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Known	
  GC	
  Pulsars

PSR P
(ms)

B
(1012
G)

DM	
  
(pc
cm-­‐3)

τsc
(2	
  GHz;	
  ms)

1746-­‐2850I 1077 38 962 100

1746-­‐2850II 1478 3 1456 145

1745-­‐2910 982 -­‐-­‐-­‐ 1088 -­‐-­‐-­‐

1746−2856 945 4 1168 -­‐-­‐-­‐

1745−2912 187 -­‐-­‐-­‐ 1130 144

Johnston et al. 2006
Deneva et al. 2009
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Figure 1. Discovery observation of X-ray pulsations from SGR J1745−2900 using data collected from a 94.5 ks NuSTAR observation of
Sgr A*. Left – The Z2

3 -statistic periodogram shows a highly significant detection around P = 3.7635 s. Side-lobe aliases from the satellite
orbit are evident. Right — The light curve folded on the peak period of the periodogram. Two cycles are shown for clarity. The phase
offset is arbitrary.

J1745−2900 was not detected and Sgr A* did not exhibit
any detectable flare (OBSID 30001002003 from 2012 Au-
gust 4 at UT 07:56 to August 6 at UT 01:06).
Joint fitting with Swift was conducted to better con-

strain the column density. Five Swift/XRT observa-
tions which covered the first NuSTAR observation win-
dow were used (Swift Seq# 00554491001, 0009173620,
0009173621, 00554491991 and 00035650242), yielding 26-
ks exposure time in total. The data were reduced with
xrtpipeline. A 22′′ radius aperture was used to extract
source photons, and the background contribution was es-
timated by extracting photons from a concentric annulus
of inner radius 70′′ and outer radius 160′′.
Joint spectral analysis was done in the 1.7 − 8.0 keV

energy band for Swift data and 3− 79 keV for NuSTAR
data using XSPEC (Arnaud 1996), setting the atomic
cross sections to Verner et al. (1996) and the abun-
dances to Wilms et al. (2000). Table 1 shows the re-
sults. The low energy spectrum is well fit by an ab-
sorbed blackbody (BB), but the high energy tail clearly
requires the addition of a power-law (PL) component.
The model TBabs× (bbody+pegpwrlw) yields a reduced
χ2 of 1.01. The following fluxes were extracted using
the convolution model cflux for the best-fit BB + PL
model over the joint energy band; the absorbed flux is
(2.67± 0.02)× 10−11 erg cm−2 s−1, and the unabsorbed
flux is (4.55± 0.04)× 10−11 erg cm−2 s−1. Placing the
source at the Galactic Center (distance of 8 kpc), the
inferred 2− 79 keV luminosity is 3.5× 1035 erg s−1.
We also investigated any phase dependence of the

NuSTAR spectrum, by segmenting the data into 6 non-
overlapping intervals, consisting of three peak and three
off-peak regions. The background spectrum was iden-
tical to what was used in the phase-averaged spectral
analysis detailed above, and was corrected to account
for the phase cuts. A consequence of such fine division
is poor photon statistics above ∼ 10 keV. Accordingly,
the phase-resolved spectra were only able to constrain
an absorbed black body model with a fixed column den-
sity. The phase-resolved spectra were fit with an ab-
sorbed blackbody model holding NH fixed to 13×1022

cm−2. We found a 4% ± 2% variation in kT while the
blackbody flux normalization varied by ∼ 30%.

Table 1
Spectral modeling of the Swift and NuSTAR data.

Model BB BB+PL

NH (1022 cm−2) 12.98+0.54
−0.52 14.20+0.71

−0.65

kT (keV) 1.000 ± 0.010 0.956+0.015
−0.017

BB flux (erg cm−2 s−1) (4.39 ± 0.04)× 10−11 (4.73 ± 0.04) × 10−11

BB luminosity (erg s−1) · · · (3.62 ± 0.03) × 1035

BB radius (km) · · · 1.7± 0.1
Γ · · · 1.47+0.46

−0.37

PL flux (erg/cm2/s) · · · (6.22 ± 0.57) × 10−12

χ2
r (dof) 1.44 (466) 1.01 (464)

