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!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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width at half maximum (FWHM) of 43z14
{8 mas where errors are 3s.

On the assumption of a Gaussian profile, the intrinsic size of Sgr A*
can be extracted from our measurement assuming that the scatter
broadening adds in quadrature with the intrinsic size. At a wave-
length of 1.3mm the scattering size extrapolated from previous
longer-wavelength VLBI13 is 22 mas along a position angle 80u degrees
east of north on the sky, closely aligned with the orientation of the
ARO/SMT–JCMT baseline. Removing the scattering effects results in
a 3s range for the intrinsic size of Sgr A* equal to 37z16

{10 mas. The 3s
intrinsic size upper limit at 1.3mm, combined with a lower limit to
the mass of Sgr A* of 43 105 solar masses,M[, from proper-motion
work14,15, yields a lower limit for the mass density of
9.33 1022M[ pc23. This limit is an order of magnitude larger than
previous estimates7, and two orders of magnitude below the critical
density required for a black hole of 43 106M[. This density lower

limit and central mass would rule out most alternatives to a black
hole for Sgr A* because other concentrations of matter would have
collapsed or evaporated on timescales that are short compared with
the age of the Milky Way16.

Figure 2 shows both observed and intrinsic sizes for Sgr A* over a
wide range of wavelengths along with the scattering model13 and the
weighted least-squares power-law fit to the intrinsic size measure-
ments. At 1.3mm wavelength the interstellar scattering size is less
than the intrinsic size, demonstrating that VLBI at this wavelength
can directly detect structures in Sgr A* on event-horizon scales. The
intrinsic size dependence on wavelength, la (a5 1.446 0.07, 1s),
confirms that the Sgr A* emission region is stratified, with different
wavelengths probing spatially distinct layers. The la fit also provides
an improved extrapolation to intrinsic sizes at submillimetre wave-
lengths consistent with emissionmodels that produce X-ray emission

Table 1 | VLBI detections of SgrA* on the ARO/SMT–JCMT baseline at 1.3mm wavelength

Date (UT) Correlated flux density (Jy) SNR Residual delay (ns) Residual delay rate (ps s21) Projected baseline length (106l)

10 April 2007 12:20 0.38 5.8 24.9 20.29 3,558
11 April 2007 11:00 0.37 5.0 27.2 20.25 3,443
11 April 2007 11:40 0.34 5.4 27.9 20.21 3,535
11 April 2007 12:00 0.31 5.8 28.0 20.19 3,556

Columns are observation date, correlated flux density on the ARO/SMT–JCMT baseline, signal to noise ratio of the VLBI detection, delay and delay-rate residual to the correlator model, and the
baseline length projected in the direction of SgrA*. Each detectionwasmade by incoherently averaging23 theVLBI signal and searching for a peak in signal to noise ratio over a range of618 ns in delay
and62 ps s21 in delay rate (500 Nyquist sampled search points). For detections on 11 April, data were averaged over 10-min observing scans. The detection on 10 April averaged two 10-min scans
together at 12:20 and 12:40 UT to increase integration time. The offset in residual delay between 10 April and 11 April is due to slowly varying instrumental effects and is seen at this same level for
nearby quasar calibrators. The statistics of VLBI fringe detection with incoherent averaging are non-Gaussian, and the probability of false detection (the chance a pure noise spike couldmasquerade
as a detection) is a very sharp function of SNR. In the fringe searches on theARO/SMT–JCMTbaseline, for example, SNR of 4.5 is required to give a robust probability of false detection of,1026, and
for SNR of 5.8 in the incoherent fringe search, the probability of false detection is below 1029. Out of a total of 15 separate 10-min scans, SgrA* was detected four times on the ARO/SMT–JCMT
baseline. Given the strength of these detections, onewould expect a higher detection rate than the observed 25%. The low detection rate could be due to intrinsic variations in SgrA* flux density, but
it is more likely to be due to a combination of both pointing errors and variable atmospheric coherence, which would lower fringe search sensitivity, especially at the low elevations at which all sites
observed Sgr A*. To convert to Jy, data were calibrated using system temperature, opacity and gain measurements made at all sites.
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Figure 1 | Fitting the size of SgrA* with 1.3mm wavelength VLBI. Shown
are the correlated flux density data on the ARO/SMT–CARMA and ARO/
SMT–JCMT baselines plotted against projected baseline length (errors are
1s). Squares show ARO/SMT–CARMA baseline data and triangles show
ARO/SMT–JCMT data, with open symbols for 10 April and filled symbols
for 11 April. The solid line shows the weighted least-squares best fit to a
circular Gaussian brightness distribution, with FWHM size of 43.0 mas. The
dotted line shows a uniform thick-ring model with an inner diameter of
35 mas and an outer diameter of 80 mas convolved with scattering effects due
to the interstellar medium. The total flux density measurement made with
theCARMAarray over both days of observing (2.46 0.25 Jy : 1s) is shown as
a filled circle. An upper limit for flux density of 0.6 Jy, derived from non-
detections on the JCMT–CARMA baseline, is represented with an arrow
near a baseline length of 3,0753 106l.
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Figure 2 | Observed and intrinsic size of SgrA* as a function of
wavelength. Red circles show major-axis observed sizes of SgrA* from
VLBI observations (all errors 3s). Data from wavelengths of 6 cm to 7mm
are from ref. 13, data at 3.5mm are from ref. 7, and data at 1.3mm are from
the observations reported here. The solid line is the best-fit l2 scattering law
from ref. 13, and is derived from measurements made at l. 17 cm. Below
this line, measurements of the intrinsic size of SgrA* are dominated by
scattering effects, while measurements that fall above the line indicate
intrinsic structures that are larger than the scattering size (a ‘source-
dominated’ regime). Green points show derived major-axis intrinsic sizes
from 2 cm, l, 1.3mm and are fitted with a la power law (a5 1.446 0.07,
1s) shown as a dotted line. When the 1.3-mm point is removed from the fit,
the power-law exponent becomes a5 1.566 0.11 (1s).
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observed time variability of Sgr A* in the submm to xray bands (Baganoff et al. 2001, Genzel et 

