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Green	Chile	Pulsars?



Major	Goals

1. General	Relativity	and	Black	Hole	Physics	
with	Sgr A*-bound	Pulsar

2. Star-formation,	Stellar	Death,	Dynamical	
Evolution,	Dark	Matter	within	the	Central	
Molecular	Zone

3. Interstellar	Medium,	Turbulence,	Magnetic	
Fields	within	the	Central	Molecular	Zone



ngVLA Requirements

• High	Sensitivity	at	Frequencies	~	3	– 30	GHz
• Flexible	wide-band	DSP
–Maximum	BW	per	Rx	(~8	GHz)
– High-time	resolution	(0.1	msec)	imaging	
– Beam-forming	capability

• Central	core	suitable	for	phasing
• VLBI	for	astrometry



A	Pulsar	in	Orbit	Around	a	BH

Kramer	et	al	



Using	Pulsars	to	Measure	Spacetime
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

acceleration

100	µas	timing



Strong	Evidence	for	a	Black	Hole

Genzel et	al	2010

!both rescaled to R0=8.3 kpc", in agreement with each
other to within the uncertainties and with the statistical
estimates at larger radii.

Recent work on the S-star orbits !Schödel et al., 2003;
Eisenhauer et al., 2005; Ghez et al., 2005b, 2008;
Gillessen et al., 2009a, 2009b" has corroborated and fur-

FIG. 16. !Color" Stellar motions in the immediate vicinity of Sgr A*. Left: Stellar velocity dispersion as a function of projected
separation from Sgr A* !Eckart and Genzel, 1996, 1997; Genzel et al., 1997". Circles are data derived from proper motions; crossed
squares from line of sight velocities. The best fitting point mass model and its 1! uncertainty are shown as continuous curves.
Right: First detections of orbital accelerations for the stars S1 !S01", S2 !S02", and S8 !S04" and inferred possible orbits. From Ghez
et al., 2000.

FIG. 17. !Color" Orbit of the star S2 !S02" on the sky !left panel" and in radial velocity !right panel". Blue filled circles denote the
NTT and VLT points of Gillessen et al. !2009a, 2009b" !updated to 2010" and open and filled red circles are the Keck data of Ghez
et al. !2008" corrected for the difference in coordinate system definition !Gillessen et al., 2009a". The positions are relative to the
radio position of Sgr A* !black circle". The gray crosses are the positions of various Sgr A* IR flares !Sec. VII". The center of mass
as deduced from the orbit lies within the black circle. The orbit figure is not a closed ellipse since the best fitting model ascribes
a small proper motion to the point mass, which is consistent with the uncertainties of the current IR-frame definition. Adapted
from Gillessen et al., 2009a.
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tions on the power-law slope of the stellar density distri-
bution.

Further constraints between 0.1 and 10 pc come from
ionized and molecular gas !Serabyn and Lacy, 1985;
Güsten et al., 1987; Serabyn et al., 1988; Lacy et al., 1991;
Herbst et al., 1993; Jackson et al., 1993; Roberts et al.,
1996; Christopher et al., 2005; Zhao et al., 2009". Based
on the assumption that the various gas streamers indeed
follow unique Keplerian orbits and that the gas veloci-
ties are not strongly affected by forces other than grav-
ity, the derived dynamical masses are in reasonable
agreement with those derived from the stellar dynamics
#see, e.g., Zhao et al. !2009"$.

The extended mass at larger radii obviously depends
on the slope ! of the stellar density distribution
#M!"R"%R3−!$. Figure 22 uses !=1.8 motivated from
the light distribution of the star cluster !and a constant
M /LKs" !Genzel et al., 1996; Trippe et al., 2008". Stellar
dynamical mass determinations at R#1 pc suggest a
somewhat flatter slope !!%1.5" !Launhardt et al., 2002;
Trippe et al., 2008" but by themselves are not precise
enough to constrain the power-law slope accurately. If
the circular velocity of the CND at R=1.4–4 pc
!vrot=110±10 km/s" !Serabyn and Lacy, 1985; Güsten et
al., 1987; Jackson et al., 1993; Christopher et al., 2005" is
used as an additional constraint, a steeper slope
!%1.8–2 and smaller stellar mass is favored, giving then
a significantly better fit.

