centered on Sgr A* :*GC
* \ [*GC2 [ (DGC sin l)2 [ (DGC sin b)2]1@2 [ r cos / ,

X
s
\ [*GC2 [ (DGC sin l)2 [ (DGC sin b)2]1@2 . (13)

In these equations, we consider only the portions of the
screens that have i.e., for the cylindrical and spher-X

s
[ 0 ;

ical screens, we ignore the portions of the screen on the far
side of Sgr A*. As we noted earlier, the weighting factor

means that the portion of the screen nearest the*GC/DGCobserver will be the dominant contribution to the scat-
tering. Of course, extragalactic sources would be a†ected by
scattering material on both the near and far side of Sgr A*.

We now transform from * to observed scattering diam-
eter, For sources behind the screen with separationh

s
.

* [ 0, the scattering diameter is simply related to that of
Sgr A* as(hGC)

h
s
(*) \A *

*GC

BA DGC
DGC ] * [ *GC

B
hGC B

A *
*GC

B
hGC , (14)

where we consider sources near the GC such that
Sources in front of the screen (* \ 0) areo * [ *GC o > DGC.

broadened substantially less, in accord with the predictions
of the model, and we therefore assume that the contri-TC93
bution from scattering material in front of the screen is
negligible compared with that from the screen. The TC93
scattering diameter is withh

s
(TC)(l, b, D),

D \ [DGC2 ] (X
s
[ *)2 ] (DGC sin l)2 ] (DGC sin b)2

[ 2DGC(X
s
[ *)]1@2 B DGC ] * [ X

s
, (15)

where the approximate equality holds for sources and
screen near the GC. We thus have

h
s
\
7

hGC
A *

*GC

B
,

h
s
(TC)(l, b, D) ,

* [ 0, behind screen ;

* \ 0, not behind screen .
(16)

Transforming from * to we ⌫ndh
s
,A*GC

hGC

B
f
l,b,*(l, b, * \ *GCh

s
/hGC) ,

f
l,b,hs(l, b, h

s
) \g * [ 0, behind screen ;

f
l,b,*(l, b, * B D [ DGC ] X

s
)

o Lh
s
(TC)/L* o

,

* \ 0, not behind screen .

(17)
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Reasons for pessimism
Not a single pulsar has been detected with 10’ of Sgr A* 
Previous searches by 

• Johnston et al. 2006 (Parkes) 
• found 2 psrs at 3.1GHz within 0.3° 
• none found at 8.4 GHz 

• Deneva et al. 2009 
• Searches at 2, 5 & 8 GHz with GBT 

• Macquart et al. 2010 
• Searched to 10μJy at 15 GHz with GBT 
• Estimate <90 normal psrs within central pc 

• Siemion et al. 2013: 12-18 GHz 
• Eatough et al. 2013: 19 GHz 

If the high-energy backgrounds are due to pulsars, where are the 
corresponding BH systems?

10

Two pulsars towards the Galactic Centre L7

strong-field gravity tests through the measurements of a variety of
relativistic effects (Wex & Kopeikin 1999). The high stellar density
of the GC makes it, like the globular clusters, a possible site of a
millisecond pulsar orbiting a stellar-mass black hole though these
will be extremely difficult to detect.

We therefore embarked on two surveys of the GC at frequencies
of 3.1 and 8.4 GHz, frequencies which bracket that of the Effelsberg
5-GHz survey. The lower frequency reduces the effects of scatter
broadening by a factor of ∼16 compared to surveys at 1.5 GHz, but
at the same time the telescope beam size is large enough to survey a
significant area of sky in a reasonable amount of time. At the higher
frequency, the small beam restricts the sky coverage and the flux
densities of pulsars are smaller but the scatter broadening is lower
by a factor of more than 1000 compared to 1.4 GHz. Cordes & Lazio
(1997) identified frequencies near 8 GHz as the ideal for this type
of search.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

The surveys were carried out using the Parkes radio telescope at
centre frequencies of 3.1 and 8.4 GHz. At the lower frequency the
total bandwidth was 576 MHz in each of two polarizations which
was subdivided into 192 channels each of width 3 MHz. At 8.4 GHz,
288 channels were employed for a total bandwith of 864 MHz. The
outputs from the channels were 1-bit digitized and sampled every
250 µs and subsequently written to disc for off-line processing.
Fig. 1 shows the surveys areas superposed on a continuum image of
the GC region.

Observations at 3.1 GHz were carried out from 2005 July 19 to
22. A total of 32 pointings were made, each with an integration time

Figure 1. Image of the Galactic Centre region showing the surveyed regions
and the profiles of the newly discovered pulsars. The background image
shows continuum emission at a frequency of 10.55 GHz from the Effelsberg
survey of Seiradakis et al. (1989). The larger circles denote individual survey
pointings at 3.1 GHz with the smaller circles representing the pointings for
the 8.4-GHz survey. The two stars mark the positions of the discovered
pulsars, with their respective pulse profiles shown at the top. Note that both
pulsars lie outside the region surveyed both at 8.4 GHz and at 5 GHz with
Effelsberg.

of 70 min. At this frequency, the half-power width of the telescope
beam is 7 arcmin. The survey therefore covered 0.34 square degrees
on the sky or a box approximately 90 pc across at the distance of
the GC. On cold sky, the system equivalent flux density was ∼45 Jy,
as measured through observations of the calibrator source Hydra
A. However, conditions near the GC contribute substantially to this
value. From the maps of Reich et al. (1984), we estimate a con-
tribution of ∼25 Jy in the outer regions of the survey, ∼65 Jy in
the inner regions and up to ∼550 Jy at the GC itself. For pulsars
with a duty cycle of 10 per cent, the detection threshold (10σ )
is then ∼120 µJy (outer regions), ∼190 µJy (inner regions) and
∼1 mJy at the GC.