Note. — NH is the column density, kT is the temperature of the
blackbody, Γ is the photon index of the power-law. The 2−79 keV
fluxes are given for the individual components. The goodness of fit
is evaluated by the reduced χ2 and the degrees of freedom is given
between brackets. The errors are 90% confidence (∆χ2 = 2.7).
The blackbody radius is assuming a distance of 8 kpc.
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Figure 2. NuSTAR (black and red for telecope module A and B,
respectively, from OBSID 30001002006, and green and blue for tele-
scope module A and B, respectively, from OBSID 80002013002),
and Swift (cyan) spectra jointly fitted to an absorbed blackbody
plus power-law model. The crosses show the data points with 1-σ
error bars, and the solid lines show the best fit model. The lower
panel shows the deviation from the model in units of standard
deviation.
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Temporal	
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Fig. 2.— Multi-frequency integrated pulse profiles. The blue curves are the measured profile. The red,
green and black lines are the best fitted profile Pobs(t), best-fit Gaussian profile Pg(t) and the scattering
filter PBFe(t) respectively.
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Fig. 3.— Measurements of the scattering broadening timescale (τd) and intrinsic pulse width (σ) of PSR
J1745–2900 from 1.2 to 18.95 GHz together with the 1-σ errorbar. Left panel: The measured pulse scattering
time scales τd as a function of observing frequency ν. The +, ◦, and ∗ denotes the data from Effelsberg,
Nançay, and Jodrell Bank respectively. The purple squares are from Effelsberg 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 τ1GHz = 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 τ1GHz = 1.4 ± 0.1 s. Right panel: The best-fit Gaussian widths (σ) 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 difficult
to draw firm conclusions.

α=−3.8 +/− 0.2
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Does	
  a	
  Scattering	
  Screen	
  
at	
  Large	
  Distances	
  Make	
  
Sense?	
  Isn’t	
  the	
  Galactic	
  

Center	
  Special?
• NGC	
  6334B	
  &	
  Cyg X-­‐3	
  have	
  

similar	
  scattering	
  sizes	
  and	
  
non-­‐local	
  scattering	
  screens

• 50	
  pc	
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  screen	
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• Missing	
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background	
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• Apparent	
  peak	
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model includes a general enhancement of scattering toward
the inner Galaxy.

Because all of the sources observed through this region
have thus far been Galactic sources, with (presumably)
approximately the same location (i.e., in the Galactic
center), the radial location of the scattering region is uncon-
strained. The scattering region could be local to the Galac-
tic center, within approximately 100 pc from the Galactic
centerÈwhich we refer to as the GC modelÈor the region
could be a random superposition and more than 1 kpc from
the GCÈwhich we refer to as the RS model. In the GC
model, the region would be a site of excess scattering and
presumably arises from processes unique to the GC; in the
RS model, the level of scattering in the region would be
high, but not unusually so.

Previous estimates for the location of the scattering
region have ranged from 10 pc to 3 kpc. & ShisovOzernoi

concluded that an ““ unrealistic ÏÏ level of turbulence is(1977)
implied unless the region is within 10 pc of the GC. The
level of turbulence they considered unrealistic, however,
namely does appear to occur elsewhere(Sn

e
2T)1@2/Sn

e
T D 1,

in the interstellar medium Further,(Spangler 1991). van
Langevelde et al. showed that the free-free absorp-(1992)
tion toward Sgr A* would be excessive unless the scattering
region was at least 0.85 kpc from the GC, though suitable
adjustment of free parameters (outer scale and electron
temperature) can decrease the limit to 0.03 kpc. With the
free-free absorption they also placed an upper limit on the
regionÏs distance from the GC of 3 kpc. Although the GC
model is attractive for phenomenological reasons, other
sites of enhanced interstellar scattering are found through-
out the Galaxy (e.g., NGC 6634, et al. CygMoran 1990 ;
X-3, et al. and the mean free path for encoun-Molnar 1995),
tering such a region is approximately 8 kpc et al.(Cordes
1991).

Identifying the location of the scattering region may
provide clues to the origin of the scattering. The density
Ñuctuations responsible for interstellar scattering are
believed to be generated by velocity or magnetic Ðeld Ñuc-
tuations (Higdon Brown, & Mat-1984, 1986 ; Montgomery,
thaeus & Goldreich1987 ; Spangler 1991 ; Sridhar 1994 ;

& Sridhar Velocity or magnetic Ðeld Ñuc-Goldreich 1995).
tuations are also a natural means for inducing anisotropy in
the density Ñuctuations and thereby in the scattering disks.
If this supposition is correct, the amplitude of the density
Ñuctuations may provide a measure of the coupling between
the density and velocity or magnetic Ðeld Ñuctuations or,
more generally, may provide information about the small-
scale velocity or magnetic Ðeld in the scattering region.
However, because the radial location of the scattering
region is unconstrained, relevant quantities, e.g., the rms
density, are uncertain by a factor of where is*

GC
/D

GC
, *

GCthe GC-scattering region separation and is the GC-SunD
GCdistance.