Motivated by the observations of the stellar surface
density distribution discussed in Sec. II.D, we adopt a
broken-power law, fitting function for the intrinsic den-
sity distribution of the overall stellar !plus remnant"
mass, with a break radius at %6 arc sec !0.25 pc"
!Schödel et al., 2007a". Depending on whether the slope
within the break radius follows that of the early-type
stars !!%1.3" or that of the late-type stars !!%0", the
best fitting density and mass distributions of the stellar
dynamical constraints, plus the dynamical constraints
from the CND, are

$
*
!R" = 1.35! ± 0.5" % 106& R

0.25 pc
'−!

M! pc−3,

with ! = 1.3 !or ! = 0" for R & 0.25 pc

and ! = 1.8 for R ' 0.25 pc,

M
*
!R" = 1.54 % 105& R

0.25 pc
'1.7

M!

for R & 0.25 pc and ! = 1.3,

M*!R" = 9.0 % 104& R
0.25 pc

'3

M!

for R & 0.25 pc and ! = 0,

M*!R" = 2.2 % 105(& R
0.25 pc

'1.2

− 1)
+ M!0.25 pc"M!

for R ' 0.25 pc. !4"

The quoted mass distribution has a systematic uncer-
tainty of about 50% and is in good agreement with pre-
vious estimates !Genzel et al., 2003a; Mouawad et al.,
2005; Schödel et al., 2007a". For comparison we show in
Fig. 22 the masses of different stellar components and
remnants within 0.01 and 0.1 pc in the simulations of
Freitag et al. !2006", which are based on the overall
!%1.3 power-law slope in the mass distribution. In this
model and the work by Hopman and Alexander !2006a",
the mass of the stellar remnants starts to dominate over
the stellar mass within the central %0.5 pc and the stel-

FIG. 22. !Color" Mass distribution in the central few parsec of
the Galaxy for R0=8.3 kpc. The distribution is based on the
most recent analyses of the orbit of S2 !blue" !Ghez et al. 2008;
Gillessen et al. 2009b", of “roulette estimations” of the clock-
wise rotating disk of O/WR stars !filled black squares" !Be-
loborodov et al., 2006; Bartko, 2010", of modeling of the proper
motions !Schödel et al., 2009" and proper motions and radial
velocities !Genzel et al., 1996; Trippe et al., 2008", of late-type
stars !filled red squares", and from the light of the late-type
stars #Launhardt et al., 2002 !open red triangles"$, and the ro-
tation of the molecular gas: in the CND #Güsten et al., 1987;
Jackson et al., 1993; Christopher et al., 2005 !open blue
circles"$. In addition to a central mass !4.35%106M!", the gray
dashed model curve includes a star cluster with a broken-
power-law density distribution #$!R"%R−! with !=1.3 !!=0"
for R"R0=6! or 0.25 pc and !=1.8 for R(R0=6!$ for the
long-dashed gray !and continuous magenta" curves. This is the
best fit !)2%6.4 for 12 data points" to the S-star cluster, orbital
roulette, and late-type cluster data, plus the gas measurements
of the R'1.5 pc circum-nuclear disk for fixed power-law ex-
ponents and Rbreak=0.25 pc. The best fitting stellar cluster
model has a density at R0 of %1.35%106M! pc−3. We also give
the 2* upper limit of any extended mass within the S2 orbit
from Gillessen et al. !2009a, 2009b" and the estimates of masses
in main-sequence stars !MSs", stellar black holes !SBHs", white
dwarfs !WDs", and neutron stars !NS" at 0.01 and 0.1 pc in the
“standard” simulation of Freitag et al. !2006" !blue symbols".
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Zhao et al 2016