Observations at 8.4 GHz were carried out from 2005 Septem-
ber 13 to 16. The survey involved 31 pointings, each observed for
70 min. The half-power width of the telescope beam is 2.4 arcmin
and the survey covered 0.04 square degrees on the sky. The system
equivalent flux density on cold sky was 48 Jy. Additions to this from
emission at the GC were estimated from the maps of Seiradakis et al.
(1989) to be ∼4 Jy in the outer regions of the survey, ∼10 Jy in the
inner regions and ∼100 Jy at the GC. The 10σ detection thresh-
old is then ∼70 µJy (outer regions), ∼80 µJy (inner regions) and
∼200 µJy at the GC.

Data reduction was carried out using the SIGPROC1 software pack-
age. An initial pass through the data involved resampling to 1 ms
and applying 415 (at 3.1 GHz) or 62 (at 8.4 GHz) trial dispersion
delays to the data for a range of dispersion measures (DMs) up to
10 000 cm−3 pc. A 222-point fast Fourier transform was then carried
out on the dedispersed time-series and the resultant power spectrum
searched for significant spikes. Harmonic summing in four stages
up to a factor of 16 was carried out and the most significant signals
written to disc. These were then time-folded to produce a candidate
pulse profiles for subsequent visual inspection.

A search for isolated dispersed bursts of emission with signal-to-
noise ratios above a 5σ threshold was also performed (McLaughlin
et al. 2006). Time-series were smoothed with boxcars of various
widths to increase our sensitivity to broadened pulses. No sources
of bursts were found, though the high frequency of these surveys
and hence the relatively low dispersion delay, makes distinguishing
radio frequency interference from signals of astrophysical origin
difficult.

3 T WO N E W P U L S A R S

Two periodicities, near 945 and 187 ms, were stand-out candi-
dates from the data reduction of the 3.1-GHz data, with signal-
to-noise ratios of 41.5 and 9.4. Confirmation of the first pulsar, PSR
J1746−2856, came from analysis of archival data from the Parkes
multi-beam survey at 1.4 GHz. The 945-ms pulsar is highly scat-
tered at that frequency but is clearly detected with a signal-to-noise
ratio of 16. A re-detection at 3.1 GHz was made at Parkes on 2005
August 26. The second pulsar, PSR J1745−2912, was not seen in
the archival 1.4-GHz data but was confirmed at Parkes at 3.1 GHz
on 2005 August 27. Successful detection of both pulsars at 5 GHz
was also made using the Effelsberg telescope in early 2005 Septem-
ber, and more accurate positions were obtained by performing a
grid search around the discovery locations. The location and pulse
profiles for both pulsars are shown in Fig. 1.

The pulsars have very large DMs; only 14 pulsars were previ-
ously known with DMs in excess of 1000 cm−3 pc and of these only

1 http://sigproc.sourceforge.net

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 373, L6–L10
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Figure 3. Measurements of the scattering broadening timescale (⇤d) and intrinsic pulse width (⇥) of PSR J1745–2900 from 1.2 to 18.95
GHz together with the 1-⇥ errorbar. Left panel: The measured pulse scattering time scales ⇤d as a function of observing frequency �. The
+, ⌅, and ⇥ denotes the data from E�elsberg, Nançay, and Jodrell Bank respectively. The purple squares are from E�elsberg single pulse
data. The inset in the bottom left shows a zoomed region for 1 to 2 GHz. The red solid line is a simultaneous fit for the pulse broadening
timescale and spectral index, which yields a scattering timescale at 1 GHz of ⇤1GHz = 1.3±0.2 s and power-law index of �3.8 ± 0.2. The
black dashed line is a fit fixing the power index to �4, which gives ⇤1GHz = 1.4± 0.1 s. Right panel: The best-fit Gaussian widths (⇥) of
the averaged pulse profiles as a function of frequency. The measurements between 2 and 20 GHz may suggest that the jitter-dominated
time scale may vary in frequency, but the large scatter in the 1 to 2 GHz intrinsic widths makes it di⇤cult to draw firm conclusions.

at a distance of ⇥ 6 kpc from the GC (see Bower et
al., submitted for details). While it is plausible that an
HII region in a spiral arm along the line of sight could
cause strong scattering, it also implies the scattering in
the GC is much lower than previously thought. If this
is true, then many more pulsars in the GC should have
been detected in previous search attempts (Kramer et al.
2000; Johnston et al. 2006; Deneva et al. 2009; Macquart
et al. 2010; Eatough et al. 2013).
One possible resolution to this apparent contradiction

is that the thin screen scattering model is invalid for
sources in the GC. Lazio & Cordes (1998) present a more
realistic two-component model with a central spheroid of
hot gas and a scattering screen located � 150 pc from
Sgr A*. The physical origin of the scattering screen is
likely the ionized outer layers of molecular clouds (Lazio
& Cordes 1998; Lazio et al. 1999, and references therein).
This implies that scattering material is patchy with a
more complicated spatial structure than a single thin
screen. The NE2001 model (Cordes & Lazio 2002) also
implements the GC scattering region as an ellipsoid expo-
nential. An analog to the complex GC scattering may be
the time-variable scattering of the Crab pulsar due to the
complex spatial structure in the Crab nebula, which im-
parts rapid changes in the scattering time scale (Karup-
pusamy et al. 2010) and in extreme cases anomalous dis-
persion events (Backer et al. 2000). Another possibility
is the magnetar may be at a larger radial distance from
Sgr A* but viewed through a filament, that may cause