al. 2003, Yusef-Zadeh et al. 2006, Marrone et al. 2008).   

SgrA* was observed in April 2007 using a three station VLBI array (ARO/SMT, CARMA, 

JCMT) at a wavelength of 1.3mm (Doeleman et al. 2008).  This measurement implies a size for 

SgrA* of only 3.7
!1.0

+1.6 Rsch (3") assuming a circular Gaussian model (1 Rsch = 10µas = 0.1AU).  

This demonstrates that we can observe SgrA* at frequencies where the intrinsic structure is not 

obscured by the ISM, it validates technical systems developed to perform these observations, and 

it confirms compact structure on event horizon scales within SgrA*.  The new measured intrinsic 

size for Sgr A* is less than the smallest apparent size predicted for emission surrounding a non-

spinning black hole (due to gravitational lensing), underscoring the ability of VLBI to probe GR 

in the strong-field limit (Figure 1).   

Figure 1: (Left) A symmetric 

emitting surface surrounding 

a black hole is gravitationally 

lensed to appear larger than 

its true diameter.  Here the 

apparent size is plotted as a 

function of the actual object 

size: the solid black line 

shows the apparent diameter 

with lensing by a non-

spinning black hole, and the 

dashed line with no lensing 

effects included.  The intrinsic 

size of SgrA* observed with 

1.3mm VLBI (horizontal red 

line) is smaller than the minimum apparent size of the black hole event horizon (labeled ‘Event Horizon’) suggesting 

that the submm emission of SgrA* must be offset from the black hole position.  This can be understood in the context 

of General Relativistic MHD accretion simulations (right), which exhibit compact regions of emission due to 

Doppler enhancement of the approaching side of an accretion disk (model courtesy S. Noble and C. Gammie).  Jet 

models also produce emission peaks that are spatially offset from the black hole position (Falcke & Markoff 2000). 

These initial results are promising, but technical advances over the next decade will significantly 

enhance submm-VLBI observations of Sgr A*.  Investments by the global astronomical 

community in submm facilities mean that future VLBI arrays will include many more antennas, 

enabling true imaging of Sgr A*.  Increases in recorded bandwidth of VLBI systems will, in turn, 

boost array sensitivities and allow full polarization imaging.  Improved VLBI frequency 

standards will extend VLBI to 0.8mm and 0.65mm wavelengths where interstellar scattering is 

negligible and array resolutions approach ~10 micro arcseconds (1 Rsch). 

2. Using submm-VLBI to Answer Fundamental Questions of BH Physics 

2.1. Observing Strong GR Effects: Was Einstein Right? 

Einstein’s theory of General Relativity has been tested and verified to high precision in the 

weak-field limit, including tests on Earth, observations within our solar system, and by using 

pulsars as extremely accurate cosmic clocks (Will 2006).  Tests of GR in the strong-field regime 

are much more difficult since they require astronomical measurements of the most extreme 

cosmic environments on very fine spatial scales.  Extraordinary ‘movies’ made with NIR 

adaptive optics show stars orbiting Sgr A*, with one approaching within 45AU, or some 570 

Rsch, of the black hole (Ghez et al. 2008).  Modeling of these orbits yields the best mass estimates 
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FIG. 2.— Left and middle: The potential 1.3 mm VLBI network as viewed from the declination of Sgr A*. Right: The corresponding (u,v) coverage. Baselines
to ALMA are marked in red in all panels.

can “see through” the interstellar medium that scatter broad-
ens this source with a !2 dependence. Unlike Sgr A*, the
giant elliptical galaxy M87 exhibits a relativistic jet from sub-
parsec to kiloparsec scales and is possibly the best candidate
for the study of jet formation and collimation on small scales
with VLBI (Kovalev et al. 2007; Ly et al. 2007; Hada et al.
2011). At a distance of 16.7 Mpc, the ! 6.4" 109 M! cen-
tral black hole (Gebhardt et al. 2011) has rSch # 7.5 µas, only
slightly smaller than that of Sgr A*.