VLA Galactic Center





HST	&	Spitzer:	Wang,	Stolovy et	al	2015

Arches
Stolte et	al	2015

• 103 pulsars	with	P	<	100	y
Pfahl &	Loeb	2004

• WR+OB	Stars
• T~2.5	– 5.8	Myr
• M~104 Msun
Paumard et	al	2006,	Lu	et	al	2013



GeV	Excess	in	the	GC

à1000s	of	MSPs	in	central	
few	kpc
Or	Dark	Matter	Decay

Daylan et	al	2014
Hooper	et	al	2015,	2016



TeV Evidence	for	GC	Pulsars
Hess	
Collaboration,	
2016

HAWC
Collaboration
Pretz et	al
2016

102 - 103 young	pulsars	
Within	100pc
Hooper	et	al	2017



MSPs	in	the	GC

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.
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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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• MSPs	and	BHs	should	
accumulate	in	the	GC	due	
to	dynamical	friction

• Nustar diffuse	X-ray	
emission	suggests	a	
population	of	MSPs

Perez	et	al	2015
Muno et	al	2005



Known	GC	Pulsars

PSR P
(ms)

B
(1012
G)

DM	
(pc
cm-3)

tsc
(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





Scattering	Inhibits	Imaging	&	Pulsar	
Detection	

Haggard	&	Bower,	Sky	&	Tel,	2016



Galactic	Center	Magnetar Discovery
X-ray	Localization:		~2”	to	Sgr A*

Degenaar et	al.	2013
Kennea et	al.	2013

Rea	et	al.	2013

SGR	J1745-29

X-Ray	Burst

2”	~	0.1	pc	
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

Mori	et	al.	2013



Radio	Detection
• P	=	3.76354676(2)	s	
• P/PdotàB	~	1014 G
• Tspindown~	9000	yrs
• DM	=	1778		+/- 3	cm-3

pc
• RM	=	-7	x	104 rad	m-2

• Flux	~0.2	- 1	mJy
• spectrum	~flat
• Only	4	radio	magnetars
known	– chance	
alignment	is	10-8
Eatough et	al.	2013
Shannon	and	Johnston	2013



Dispersion	in	the	
Galactic	Center

NE 2001 Model
Deneva et al. 2009

DM = ne dl∫



Largest	Pulsar	Rotation	
Measure	Observed
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RM = - 66960 +/- 50 rad m-2

RMpulsar ~	0.1	RMSgrA*

GC	Magnetic	field	
is	compressed	to	
power	Sgr A*	
emission

RM = neB

•dl


∫

RM	consistent	
with	originating	
from	central	10	
pc	from	B-fields	
in	equipartition	
with	X-ray	gas



Bower	et	al.	2014

Alternate	Solution:
Uniform	
Distribution	of	
scatterers between	
GC	&	Sun

A	New	Distance	for	the	GC	Scattering	Screen



Other	GC	Pulsar	Scattering	Indicates	
Complex,	Patchy	Scattering

Dexter	et	al	2017



Line	of	Sight	Effects

104	parsecs10310210110010-110-210-3

Bondi radius

PSR	J1745 Other	GC	PSRs Sun

Sgr A*	RM

PSR	RM

PSR	DM

PSR	Scattering

G2/S2



The	GC	Pulsar	Likely	Originates	in	the	
Clockwise	Stellar	Disk

• Vproj=240	+/- 3 km	s-1

• Rproj=0.097	pc
• P>700	y
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Stars (Yelda et al. 2014)
Pulsar
Sgr A*

VLBA+Y1	Astrometry
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• Current	3	sigma	limits	
from	astrometry
– Declination	<	0.5	
mas/yr2

– RA	<	1	mas/yr2

– Pdot provides	a	
comparable	constraint

• Acceleration	measures					
|z|	and	would	
demonstrate	that	the	
PSR	is	bound	to	Sgr A*





Missing	Pulsars?