the higher DM but lower scattering, but the large mea-
sured RM argues against this interpretation. Continued
high precision monitoring of the DM and RM of PSR
J1745-2900 may show whether the source is moving near
or within an extended screen boundary.
Still, an alternative scenario to be considered is a real

paucity of pulsars in the GC, as suggested earlier by
Johnston (1994). Newer results, including the discovery
the discovery of PSR J1745–2900, contradict this possi-
bility. Based on population and multi-wavelength stud-
ies, reviews of the physical conditions and considerations
of the stellar population and indications of their forma-
tion history, the number of pulsars expected in the GC
is in fact high (Lorimer & Kramer 2004). Wharton et al.
(2012) predict as many as 100 canonical pulsars and a
ten times larger population of millisecond pulsars in the
interesting central parsec of the GC. Because radio mag-
netars are a rare class of pulsar (1 in �500 radio pulsars),
this detection suggests an even larger population may be
present. From this population PSR J1745–2900 is pre-
cisely the type of pulsar we expect to detect in a region of
strong scattering through selection e�ects viz. high lumi-
nosity, long period, flat spectrum. If the scattering prop-
erties of the PSR J1745–2900 is indicative of the entire
GC region, then previous surveys should have detected
canonical pulsars. MSPs will not be detectable at low fre-
quencies, even with the small scattering time measured
here for the magnetar, but high frequency searches could
have had the chance to discover some of them (Eatough

• Magnetar scattering timescale is 1.3s at 1GHz 

• Best screen distance is 5kpc from Sgr A* itself 

• Since τ∝ν-4, finding regular pulsars should be 
easy at 5GHz 

• We know pulsar should be there  
– many tens of XRBs are detected in the GC 

area (roughly half are inferred NS systems) 

• Is the turbulent plasma highly patchy? 
– same angular broadening as Sgr A* 
– VLBI measurements (Wucknitz et al.) show 

illumination of scattering disk vs scattering 
time

⇥ � ��3.8±0.2

Spitler et al. 2013
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Magnetars?
Dexter & O’Leary (2014): 

• Macquart et al. 15 GHz search was sensitive to 20% of the 
GC population if it resembles the characteristics of the 
known population 

• Argue that GC population is very different from the rest of 
the Galaxy and dominated by magnetars
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Where are all the slow pulsars?
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• If GC population resembles that detected 
elsewhere in the Galaxy we should have 
– detected a large number of slow pulsars 
– at most a few MSPs 

• Are most of the pulsars at the GC are 
MSPs? 
– GC Stellar density is ~103 higher than in 

globular clusters.  A high fraction should 
be spun up 

• Contrary viewpoint (Chennamangalam & 
Lorimer 2014):  
– Macquart/Deneva surveys permit 

3000/800 slow GC pulsars based on a 
Bayesian analysis that takes magnetar 
detection into account 

– Underpinned by an assumed specific 
log-normal pulsar luminosity function:
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– Uncertainties in this distribution (constrained only by its tail) translate into ~100 
uncertainty in the size of the missing population 
• Peak in the luminosity function predicted to occur at 1.1 mJy kpc2 
• …but possibly as high as 400 mJy kpc2 given the uncertainty in the distribution! 

• E.g. For fiducial parameters in μ=-1.1 and σ=0.9 used by C&L14 the Deneva 
survey completeness is 5.2x10-3, but for μ=-0.9 and σ=1.1 the completeness is 
3x10-2. 

• For Galactic MSPs (Bagchi et al. 2012) μ varies between -2 and -0.3, and σ 
between 0.25 and 1.0

6 Bagchi, Lorimer & Chennamangalam

as the observed luminosity distribution of GC pulsars, as-
suming that the parent luminosity distribution is the same
for all GCs. To do so, for each GC, we first generate a syn-
thetic sample of Ntrial,i pulsar luminosities from a chosen
distribution function until we get C ×Nobs,i pulsars having
simulated luminosities greater than the observed minimum
luminosity for that GC. This multiplication by the constant
‘C’ (100–1000) is done to minimize statistical variations. In
this notation, i is the GC index Nobs,i is the observed num-
ber of pulsars in the GC that we consider,

Lsim,tot =
1
C

Ntrial,i
∑

j=1

Lsim,j (3)

is the total luminosity and

Ssim,tot =
1
C

Ntrial,i
∑

j=1

Ssim,j (4)

is the total flux in the ith GC. Here Lsim,j and Ssim,j are
the simulated luminosities and corresponding fluxes. After
we perform the simulation for all 10 GCs, we compare the
simulated luminosities with the observed luminosities of 83
pusars by performing KS and χ2 tests. As mentioned earlier,
the KS test can be used to test the hypothesis that two
distributions differ, with a low value of KS probability PKS

suggesting a mismatch. The χ2 statistic uses binned data
and compares the values of the two distributions at each
bin; here a low value of χ2 implies a good agreement. Here
we divide the luminosity range 0.1–1000 mJy kpc2 into 36
logarithmically equispaced bins. Ntrial,i/C is the predicted
number of total pulsars in that GC which we call as Nrad,i.

