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ABSTRACT

The pulsed radio emission from the Galactic Center (GC) magnetar SGR
1745-29 probes the turbulent, magnetized plasma of the GC hyperstrong scat-
tering screen through both angular and temporal broadening. We present the
first measurements of the angular size of SGR 1745-29, obtained with the Very
Long Baseline Array and the phased Very Large Array at 8.7 and 15.4 GHz.
The source sizes are consistent with the scatter–broadened size of Sagittarius A*
at each frequency, demonstrating that SGR 1745-29 is also located behind the
same hyperstrong scattering medium. Combining the angular broadening with
temporal scattering obtained from pulsar observations provides a complete pic-
ture of the scattering properties. If the scattering occurs in a thin screen, then
it must be at a distance � >⇠ 5 kpc. A best-fit solution for the distance of a thin
screen is � = 5.9 ± 0.3 kpc, consistent with being located in the Scutum spiral
arm. This is a substantial revision of the previously held model in which the
scattering screen is located very close to the GC. As also discussed in Spitler et
al. (2013), these results suggest that GC searches can detect millisecond pulsars
gravitationally bound to Sgr A* with observations at >⇠ 10 GHz and ordinary
pulsars at even lower frequencies.

Subject headings: pulsars: general, pulsars: individual(SGR 1745-29), black hole
physics, scattering

1Astronomy Department and Radio Astronomy Laboratory, University of California, Berkeley, 601 Camp-
bell Hall #3411, Berkeley, CA 94720, USA; gbower@astro.berkeley.edu

2ASTRON, P.O. Box 2, 7990 AA Dwingeloo, The Netherlands

3NRAO,520 Edgemont Road, Charlottesville, VA 22903-2475

4Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 Bonn, Germany
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Abstract

We present temporal scattering measurements of single pulses and average profiles of PSR
J1745–2900, a magnetar recently discovered only 3 arcsec away from Sagittarius A* (Sgr A*),
from 1.2 - 18.95 GHz using the Effelsberg 100-m Radio Telescope, the Nançay Decimetric Radio
Telescope, and the Jodrell Bank Lovell Telescope. Single pulse analysis shows that the integrated
pulse profile above 2 GHz is dominated by pulse jitter, while below 2 GHz the pulse profile shape
is dominated by scattering. The high dispersion measure and rotation measure of the magnetar
suggest that it is close to Sgr A* (within ∼0.1 pc). This is the first object in the GC with
both pulse broadening and angular broadening measurements. We measure a pulse broadening
spectral index of α = −3.8± 0.2 and a pulse broadening time scale at 1 GHz of τ1GHz = 1.3± 0.2
s, which is several orders of magnitude lower than the scattering predicted by the NE2001 model
(Cordes & Lazio 2002). If this scattering timescale is representative of the GC as a whole, then
previous surveys should have detected many pulsars. The lack of detections implies either our
understanding of scattering in the GC is incomplete or there are fewer pulsars in the GC than
previously predicted. Given that magnetars are a rare class of radio pulsar, we believe that there
many canonical and millisecond pulsars in the GC, and not surprisingly, scattering regions in the
GC have complex spatial structures.

1. Introduction

The recent discovery of radio pulsations from a magnetar at a projected distance of 0.12 pc from Sagit-
tarius A* (Sgr A*) provides an unparalleled tool for probing the ionized interstellar medium (ISM) toward
the Galactic Center (GC) (Eatough et al. 2013). SGR J1745–29 was first identified at X-ray wavelengths
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The centre of our Milky Way harbours the closest candidate for a supermassive black hole1.

The source is thought to be powered by radiatively inefficient accretion of gas from its

environment2. This form of accretion is a standard mode of energy supply for most galactic
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Using	  Pulsars	  to	  Measure	  Space)me	  
Around	  Sgr	  A*	  

χ	  =	  0.9997	  ±	  0.0010	  

Liu	  et	  al	  2012	  

Shapiro	  delay	  

Einstein	  delay	  

Precession	  of	  periastron	  

Black	  Hole	  Mass	   Black	  Hole	  Spin	  

accelera)on	  

100	  µas	  )ming	  



Galac)c	  Center	  Magnetar	  Discovery	  

Discovery of magnetar in Sgr A* region 3

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.

5. DISCUSSION

X-‐Ray	  Burst	   X-‐ray	  Localiza)on:	  	  3”	  to	  Sgr	  A*	  

X-‐ray	  Pulsa)ons	  

Mori	  et	  al.	  2013	  

Degenaar	  et	  al.	  2013	  
Kennea	  et	  al.	  2013	  

Rea	  et	  al.	  2013	  

SGR	  J1745-‐29	  



Radio	  Detec)on	  
•  period	  	  

P	  =	  3.76354676(2)	  s	  	  
•  period	  deriva)ve	  

(spindown)	  P/Pdot	  =	  6.82(3)	  	  
10-‐12	  
B	  ~	  1014	  G	  

•  Spin-‐down	  age	  ~	  9000	  yrs	  
•  Dispersion	  

DM	  =	  1778	  	  +/-‐	  3	  cm-‐3	  pc	  
•  Flux	  ~0.2	  mJy	  
•  spectrum	  ~flat	  
•  Only	  4	  radio	  magnetars	  

known	  –	  chance	  alignment	  
is	  10-‐8	  

Eatough	  et	  al.	  2013	  
Shannon	  and	  Johnston	  2013	  



Dispersion	  in	  the	  	  
Galac)c	  Center	  

NE 2001 Model 
Deneva et al. 2009 
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RM = - 66960 +/- 50 rad m-2 