• Anomalous/patchy	
scattering
– Cordes et	al

• Intermittent	
pulsation
– Cordes &	Shannon	2008

• Tight	Binaries
• 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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FIG. 3.— Left: The most likely RIAF model of the accretion flow in Sgr A* (Broderick et al. 2011a). Middle: Probability contours for models parameterized by
spin magnitude (abscissa) and inclination (ordinate) are shown in color, with the marginalized probability for the position angle in the plane of the sky indicated
in the inset (Broderick et al. 2011b). Right: The probability contours tighten up dramatically when predicted closure phases from phased ALMA are included,
and all three components of the black hole spin vector can be determined with great precision.

FIG. 4.— Signature of a hot spot orbiting a black hole at a radius of 3 rSch with a period of 27 minutes. The model is shown at three equally-spaced orbital
phases, with an without interstellar scattering. The plots show the expected closure phases on a triangle of stations including the phased SMA, phased CARMA,
and either a single telescope in Chile (e.g., APEX, middle) or phased ALMA (right). The red curve shows the expected closure phase signal in the absence
of noise, and the black points show simulated data a time cadence of 10 s (comparable to the coherence time of the atmosphere). The substantial sensitivity
improvement provided by phased ALMA will allow rapid time-domain studies of the variable accretion flow in Sgr A*. (Figure adapted from Doeleman et al.
2009)

3.3. Testing General Relativity with (Sub)Millimeter VLBI

Strong lensing due to general relativity around a black
hole is predicted to produce detectable observational signa-
tures. When a black hole is surrounded by an optically thin
plasma, lensing should produce a bright photon ring with a
dim “shadow” in its interior (Falcke et al. 2000). The shape
of this shadow very closely approximates a circle regardless
of the spin of the black hole (Takahashi 2004; Johannsen
& Psaltis 2010b). Detecting this shadow would confirm a
heretofore untested prediction of general relativity.
The shape of the photon orbit provides a natural test of the

“no-hair” theorem, which states that the exterior spacetime
of a black hole can be completely characterized by the black
hole’s mass, spin, and electric charge. Since it is difficult to
envision how a black hole could sustain a significant net elec-
tric charge (see Blandford & Znajek 1977), the only indepen-
dent multipole moments of the spacetime of a real astrophys-
ical black hole are the monopole and dipole moments, which
correspond to the black hole mass and spin, respectively. In
general relativity, all higher moments are expressible in terms
of the mass and spin alone. The simplest theoretical space-
times that violate this theorem assume a quadrupole moment
Q = −M

!

a2 + ϵM2
"

, where a is the black hole spin, M is the
mass, and ϵ parameterizes the deviation from general relativ-
ity (Glampedakis & Babak 2006; Johannsen & Psaltis 2010a).
When a nonzero quadrupole deviation is introduced, the

shape of the photon orbit and shadow becomes noncircu-
lar (Figure 5), imprinting a signature onto VLBI quantities
that can be easily detected on baselines to ALMA. As ad-
ditional telescopes are brought into millimeter and submil-
limeter VLBI arrays, direct imaging of the shadow regions

of Sgr A* and M87 will be possible. If general relativity is
found to hold near supermassive black holes, the black hole
mass can be extracted by measuring the size of the shadow
(Johannsen et al. 2012; Ruprecht 2012).

3.4. Observing Jet Launching on Schwarzschild Radius
Scales

Jets are powered through extraction of energy from accret-
ing supermassive black holes. Feedback from these jets en-
riches and heats the intergalactic medium and plays a role in
galaxy formation. Mechanisms have been proposed to explain
how energy and angular momentum can be extracted from the
accretion flow or the spin of the black hole (e.g., Blandford
& Znajek 1977; Blandford & Payne 1982), and general rel-
ativistic magnetohydrodynamic simulations are beginning to
be able to model the magnetized plasmas in the inner accre-
tion and outflow region (e.g., McKinney et al. 2012), but the
lack of observations probing these small angular scales make
it difficult to distinguish among classes of models that have
the same behavior on large scales.
Recent observations have detected M87 on baselines be-