A key assumption in our present analysis is that each
GC has been searched down to the level of the faintest ob-
servable pulsar in that particular cluster. This assumption
provides a good approximation to the actual survey sensi-
tivity in each cluster, and was made primarily due to the
lack of currently published detail of several of the globular
cluster surveys so far. The assumption greatly simplifies our
modeling procedure, since it means that we do not have to
consider variations in sensitivity due to other factors (for
example scintillation, eclipsing binary systems etc.). This
simple approach is appropriate for the purposes of the cur-
rent work where we are simply trying to assess the range
of luminosity functions compatible with the data. A more
rigorous study which takes account of the survey thresholds
in detail may well be able to narrow the range of possible
model parameters found here, and should certainly be car-
ried out when more details of the surveys are published, but
is beyond the scope of the current work.

3.1 Log-normal luminosity function

We begin by testing a log-normal luminosity function, where
the probability density function (PDF)

flog−normal (L) =
log10 e

L
1√
2πσ2

exp

[

−(log10 L− µ)2

2σ2

]

,

(5)
where, as usual, µ is the mean of the distribution and σ is
the standard deviation. For this choice of distribution, we
find that C = 100 is sufficient to minimize statistical fluctu-
ations. The variation of PKS and χ2 with µ and σ are shown
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Figure 2. Top: variation of PKS (for PKS ! 0.05) with µ and σ.
Bottom: variation of χ2 (within 2σ about the minimum value of
χ2) with µ and σ, the parameters of the log-normal distribution.
A 1σ contour is also shown.

in Fig. 2. It is clear that there is a wide range of values of
µ, σ for which the simulated luminosity distributions agree
well with the observed sample. For the two statistical tests,
good agreement is given when PKS has high values and χ2

is small. As expected, the region of µ − σ parameter space
encompassed by PKS > 0.05 is essentially the same as the
contours encompassing the 95% probability values around
the χ2 minimum.

For this distribution, and for the purposes of later dis-
cussion, we define three models based on particular param-
eter choices. Model 1 uses the parameters found by FK06
(µ = −1.1 and σ = 0.9) from which we find PKS = 0.15
and χ2 = 9.4. Model 2, for which µ = −0.61 and σ = 0.65
returns the maximum value of PKS = 0.98 with a χ2 = 7.9.
Model 3, for which µ = −0.52 and σ = 0.62, returns a min-
imum value of χ2 = 6.3 and has PKS = 0.37.

In Fig. 3 we compare these three models with the ob-
served data. As expected, all models match well. While
model 3 provides the closest match by eye, the statistical
results mentioned above do not rule out either model 1 or
model 2. The FK06 luminosity model parameters (model 1),
therefore, are consistent with the observed CCD.

3.2 Power-law luminosity function

As mentioned earlier, power-law luminosity functions have
been used by a number of authors. It is therefore of great
interest to see how the power-law compares to log-normal

c⃝ 0000 RAS, MNRAS 000, 000–000

Variation in χ2 as a 
function of σ and μ in 
the Galactic Globular 

Cluster MSP 
population
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Best GC survey limits against objects in the ATNF pulsar catalogue 
10σ limits

much more quickly than in globular clusters; the result is that
MSPs should still dominate the GC pulsar population.

Figure 1 overlays the sensitivity of the best present searches
(Johnston et al. 2006; Macquart et al. 2010) on the luminosity–
period distribution of the known pulsar population, assuming
the “weak scattering” scenario, i.e., that GC pulsars are subject
to the same temporal smearing as the GC magnetar. While the
5 GHz search of Johnston et al. (2006) is more sensitive to
normal pulsars than the 15 GHz search of Macquart et al.
(2010), even the relatively benign assumed temporal smearing
causes a significant reduction in its sensitivity to fast pulsars
with periods <10 ms. Further, even the 15 GHz search of
Macquart et al. (2010) is sensitive to only a small fraction
(≲4%) of a GC MSP population whose properties resemble
those of known MSPs. We emphasize that this assumes the
optimistic scenario in which the temporal smearing toward GC
pulsars is similar to that measured toward the GC magnetar.
The dashed curves in Figure 1 show that the situation is even
worse if the GC magnetar is being seen through a “hole” in the
screen, and the temporal smearing toward Sgr A* is similar to
the earlier estimates: the 5 and 15 GHz searches would then be
entirely insensitive to pulsars of periods ≲40 ms. Thus, given
that the GC pulsar population is likely to be dominated by
MSPs and that present searches have been insensitive to such a
population, it appears that an MSP population is a viable way
of hiding pulsars at the GC, and solving the missing pulsar
problem.

In passing, we note that the two brightest MSPs in Terzan 5
would have been detected in the 15 GHz survey of Macquart
et al. (2010), if located at the distance of the GC, and if the
weak scattering scenario indeed applies to the GC pulsar
population. The lack of detections in this survey appears
surprising if the GC region indeed has ≈10 times the number of
MSPs seen in Terzan 5 (Faucher-Giguère & Loeb 2011).
Indeed, this might be considered evidence that either the GC
sightline is subject to strong scattering or that the number of
MSPs at the GC has been over-estimated. However, we caution
that small number statistics makes it difficult to extrapolate
from two bright MSPs in Terzan 5 to the full GC population. It
is hence critical to increase the sensitivity of GC searches so as
to be able to detect a significant fraction of the Terzan 5 (or
known MSP) population, if placed at the GC distance. If MSPs

remain undetected in such searches, the non-detections would
essentially imply that either the weak scattering case is not
applicable to the GC or that the GC pulsar population is
somehow very different from that in globular cluster
environments.