Observations of extragalactic sources viewed through the
scattering region could constrain however, few extra-*

GC
;

galactic sources have been identiÐed toward the GC. The
two sources closest to Sgr A* are B1739[298 et al.(Dickey

and GPSR 0.539]0.263 (N. Bartel 1994, private1983)
communication), which are 48@ and 40@ from Sgr A*, respec-
tively. Neither of these is within the region of enhanced
scattering deÐned by the OH masers.

This paper reports VLA and VLBA observations of
potential extragalactic sources seen through the GC.

describes the observations and data reduction,Section 2 ° 3
discusses the identiÐcation of potential extragalactic
sources and presents the catalog of sources, discusses° 4
certain Galactic sources found in our VLA survey, and ° 5
discusses our results and presents our conclusions. A com-
panion paper & Cordes hereafter(Lazio 1998 ; Paper II)
combines the results of this paper with the previous obser-
vations of OH and masers and free-free emission in aH

2
O

likelihood analysis that constrains the angular extent and
radial location of the scattering region. also dis-Paper II
cusses the physical conditions inside the scattering region.

2. OBSERVATIONAL PROGRAM

The scattering diameter of a compact extragalactic
source viewed through the scattering region toward the GC
is Langevelde et al.(van 1992)

h
xgal

\
D

GC
*
GC

h
Gal

, (3)

where is the characteristic diameter of a GC source.h
GalThroughout this paper we will adhere to the convention

that scattering diameters are the full width at half-
maximum of the sourceÏs intensity distribution. We adopt

kpc for the GC-Sun distance (at this distanceD
GC

\ 8.5
1@\ 2.5 pc), and the observed diameter of Sgr A* at 1 GHz
is shows as a function of If the RS1A.3. Figure 1 h

xgal
*
GC

.
model is correct and kpc, extragalactic source*

GC
Z 1

diameters should be a few arcseconds ; if the GC model is
correct and pc, source diameters could exceed 1@.*

GC
B 100

Motivated by the prediction illustrated in weFigure 1,
undertook a program to identify extragalactic sources
toward the GC, measure their angular diameters, and, thus,
constrain Scattering diameters of this magnitude are*

GC
.

the province of the VLA, and describes the source° 2.1
selection criteria and the VLA observations in our survey.

FIG. 1.ÈDiameter of an extragalactic source at 1.4 GHz seen through
the scattering region in front of Sgr A* as a function of the Galactic
centerÈscattering region distance, The dotted line indicates an*

GC
.

extreme lower limit on as derived from the lack of free-free absorption*
GCtoward Sgr A* at centimeter wavelengths. At this frequency, the scattering

diameter of Sgr A* is The scattering diameter scales as0A.7. h
s
P l~2.

Lazio,	
  Cordes 1998

van	
  Langevelde 1992
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Missing	
  Pulsars?

• Anomalous	
  scattering
– Cordes et	
  al

• Intermittent	
  
pulsation
– Cordes&	
  Shannon	
  2008

• Dark	
  matter
– Bramante	
  &	
  Linden	
  2014
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Fig. 5.— Plot showing scattering geometry for discrete scattering regions.
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FIG. 3. This figure displays maximum pulsar age as a func-
tion of distance from the GC for a number of asymmetric
bosonic DM models. The model for each curve is labeled in
the format (Mass, �nX (cm2), �). The flat pulsar age dis-
tribution predicted for GeV DM (solid black line) is a signal
that would appear for asymmetric bosonic DM in the 10 MeV
- TeV range as a result of longer thermalization times in pul-
sars.