tween Hawaii and the western US, establishing that at 1.3 mm
the inner jet is approximately 38 µas (4.8 rSch) in size (Fig-
ure 6 and Figure 7; Doeleman et al. 2012). This size
favors models in which the jet is launched within a few
Schwarzschild radii of the black hole (e.g., Nishikawa et al.
2005) rather than arising from magnetic fields anchored out
past the ISCO of the disk (e.g., De Villiers & Hawley 2003).
This size is also substantially smaller than the ISCO of a
nonrotating black hole, which may suggest that the accretion
flow rotates in a prograde sense around a spinning black hole.
However, further observations on baselines oriented perpen-

Constraints	on	Black	Hole	Spin	from	images
Broderick	et	al	2011
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FIG. 3.— Left: The most likely RIAF model of the accretion flow in Sgr A* (Broderick et al. 2011a). Middle: Probability contours for models parameterized by
spin magnitude (abscissa) and inclination (ordinate) are shown in color, with the marginalized probability for the position angle in the plane of the sky indicated
in the inset (Broderick et al. 2011b). Right: The probability contours tighten up dramatically when predicted closure phases from phased ALMA are included,
and all three components of the black hole spin vector can be determined with great precision.

FIG. 4.— Signature of a hot spot orbiting a black hole at a radius of 3 rSch with a period of 27 minutes. The model is shown at three equally-spaced orbital
phases, with an without interstellar scattering. The plots show the expected closure phases on a triangle of stations including the phased SMA, phased CARMA,
and either a single telescope in Chile (e.g., APEX, middle) or phased ALMA (right). The red curve shows the expected closure phase signal in the absence
of noise, and the black points show simulated data a time cadence of 10 s (comparable to the coherence time of the atmosphere). The substantial sensitivity
improvement provided by phased ALMA will allow rapid time-domain studies of the variable accretion flow in Sgr A*. (Figure adapted from Doeleman et al.
2009)

3.3. Testing General Relativity with (Sub)Millimeter VLBI

Strong lensing due to general relativity around a black
hole is predicted to produce detectable observational signa-
tures. When a black hole is surrounded by an optically thin
plasma, lensing should produce a bright photon ring with a
dim “shadow” in its interior (Falcke et al. 2000). The shape
of this shadow very closely approximates a circle regardless
of the spin of the black hole (Takahashi 2004; Johannsen
& Psaltis 2010b). Detecting this shadow would confirm a
heretofore untested prediction of general relativity.
The shape of the photon orbit provides a natural test of the

“no-hair” theorem, which states that the exterior spacetime
of a black hole can be completely characterized by the black
hole’s mass, spin, and electric charge. Since it is difficult to
envision how a black hole could sustain a significant net elec-
tric charge (see Blandford & Znajek 1977), the only indepen-
dent multipole moments of the spacetime of a real astrophys-
ical black hole are the monopole and dipole moments, which
correspond to the black hole mass and spin, respectively. In
general relativity, all higher moments are expressible in terms
of the mass and spin alone. The simplest theoretical space-
times that violate this theorem assume a quadrupole moment
Q = −M

!

a2 + ϵM2
"

, where a is the black hole spin, M is the
mass, and ϵ parameterizes the deviation from general relativ-
ity (Glampedakis & Babak 2006; Johannsen & Psaltis 2010a).
When a nonzero quadrupole deviation is introduced, the

shape of the photon orbit and shadow becomes noncircu-
lar (Figure 5), imprinting a signature onto VLBI quantities
that can be easily detected on baselines to ALMA. As ad-
ditional telescopes are brought into millimeter and submil-
limeter VLBI arrays, direct imaging of the shadow regions

of Sgr A* and M87 will be possible. If general relativity is
found to hold near supermassive black holes, the black hole
mass can be extracted by measuring the size of the shadow
(Johannsen et al. 2012; Ruprecht 2012).