3. THE DETECTABILITY OF PULSARS AT THE GC

In this section, we compute in detail the expected S/N for
MSPs at the GC with the most sensitive current and
forthcoming radio telescopes. These computations are moti-
vated both by the arguments of the preceding section
concerning MSPs at the GC and by the dramatic increase in
the fractional bandwidth of modern pulsar backends (e.g.,
Siemion et al. 2013), due to which the frequency dependence
of the relevant quantities (e.g., Lazio & Cordes 1998; Macquart
et al. 2010) within each observing band plays a critical role in
determining the optimal observing frequency. The following
analysis takes into account variations in the S/N across the
observing band due to the pulsar radio spectrum, the frequency
dependence of the system temperature, and the change in the
pulse width at different frequencies caused by temporal
smearing.

3.1. The S/N for Wide Bandwidth Pulsar Searches at the GC

For a narrow observing bandwidth, νΔ , the S/N for the
detection of a pulsar of average flux density νS , pulse period P
and width W is (Lorimer et al. 2006)

ν
=

Δ Δ −
νS

G n t

T
P W

W
S N , (1)

p

sys

where Δt is the telescope integration time, np is the number of
polarizations observed, G is the telescope gain and Tsys is the
total system temperature. Note that the above equation assumes
that νS , Tsys and W do not depend on the observing frequency.
However, when the observing bandwidth is large, this
assumption breaks down and Equation (1) must be generalized
to incorporate the frequency dependence of both the noise and
the signal across the observing band. The resulting net S/N can
be estimated by comparing the total signal in the observing
band to the total noise received during the duration of the
observations. The total signal measured over the frequency
interval ν ν( , )1 2 in a time period Δt is then

∫ ν ν= Δ ′ ′
ν

ν
ν ( )S n t S d . (2)p

1

2

Next, the noise power per polarization in a single time and
frequency channel of respective widths δt and δν is

ν δ δν=n T t G( )sys . For observations over a number Nch of
such time, frequency and polarization channels, the noise adds
in quadrature to give

∑=N n . (3)
i

N
i
2ch

For an observation with np polarizations, covering a
frequency interval ν ν( , )1 2 , and of duration Δt, the above can

Figure 1. The 1.4 GHz luminosity (in mJy kpc2) of the known pulsar
population (Manchester et al. 2005) is plotted vs. pulsar period. The 10σ
sensitivities of previous 5 GHz (Johnston et al. 2006) and 15 GHz GBT
(Macquart et al. 2010) searches of the Galactic Center are shown by the green
and red curves, respectively, with the dashed and solid curves representing the
“strong” and “weak” temporal smearing scenarios, respectively.

3
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Macquart et al. 2010 
(weak scattering)

Macquart et al. 2010 
(strong scattering)

Johnston et al. 2006 
(strong scattering)

Johnston et al. 2006 
(weak scattering)
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• Given the previous non-detections, where is the next best place to 
look? 

• Rigorous S/N calculations that take into account all possible 
instrumental characteristics (especially large bandwidth) 
– GC contribution to the sky temperature (beam size dependent) 
– Revised scattering model 
– New telescope bandwidths, receivers & upgrades 

• GBT 
• JVLA 
• SKA1 

– Pulsar spectral index across band
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Where should we search?

GBT and JVLA S/N for a 30h integration on a  
L1.4=10 mJy kpc2 pulsar with α=-1.7 & 10% duty cycle
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assumes a GC distance of =d 8.2GC kpc, and α is the pulsar
spectral index ( ν∝ν α−S ).

Analyses of MSP spectra indicate a mean spectral index in
the range 1.6–1.8 (Kramer et al. 1998; Maron et al. 2000); we
hence adopt a typical value of α = 1.7 in our modeling.
However, we note that a recent analysis of the slow pulsar
population favors a lower spectral index, α = 1.4 (Bates
et al. 2013). If this also applies to the MSP population, it would
assist the detectability of pulsars at high frequencies.

The optimal detection frequency for a pulsar of a given
period is chiefly determined by the competition between
scattering, which broadens the pulses to a timescale less than
the pulse period only above some frequency νlim, and the pulsar
spectrum, which declines with increasing frequency (of course,
secondary considerations include the sky contribution to the
system temperature, the telescope characteristics and the
observing bandwidth). It is obvious that the pulsar is
undetectable at frequencies below which the pulse broadening
timescale matches the pulsar period. It might therefore be
supposed that the optimal detection frequency includes

frequencies just above νlim. However, the noise contribution
becomes arbitrarily large for frequencies in the vicinity of νlim,
where ≈P W . In fact, there is a range of frequencies above νlim
where νW ( ) is not sufficiently small compared to P, and where
the contribution of the noise power per frequency interval in
Equation (11) exceeds the contribution from the pulsed signal
power, so that inclusion of this region decreases the S/N. It is
therefore advantageous to restrict the lower bound of the
observing band to exclude this region, so as to maximize the
S/N. In our calculations of the S/N for bands near νlim, we
therefore optimize the S/N by restricting the lower cutoff
frequency to include only those frequencies which make a
positive contribution to the S/N (i.e., we do not necessarily use
the entire available bandwidth in the detection). Observation-
ally, one would similarly attempt to maximize the S/N of any
detection by restricting the range of frequencies only to those in
which pulsed power is evident.
The four panels of Figure 2 illustrate the detectability of