BH devours the star. This maximum age should depend
sensitively on the local DM density (1), and thus on the
distance of the pulsar from the center of the Milky Way.
The shape and normalization of this maximum age curve
could be used to help determine DM mass, couplings,
and self-interactions. E↵orts to precisely determine the
mass distribution and velocity profile of the inner parsec
are ongoing, however there is ample evidence that bary-
onic matter at 0.1 parsecs achieves velocities ⇠ 200 km/s
[46–48]. In this study we assume that the DM density fol-

lows an NFW profile ⇢(r) = ⇢0
(r/rs)

��

(1+r/rs)
3�� , with � = 1.0,

rs = 20 kpc, and ⇢0 = 0.4 GeV/cm3 [49, 50]. A less-
cusped profile would decrease GC DM density, leading
to longer pulsar collapse times. To fit galactic velocity
profiles both outside r & 0.5 pc [51] along with the ob-
served velocities of stars in the central parsec [48], we
assume a mass distribution given by

M(r) = M0 + 4⇡

Z r

0
[⇢(r1) + ⇢H1(r1) + ⇢H2(r1)] r

2
1 dr1,

(5)

where the first term is M0 = 1063 GeV, and the last
two density terms are Hernquist potentials, ⇢Hi(r) =
⇢H0i(r�1)/(r0i + r)3, with ⇢H01 = 2 ⇥ 103 GeV/cm3,
r01 = 2.7 kpc, ⇢H02 = 4 MeV/cm3 and r02 = 0.01 kpc.
We approximate the velocity dispersion as the orbital ve-
locity, v̄(r) ⇠ vc(r) =

p
GM(r)/r.

In Figure 3 we plot curves of maximum pulsar age as
a function of distance from the GC. Such a dependence
would be a signal of asymmetric DM. The coupling of DM
to nucleons determines the normalization of this curve.
Curves with a higher normalization destroy only millisec-
ond pulsars, while lower curves destroy young pulsars at
the GC (this implies weaker and stronger nucleon scat-

tering, respectively). It is intriguing that the detection of
a flat pulsar age distribution in the central parsec would
imply bosonic DM with a mass between 10 MeV and a
TeV and a very weak quartic coupling (� = 0). DM with
a mass and quartic coupling in this range, because of the
tiny nucleon scattering it is required to have vis-a-vis so-
lar position pulsar bounds, cannot scatter e�ciently with
neutrons and will not have enough time to clump into a
BH progenitor.

Our results show that asymmetric DM can collapse old
MSPs at the GC, remaining consistent with local MSP
observations. The “missing pulsar problem” also extends
to young pulsars – we have shown these may be converted
into BHs ⇠ 105 years after forming. Interestingly, the
one observed pulsar in the GC region is a magnetar, and
thus probably one of the youngest pulsars in our galaxy.
While this may indicate that young pulsars are destroyed
by DM near the GC, it may also indicate more routine
astrophysical phenomena, like a slow star formation rate
between 25 – 60 Myr ago, or a top-heavy stellar initial
mass function that preferences the formation of BHs over
pulsars [52]. Additionally, it is worth noting that while
several low mass X-ray binaries are observed near the
GC it is not known whether the compact object in these
systems is currently a pulsar or BH [53]. Direct collapse
of a pulsar is unlikely to disrupt a stable low-mass X-ray
binary.

Some prior work on DM NS bounds speculated that a
nearby Gyr old pulsar in globular cluster M4 may reside
in a DM background density of ⇠ 103 GeV/cm3 [23, 27,
31]. Such a pulsar is nominally at odds with some of the
DM parameter space presented here. However, as noted
by the same papers, M4 is unlikely to have a high DM
density [54, 55].

On the other hand, if old pulsars are found to collapse
via DM accumulation in the GC, with old pulsars in dense
DM halos elsewhere, this would be an indication of mul-
ticomponent DM. Indeed, multicomponent DM frame-
works with varied spatial and temporal abundances [56–
60] could explain how DM at the GC destroys pulsars
while other DM does not. Particularly, a disk of asym-
metric DM [61] with sizable nucleon scattering would ex-
plain old pulsars outside the disk plane surviving. A
pulsar signal of multicomponent DM could be correlated
with other signals of multicomponent DM, for example a
DM decay mass spectrum in AMS-02 cosmic-ray positron
fraction measurements [62]. In fact, pulsar collapsing DM
can have significant decays without upsetting the collapse
mechanism [31]. This is a particular strength of search-
ing for pulsar collapses due to DM accumulation – they
provide a handle on the spatial distribution of asymmet-
ric DM, in contrast with conventional indirect methods
for studying annihilating DM. Furthermore, pulsar age
searches are sensitive to nucleon scattering cross sections
well below those attainable with conventional direct de-
tection methods. We leave a complete study of multicom-
ponent pulsar collapsing DM, and other applications of
pulsar-crushing DM in the central parsec to future work.
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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.
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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).
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