RMpulsar	  ~	  0.1	  RMSgrA*	  



Galac)c	  RM	  of	  diffuse	  gas	  

Law et al. (2011) 

5 GHz (VLA) 



RM	  of	  Galac)c	  Center	  Sources	  

Law et al. (2011) 

Size	  of	  symbol	  ∝	  RM	  (1100	  to	  −2200	  rad	  m−2)	  
Cross	  =	  nega)ve,	  circle	  =	  posi)ve	  	  



RM	  and	  DM	  from	  hot	  gas 	  	  

•  Inferred	  densi)es	  at	  
scales	  of	  0.06,	  0.15	  and	  
40	  pc	  roughly	  follow	  r-‐1	  
law.	  

•  DM	  ~	  	  ne	  r	  ~	  102	  cm-‐3	  pc	  	  
•  RM	  ~	  B	  ne	  r	  	  
⇒	  B	  ∝	  RM	  ~	  8	  mG	  

•  Equipar))on:	  B	  ~	  2.5	  mG	  
⇒ Sgr	  A*	  accretes	  from	  a	  

highly	  magne)zed	  hot	  gas	  
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Angular	  Broadening	  of	  the	  Pulsar	  
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Pulsar J1745−29

Major	  Axis	  

Minor	  Axis	  

Also	  agreement	  in	  pa~80	  deg	  
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Temporal	  Scanering	  
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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.

Spitler	  et	  al.	  2013	  

– 13 –

10
0

10
1

10
−4

10
−2

10
0

10
2

f (GHz)

τ
 (

m
s)

1 2
10

2

10
3

10
0

10
1

10
1

10
2

f (GHz)

σ
 (

m
s)

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.



A	  New	  Distance	  for	  the	  GC	  Scanering	  
Screen	  

Bower	  et	  al.	  2013	  

Alternate	  Solu)on:	  
Uniform	  
Distribu)on	  of	  
scanerers	  between	  
GC	  &	  Sun	  



~5.5	  kpc	  

Reid,	  Brunthaler,	  et	  al	  



Does	  a	  Scanering	  Screen	  
at	  Large	  Distances	  Make	  

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

similar	  scanering	  sizes	  and	  
non-‐local	  scanering	  screens	  

•  50	  pc	  diameter	  screen	  
associated	  with	  HII	  regions	  
or	  GMC	  surfaces	  can	  
provide	  the	  scanering	  

•  Missing	  extragalac)c	  
background	  sources?	  

•  Apparent	  peak	  of	  OH/IR	  
masers	  around	  Sgr	  A*?	  

•  Patchiness?	  	  
–  Scale	  ~5’	  from	  G359.87+0.18	  

19
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39
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.6
86
V
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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	  



Where	  are	  the	  GC	  pulsars?	  

Macquart	  et	  al	  2012	  

GC	  Pulsar	  
search	  does	  
not	  require	  
high	  
frequencies!	  
	  

~1000	  
pulsars	  with	  
periods	  
<100y	  
expected	  
(Liu	  et	  al	  
2012)	  



Astrometry	  
•  4	  astrometric	  detec)ons	  
•  Accuracy	  ~0.3	  mas/epoch	  
•  Velocity	  accuracy	  @	  GC	  

~100	  km/s	  [2	  months	  
data]	  
–  à	  ~10	  km/s	  in	  1	  year	  

•  Where	  is	  it	  going?	  	  Where	  
did	  it	  come	  from?	  
–  Characteris)c	  velocity	  
~390	  km/s	  

–  Escape	  velocity	  ~600	  km/s	  
–  T_SgrA*	  <	  1000y	  
–  Accelera)on	  ~	  1	  km/s/y	  



Conclusions	  
•  First	  true	  GC	  pulsar	  discovered	  

–  Highest	  DM,	  RM,	  SM	  of	  any	  known	  pulsar	  
–  X-‐ray	  absorp)on	  consistent	  with	  GC	  loca)on	  
–  Too	  unstable	  for	  precision	  )ming	  tests	  

•  Important	  probe	  of	  the	  Sgr	  A*	  environment	  
–  Sgr	  A*	  accretes	  from	  hot	  gas	  with	  high	  and	  ordered	  B-‐fields	  
–  Mo)on	  of	  the	  pulsar	  could	  provide	  length	  scales	  for	  ISM	  structures	  

•  Scanering	  must	  originate	  at	  large	  distances	  
–  Resolves	  long-‐standing	  mystery	  -‐-‐-‐	  but	  creates	  new	  ones	  

•  Proper	  mo)on	  to	  come	  …	  (tracing	  back	  to	  origin?)	  
–  Sgr	  A*	  orbit	  ~103	  yrs	  –	  likely	  too	  long	  for	  precision	  GR	  tests	  

•  Where	  are	  the	  other	  GC	  pulsars?	  
–  Can	  easily	  detect	  ordinary	  pulsars	  at	  few	  GHz	  
–  Can	  detect	  MSPs	  at	  >10	  GHz	  

	  