MSPs of three different periods, 1, 5 and 20 ms (all with
=w 1050 % and L1.4 = 10 mJy kpc2, and located at the GC

Figure 2. The frequency dependence of the S/N for GBT, VLA, SKA-MID and full SKA searches for MSPs at the Galactic Center. The filled and open symbols are,
respectively, for the weak-scattering (i.e., magnetar-like) and strong-scattering scenarios. The symbols plotted are for MSPs with the listed periods (1, 5, and 20 ms), a
duty cycle of 10% and a spectral index of −1.7. The vertical axis gives the expected S/N after a 30 hr integration for an MSP with a 1.4 GHz luminosity of =L 101.4
mJy kpc2. The frequency ranges of the current suite of available receivers for each telescope is shown at the top of each panel. The optimal frequency band for MSPs
with periods 10 ms is 8–12 GHz in the weak-scattering case, and 18–26 GHz (i.e., K-band) in the strong-scattering case.

5
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assumes a GC distance of =d 8.2GC kpc, and α is the pulsar
spectral index ( ν∝ν α−S ).

Analyses of MSP spectra indicate a mean spectral index in
the range 1.6–1.8 (Kramer et al. 1998; Maron et al. 2000); we
hence adopt a typical value of α = 1.7 in our modeling.
However, we note that a recent analysis of the slow pulsar
population favors a lower spectral index, α = 1.4 (Bates
et al. 2013). If this also applies to the MSP population, it would
assist the detectability of pulsars at high frequencies.

The optimal detection frequency for a pulsar of a given
period is chiefly determined by the competition between
scattering, which broadens the pulses to a timescale less than
the pulse period only above some frequency νlim, and the pulsar
spectrum, which declines with increasing frequency (of course,
secondary considerations include the sky contribution to the
system temperature, the telescope characteristics and the
observing bandwidth). It is obvious that the pulsar is
undetectable at frequencies below which the pulse broadening
timescale matches the pulsar period. It might therefore be
supposed that the optimal detection frequency includes

frequencies just above νlim. However, the noise contribution
becomes arbitrarily large for frequencies in the vicinity of νlim,
where ≈P W . In fact, there is a range of frequencies above νlim
where νW ( ) is not sufficiently small compared to P, and where
the contribution of the noise power per frequency interval in
Equation (11) exceeds the contribution from the pulsed signal
power, so that inclusion of this region decreases the S/N. It is
therefore advantageous to restrict the lower bound of the
observing band to exclude this region, so as to maximize the
S/N. In our calculations of the S/N for bands near νlim, we
therefore optimize the S/N by restricting the lower cutoff
frequency to include only those frequencies which make a
positive contribution to the S/N (i.e., we do not necessarily use
the entire available bandwidth in the detection). Observation-
ally, one would similarly attempt to maximize the S/N of any
detection by restricting the range of frequencies only to those in
which pulsed power is evident.
The four panels of Figure 2 illustrate the detectability of

MSPs of three different periods, 1, 5 and 20 ms (all with
=w 1050 % and L1.4 = 10 mJy kpc2, and located at the GC

Figure 2. The frequency dependence of the S/N for GBT, VLA, SKA-MID and full SKA searches for MSPs at the Galactic Center. The filled and open symbols are,
respectively, for the weak-scattering (i.e., magnetar-like) and strong-scattering scenarios. The symbols plotted are for MSPs with the listed periods (1, 5, and 20 ms), a
duty cycle of 10% and a spectral index of −1.7. The vertical axis gives the expected S/N after a 30 hr integration for an MSP with a 1.4 GHz luminosity of =L 101.4
mJy kpc2. The frequency ranges of the current suite of available receivers for each telescope is shown at the top of each panel. The optimal frequency band for MSPs
with periods 10 ms is 8–12 GHz in the weak-scattering case, and 18–26 GHz (i.e., K-band) in the strong-scattering case.

5

The Astrophysical Journal, 805:172 (8pp), 2015 June 1 Macquart & Kanekar



Pulsars at the Galactic Centre, Palm Cove 2016

Where is the best chance?
Optimal detection frequency for P<50ms MSPs assuming a 
period distribution the same as the known MSP population

20

distance), with a 30 hr integration with the four telescopes
under consideration. The filled squares and solid curves
correspond to the low-scattering magnetar-like scenario (with
τ ν= −1.3smear GHz

4 s), while the open circles and dotted curves
correspond to the high-scattering scenario arising from a screen
located 130 pc from Sgr A* (τ ν= −208smear GHz

4 s).
It is clear from the figure that, in the weak-scattering case,

the peak S/N is obtained at a central frequency of ≈10 GHz
(i.e., the X-band for the GBT and the VLA) for MSPs with
periods ≲10 ms, while for slower (20 ms) pulsars, the peak S/N
shifts to ≈6 GHz (i.e., the C-band of the GBT and the VLA),
and to progressively lower frequencies for progressively slower
rotators. Conversely, in the high-scattering case, the peak S/N
for MSPs is obtained at much higher frequencies, ≈20–30 GHz
for MSPs with periods in the range 1–20 ms.