3.4. Observing Jet Launching on Schwarzschild Radius
Scales

Jets are powered through extraction of energy from accret-
ing supermassive black holes. Feedback from these jets en-
riches and heats the intergalactic medium and plays a role in
galaxy formation. Mechanisms have been proposed to explain
how energy and angular momentum can be extracted from the
accretion flow or the spin of the black hole (e.g., Blandford
& Znajek 1977; Blandford & Payne 1982), and general rel-
ativistic magnetohydrodynamic simulations are beginning to
be able to model the magnetized plasmas in the inner accre-
tion and outflow region (e.g., McKinney et al. 2012), but the
lack of observations probing these small angular scales make
it difficult to distinguish among classes of models that have
the same behavior on large scales.
Recent observations have detected M87 on baselines be-

tween Hawaii and the western US, establishing that at 1.3 mm
the inner jet is approximately 38 µas (4.8 rSch) in size (Fig-
ure 6 and Figure 7; Doeleman et al. 2012). This size
favors models in which the jet is launched within a few
Schwarzschild radii of the black hole (e.g., Nishikawa et al.
2005) rather than arising from magnetic fields anchored out
past the ISCO of the disk (e.g., De Villiers & Hawley 2003).
This size is also substantially smaller than the ISCO of a
nonrotating black hole, which may suggest that the accretion
flow rotates in a prograde sense around a spinning black hole.
However, further observations on baselines oriented perpen-

Constraints	on	Geometry/Mass	from	Orbiting	
Hot	Spots
Doeleman et	al	2009
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FIG. 5.— In spacetimes that do not obey the no-hair theorem near a black
hole, the shadow can be noncircular. From left to right, the three top panels
show model images (courtesy D. Psaltis & A. Broderick) with ϵ = −1, ϵ = 0
(general relativity), and ϵ = +1. These models predict substantially different
amounts of correlated flux density on baselines between ALMA and western
North America (bottom, with simulated data overplotted).

dicular to the roughly east-west direction of the Doeleman
et al. (2012) detections, such as those between the US and
ALMA, will be necessary to break degeneracies between this
interpretation and other models.
At longer wavelengths, the inclusion of phased ALMA in

VLBI imaging arrays can address questions relating to jet
launch and collimation mechanisms. The jet in M87 has been
observed to have a parabolic jet width profile on scales rang-
ing from 102 to 3× 105 rSch (Junor et al. 1999; Asada &
Nakamura 2012). Imaging at 3 mm is required to make the
connection between the scales accessible to 1.3 mm VLBI
(a few Schwarzschild radii) and the 100 rSch scales observ-
able at longer wavelengths. The structure of the M87 jet
at 3 mm is observed to be highly variable, but Global mm-
VLBI Array (GMVA) observations suffer from limitations in
image fidelity and sensitivity. Higher-resolution jet images
would allow a more precise measurement of the jet opening
angle, which is predicted to be at least 60◦ if centrifugal ac-
celeration along poloidal magnetic field lines connected to the
accretion disk is responsible for jet formation (Blandford &
Payne 1982). Polarimetric observations of the emission near
the jet base would help clarify the three-dimensional geom-
etry of the magnetic field that launches the jet. Multi-epoch
observations at high fidelity will allow structures within the jet
to be tracked, providing measurements of the velocity along
the jet length. Motions in the jet are known to be superlumi-
nal at the location of the knot HST-1, approximately 100 pc
(> 105 rSch) from the black hole (Biretta et al. 1999; Cheung et
al. 2007), but there is substantial observational disagreement
as to whether the velocity at the jet base is highly subrelativis-
tic, relativistic, or even superluminal (Kovalev et al. 2007; Ly
et al. 2007; Acciari et al. 2009). The improved imaging ca-
pability provided by the inclusion of phased ALMA in VLBI
observing arrays will clarify the acceleration profile of the jet
in M87.