In passing, we note that the large data volumes imply that a
high statistical significance (typically, 10σ) is usually
required in such pulsar surveys. This implies that an MSP with

=L 101.4 mJy kpc2 and with periods <20 ms would be
detectable with integration times of ≈10–30 hr with the GBT
and the VLA (and, of course, with the SKA1-MID and the full
SKA) in the weak-scattering case. However, much larger
integration times (>100 hr) would be needed on the GBT, the
VLA or the SKA1-MID to detect such an MSP in the high-
scattering case. If the GC pulsar population is indeed
dominated by MSPs and the high-scattering case applies, it
may only be possible to detect this population with the
full SKA.

Of course, the optimal detection frequency for MSPs
critically depends on both the MSP period distribution and
the MSP luminosity function. Assuming that these are same for
the GC environment as those of the known MSP population
(e.g., Manchester et al. 2005), we can determine the overall
optimal detection frequency for MSPs (integrated over all spin
periods), by estimating, for each spin period, the frequency at
which the peak S/N occurs, and then plotting this frequency
against the peak S/N weighted by the relative fraction of MSPs
with this period. The results of this analysis for the GBT, VLA,
and SKA1-MID are shown in Figure 3, in both the weak- and
strong-scattering regimes. We note that the period distribution
of the known MSP population is dominated by spin periods

between 1 and 3 ms. In the weak-scattering regime, the S/N for
the three telescopes is either relatively flat over the frequency
range 5–10 GHz or peaks at ≈10 GHz. It is hence not
surprising that the optimal detection frequency in the weak-
scattering regime closely matches that at which the S/N is
maximal for pulsars of those periods (i.e., ≈8–10 GHz).
However, we note that in the strong-scattering regime, the
optimal detection frequency is actually ≈15 GHz for the VLA,
i.e., lower than the frequency at which the S/N is maximum for
MSPs with periods of 1–3 ms. This is because the VLA
detection S/N in the strong-scattering regime is far higher for
MSPs with periods of ≈20 ms than for MSPs with periods of
≈1–3 ms, and this compensates for the larger fraction of fast
MSPs in the population.
We emphasize that the above analysis makes the critical

assumption that both the MSP luminosity function and the
MSP period distribution in the GC environment are the same as
those of the known MSP population, dominated by MSPs in
globular clusters. It is not implausible that these are different in
the GC and globular cluster environments. Interactions that
form MSPs in the GC region are likely to differ substantially
from those that operate in other known environments (e.g., due
to the increased prevalence of binary interactions in the GC
region; Faucher-Giguère & Loeb 2011).
Recognizing that the X-band is the optimal detection band

for most GC MSPs in the weak-scattering regime, Figure 4
shows the limiting detection luminosity, scaled to 1.4 GHz, for
a 30 hr survey of the GC as a function of pulse period. The
1.4 GHz luminosities of known pulsars (from the ATNF pulsar
catalog; Manchester et al. 2005) are plotted for comparison. As
noted earlier, previous pulsar surveys of the GC have been
insensitive to all but the most luminous members of the known
MSP population, if located at the GC distance: the most
sensitive previous search (Macquart et al. 2010) would have
detected only 4% of all known pulsars with periods⩽20 ms. By
contrast, a 30 hr X-band survey with the GBT would detect
27%, and a corresponding VLA survey 42%, of this

Figure 3. An estimate of the optimal detection frequency for MSPs with spin
periods up to 50 ms, under the assumption that the MSP period distribution at
the GC is the same as that of the known MSP population. For each frequency
band, the plot shows the fraction of pulsars with spin periods whose peak S/N
falls in this band, weighted by their peak detection S/N. The filled symbols
designate values for the weak scattering case, while open symbols indicate the
corresponding values for the strong scattering case.

Figure 4. The 10σ sensitivities of GBT, VLA, SKA1-MID and SKA 30 hr X-
band integrations to the known Galactic pulsar population, if placed at the
distance of the Galactic Center, assuming the weak-scattering case. As in
Figure 1, the dots show the 1.4 GHz luminosity of the known pulsar population
(Manchester et al. 2005) plotted vs. pulsar period, while the solid, dashed,
dotted and dashed–dotted curves show the 10σ sensitivities for the GBT, VLA,
SKA1-MID and full SKA, respectively. It is clear that deep X-band
observations with existing telescopes (the GBT and the VLA) would be
sensitive to a significant fraction (30%) of the known MSP population (as
well as to 65% of the entire known pulsar population), if located at the GC
distance.
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MSP Detectability

21

• Peak S/N as a function of frequency occurs where scattering timescale 
matches pulse width: 
– ~10GHz for MSPs!

distance), with a 30 hr integration with the four telescopes
under consideration. The filled squares and solid curves
correspond to the low-scattering magnetar-like scenario (with
τ ν= −1.3smear GHz

4 s), while the open circles and dotted curves
correspond to the high-scattering scenario arising from a screen
located 130 pc from Sgr A* (τ ν= −208smear GHz

4 s).
It is clear from the figure that, in the weak-scattering case,

the peak S/N is obtained at a central frequency of ≈10 GHz
(i.e., the X-band for the GBT and the VLA) for MSPs with
periods ≲10 ms, while for slower (20 ms) pulsars, the peak S/N
shifts to ≈6 GHz (i.e., the C-band of the GBT and the VLA),
and to progressively lower frequencies for progressively slower
rotators. Conversely, in the high-scattering case, the peak S/N
for MSPs is obtained at much higher frequencies, ≈20–30 GHz
for MSPs with periods in the range 1–20 ms.

In passing, we note that the large data volumes imply that a
high statistical significance (typically, 10σ) is usually
required in such pulsar surveys. This implies that an MSP with

=L 101.4 mJy kpc2 and with periods <20 ms would be
detectable with integration times of ≈10–30 hr with the GBT
and the VLA (and, of course, with the SKA1-MID and the full
SKA) in the weak-scattering case. However, much larger
integration times (>100 hr) would be needed on the GBT, the
VLA or the SKA1-MID to detect such an MSP in the high-
scattering case. If the GC pulsar population is indeed
dominated by MSPs and the high-scattering case applies, it
may only be possible to detect this population with the
full SKA.

Of course, the optimal detection frequency for MSPs
critically depends on both the MSP period distribution and
the MSP luminosity function. Assuming that these are same for
the GC environment as those of the known MSP population
(e.g., Manchester et al. 2005), we can determine the overall
optimal detection frequency for MSPs (integrated over all spin
periods), by estimating, for each spin period, the frequency at
which the peak S/N occurs, and then plotting this frequency
against the peak S/N weighted by the relative fraction of MSPs
with this period. The results of this analysis for the GBT, VLA,
and SKA1-MID are shown in Figure 3, in both the weak- and
strong-scattering regimes. We note that the period distribution
of the known MSP population is dominated by spin periods

between 1 and 3 ms. In the weak-scattering regime, the S/N for
the three telescopes is either relatively flat over the frequency
range 5–10 GHz or peaks at ≈10 GHz. It is hence not
surprising that the optimal detection frequency in the weak-
scattering regime closely matches that at which the S/N is
maximal for pulsars of those periods (i.e., ≈8–10 GHz).
However, we note that in the strong-scattering regime, the
optimal detection frequency is actually ≈15 GHz for the VLA,
i.e., lower than the frequency at which the S/N is maximum for
MSPs with periods of 1–3 ms. This is because the VLA
detection S/N in the strong-scattering regime is far higher for
MSPs with periods of ≈20 ms than for MSPs with periods of
≈1–3 ms, and this compensates for the larger fraction of fast
MSPs in the population.
We emphasize that the above analysis makes the critical

assumption that both the MSP luminosity function and the
MSP period distribution in the GC environment are the same as
those of the known MSP population, dominated by MSPs in
globular clusters. It is not implausible that these are different in
the GC and globular cluster environments. Interactions that
form MSPs in the GC region are likely to differ substantially
from those that operate in other known environments (e.g., due
to the increased prevalence of binary interactions in the GC
region; Faucher-Giguère & Loeb 2011).
Recognizing that the X-band is the optimal detection band

for most GC MSPs in the weak-scattering regime, Figure 4
shows the limiting detection luminosity, scaled to 1.4 GHz, for
a 30 hr survey of the GC as a function of pulse period. The
1.4 GHz luminosities of known pulsars (from the ATNF pulsar
catalog; Manchester et al. 2005) are plotted for comparison. As
noted earlier, previous pulsar surveys of the GC have been
insensitive to all but the most luminous members of the known
MSP population, if located at the GC distance: the most
sensitive previous search (Macquart et al. 2010) would have
detected only 4% of all known pulsars with periods⩽20 ms. By
contrast, a 30 hr X-band survey with the GBT would detect
27%, and a corresponding VLA survey 42%, of this

Figure 3. An estimate of the optimal detection frequency for MSPs with spin
periods up to 50 ms, under the assumption that the MSP period distribution at
the GC is the same as that of the known MSP population. For each frequency
band, the plot shows the fraction of pulsars with spin periods whose peak S/N
falls in this band, weighted by their peak detection S/N. The filled symbols
designate values for the weak scattering case, while open symbols indicate the
corresponding values for the strong scattering case.

Figure 4. The 10σ sensitivities of GBT, VLA, SKA1-MID and SKA 30 hr X-
band integrations to the known Galactic pulsar population, if placed at the
distance of the Galactic Center, assuming the weak-scattering case. As in
Figure 1, the dots show the 1.4 GHz luminosity of the known pulsar population
(Manchester et al. 2005) plotted vs. pulsar period, while the solid, dashed,
dotted and dashed–dotted curves show the 10σ sensitivities for the GBT, VLA,
SKA1-MID and full SKA, respectively. It is clear that deep X-band
observations with existing telescopes (the GBT and the VLA) would be
sensitive to a significant fraction (30%) of the known MSP population (as
well as to 65% of the entire known pulsar population), if located at the GC
distance.
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Highly accelerated systems?

22

• >50% of known MSPs arise in binaries, periods 
1.6h— 191d 

• Pulse phase drift a consideration: can only 
observe the GC for 5h at GBT/VLA 
– 30h of time requires several days 
– orbital acceleration likely large over 6 days 

• Nature of search depends on ratio Tobs/Torb: 
– <0.1: standard acceleration searches 
– >1.5 phase modulation searches (e.g. Ransom et 

al. 2003) 
– 0.1<Tobs/Torb<1.5:  full search over six orbital 

Keplerian parameters 
• e.g. Einstein@Home/Supercomputing centre to do 

a full orbital search (Knispel et al. 2013)
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Conclusions

Existing radio limits are not constraining on the Galactic 
Centre MSP population yet 

Searches for MSPs are hard because they must combine 
multiple observations to reach constraining sensitivities 

Coming soon: 
JVLA 12-18 GHz 35h to search MSPs (Kanekar et al.) 

Failure to detect pulsars in this survey would mean the GC 
population must be very different from populations elsewhere 
in the Galaxy
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