3.5. Imaging Black Holes

FIG. 6.— Detections of M87 with 1.3 mm VLBI observations in 2009
(Doeleman et al. 2012). The solid line shows a Gaussian fit to the data, ap-
proximating the emission from a forward jet, and the dotted line indicates a
ring fit, approximating the expected emission from a lensed counterjet around
the black hole shadow. The circled green point shows the 1 sigma sensitivity
on a simulated 10-s data point between phased ALMA and the SMT with an
effective bandwidth of 4 GHz in two polarizations.

Substantial scientific progress has been made to date under-
standing Sgr A* and M87 with nonimaging techniques, but
much of this work has necessarily been dependent on mod-
els of the assumed emission morphology based on physical
intuition and unresolved multiwavelength observations. Di-
rect imaging would provide a model-independent picture of
the inner emitting region around supermassive black holes.
The prospects for imaging Sgr A* or M87 in the next

few years are great. Bispectral maximum entropy imag-
ing methods originally developed for optical interferometry
(e.g., BSMEM; Buscher 1994) have shown great promise in
being able to produce image reconstructions from sparsely-
sampled (u,v) coverage (e.g., Malbet et al. 2010). Monte
Carlo imaging techniques, such as those used by the MACIM
code (Ireland et al. 2006), also appear to be particularly well
suited to millimeter VLBI (Ruprecht 2012). Compared to
deconvolution-based methods, these forward-imaging algo-
rithms are able to provide significantly better image quality
and, in the case of sparse arrays, often succeed when CLEAN
fails to converge at all.
An array consisting solely of phased ALMA and the three

telescope sites in the US that have been participated in 1.3 mm
VLBI observations (CARMA, SMT, Hawaii) can produce im-
ages that are sufficient to distinguish between models of the
M87 jet that differ only on scales of a few rSch. Figure 8 shows
two models, one of which has the jet forming close to the
black hole with its emission strongly lensed into a “shadow”
morphology. In the other model, the jet forms farther out from
the black hole and the image is dominated by the approaching
outflow, though a faint shadow is also observed. The addi-
tion of other antennas that are likely to be VLBI-capable at
this wavelength before or shortly after the completion of the
ALMA phasing project will enable much higher fidelity im-
ages to be produced. This is a possibility that can only be
pursued with the sensitivity and baseline coverage provided
by phased ALMA.

4. ACTIVE GALACTIC NUCLEI AND JET PHYSICS
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FIG. 3.— Left: The most likely RIAF model of the accretion flow in Sgr A* (Broderick et al. 2011a). Middle: Probability contours for models parameterized by
spin magnitude (abscissa) and inclination (ordinate) are shown in color, with the marginalized probability for the position angle in the plane of the sky indicated
in the inset (Broderick et al. 2011b). Right: The probability contours tighten up dramatically when predicted closure phases from phased ALMA are included,
and all three components of the black hole spin vector can be determined with great precision.

FIG. 4.— Signature of a hot spot orbiting a black hole at a radius of 3 rSch with a period of 27 minutes. The model is shown at three equally-spaced orbital
phases, with an without interstellar scattering. The plots show the expected closure phases on a triangle of stations including the phased SMA, phased CARMA,
and either a single telescope in Chile (e.g., APEX, middle) or phased ALMA (right). The red curve shows the expected closure phase signal in the absence
of noise, and the black points show simulated data a time cadence of 10 s (comparable to the coherence time of the atmosphere). The substantial sensitivity
improvement provided by phased ALMA will allow rapid time-domain studies of the variable accretion flow in Sgr A*. (Figure adapted from Doeleman et al.
2009)

3.3. Testing General Relativity with (Sub)Millimeter VLBI

Strong lensing due to general relativity around a black
hole is predicted to produce detectable observational signa-
tures. When a black hole is surrounded by an optically thin
plasma, lensing should produce a bright photon ring with a
dim “shadow” in its interior (Falcke et al. 2000). The shape
of this shadow very closely approximates a circle regardless
of the spin of the black hole (Takahashi 2004; Johannsen
& Psaltis 2010b). Detecting this shadow would confirm a
heretofore untested prediction of general relativity.
The shape of the photon orbit provides a natural test of the

“no-hair” theorem, which states that the exterior spacetime
of a black hole can be completely characterized by the black
hole’s mass, spin, and electric charge. Since it is difficult to
envision how a black hole could sustain a significant net elec-
tric charge (see Blandford & Znajek 1977), the only indepen-
dent multipole moments of the spacetime of a real astrophys-
ical black hole are the monopole and dipole moments, which
correspond to the black hole mass and spin, respectively. In
general relativity, all higher moments are expressible in terms
of the mass and spin alone. The simplest theoretical space-
times that violate this theorem assume a quadrupole moment
Q = −M

!

a2 + ϵM2
"

, where a is the black hole spin, M is the
mass, and ϵ parameterizes the deviation from general relativ-
ity (Glampedakis & Babak 2006; Johannsen & Psaltis 2010a).
When a nonzero quadrupole deviation is introduced, the

shape of the photon orbit and shadow becomes noncircu-
lar (Figure 5), imprinting a signature onto VLBI quantities
that can be easily detected on baselines to ALMA. As ad-
ditional telescopes are brought into millimeter and submil-
limeter VLBI arrays, direct imaging of the shadow regions

of Sgr A* and M87 will be possible. If general relativity is
found to hold near supermassive black holes, the black hole
mass can be extracted by measuring the size of the shadow
(Johannsen et al. 2012; Ruprecht 2012).

3.4. Observing Jet Launching on Schwarzschild Radius
Scales

Jets are powered through extraction of energy from accret-
ing supermassive black holes. Feedback from these jets en-
riches and heats the intergalactic medium and plays a role in
galaxy formation. Mechanisms have been proposed to explain
how energy and angular momentum can be extracted from the
accretion flow or the spin of the black hole (e.g., Blandford
& Znajek 1977; Blandford & Payne 1982), and general rel-
ativistic magnetohydrodynamic simulations are beginning to
be able to model the magnetized plasmas in the inner accre-
tion and outflow region (e.g., McKinney et al. 2012), but the
lack of observations probing these small angular scales make
it difficult to distinguish among classes of models that have
the same behavior on large scales.
Recent observations have detected M87 on baselines be-

tween Hawaii and the western US, establishing that at 1.3 mm
the inner jet is approximately 38 µas (4.8 rSch) in size (Fig-
ure 6 and Figure 7; Doeleman et al. 2012). This size
favors models in which the jet is launched within a few
Schwarzschild radii of the black hole (e.g., Nishikawa et al.
2005) rather than arising from magnetic fields anchored out
past the ISCO of the disk (e.g., De Villiers & Hawley 2003).
This size is also substantially smaller than the ISCO of a
nonrotating black hole, which may suggest that the accretion
flow rotates in a prograde sense around a spinning black hole.
However, further observations on baselines oriented perpen-

Violations	of	the	No-Hair	Theorem
Introduction	of	Quadrupole Moment
Psaltis and	Broderick	
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GC	Pulsar	Major	Goals

1. General	Relativity	and	Black	Hole	Physics	with	
Sgr A*-bound	Pulsar	à High	Frequency	Narrow	
Beam	Search

2. Star-formation,	Stellar	Death,	Dynamical	
Evolution,	Dark	Matter	within	the	Central	
Molecular	Zone	-->	Large	Area	Imaging,	
Beamformed,	Hybrid	Search;	Timing;	Astrometry

3. Interstellar	Medium,	Turbulence,	Magnetic	
Fields	within	the	Central	Molecular	Zone	-->	
Multi-frequency	Timing	and	Imaging



GC	Pulsars
• There	are	1000s	of	

pulsars	in	the	GC
• Very	few	of	them	have	

been	found
• ngVLA will	have	the	

sensitivity	to	find	and	
characterize	young	
pulsars	and	MSPs

• à Payoff	is	high	precision	
tests	of	GR	and	unique	
probes	of	star	formation,	
stellar	evolution,	and	ISM	
in	a	unique	environment