3.1. Constraining the Spin and Viewing Angle of Sgr A*

Sgr A* is highly underluminous, with a bolometric lumi-
nosity of around 10!8 times the Eddington limit. The emission
from Sgr A* is conventionally modelled as arising from a ra-
diatively inefficient accretion flow (RIAF) in which the elec-
tron and ion temperatures are decoupled from one another.
The cool electrons are incapable of radiating much heat, while
the hotter ions disappear through the event horizon or drive
outflows (Yuan et al. 2003).
Some physical constraints on RIAF models arise from fit-

ting the multiwavelength properties of Sgr A*, including
the spectral energy density and the implied accretion rate
from Faraday rotation and depolarization at millimeter wave-
lengths. However, spatially-resolved observations are neces-
sary for determining properties such as the spin of the black
hole and the viewing geometry. VLBI data at 1.3 mm (Doele-
man et al. 2008; Fish et al. 2011), which provide this much-
needed resolution, have successfully been used to constrain
these parameters, establishing that the spin vector of the black
hole has a large inclination to the line of sight and identifying
a clearly preferred orientation in the plane of the sky (Brod-
erick et al. 2009, 2011a). More sophisticated general rela-
tivistic magnetohydrodynamic models of the emission reach
consistent constraints (Mościbrodzka et al. 2009; Dexter et
al. 2010), indicating that the observed emission morphology
is dominated by the geometry of the flow and the general rela-
tivistic beaming and lensing effects near the black hole rather
than by turbulent microphysics in the accretion flow.
While the present three-station VLBI array has been very

successful in determining the structure of Sgr A*, some pa-
rameter degeneracies persist, largely because the marginal
signal-to-noise ratio (S/N) of the VLBI data prevents use of
VLBI phase information. The highly sensitive, very long
baselines to phased ALMA will enable precise measurement
of the closure phase, the sum of interferometric phase around
a closed triangle of baselines. Inclusion of closure phase deci-
sively removes symmetry-flip degeneracies that persist when
using only VLBI amplitudes (Broderick et al. 2011b). Simu-
lations (Figure 3) show that measurement of closure phase on

triangles including ALMA will produce exceptionally tight
constraints on the spin vector of the Sgr A* black hole within
the context of RIAF models.

3.2. Time-Domain Studies of Sgr A*

One of the most promising areas where VLBI can make
new contributions to the study of black hole physics is in
searching for time-variable structures due to inhomogeneities
in the accretion flow surrounding Sgr A*. Localized heating
in the inner accretion flow is a natural consequence of mag-
netic turbulence (Broderick & Loeb 2006; Dexter et al. 2010)
and can give rise to orbiting “hot spots”, which have been used
to explain the pronounced X-ray, near infrared and submil-
limeter flares in Sgr A* (Yusef-Zadeh et al. 2006; Eckart et al.
2006; Marrone et al. 2008). VLBI cannot image these time-
variable structures since they would be smeared out over a
single observing epoch—for Sgr A*, the innermost stable cir-
cular orbit (ISCO) has a period of 30 min for a non-spinning
black hole (a = 0), and only 4 min for one that has maximum
spin (a = 1). However, clear signatures of hot spots, should be
detectable by using closure phase.
Simulations of such hot-spots that include full GR ray-

tracing and radiative transfer (Doeleman et al. 2009; Fish et al.
2009b) show that baselines to ALMA can not only detect such
hot spots using closure phase, but will have sufficient sensi-
tivity to detect periodicity if the hot spots persist for multiple
orbits in the accretion flow. Detection of periodicity would
result in a new way to measure black hole spin and test the
validity of the Kerr metric by studying ensembles of hot-spot
orbits over many observing epochs.
Increased bandwidths combined with dual polarization re-

ceivers will also allow high sensitivity VLBI polarimetry of
Sgr A*. At 230 and 345 GHz, the measured low angular res-
olution linear polarization fraction of Sgr A* is ! 10% (Mar-
rone et al. 2006, 2007), but models of magnetized accretion
flows predict polarization fractions in excess of 30% and up to
60% on angular scales probed by 230 GHz VLBI (Bromley et
al. 2001; Broderick & Loeb 2006). It is probable that all previ-
ous polarimetry of Sgr A* has suffered from significant beam
depolarization. Only (sub)millimeter VLBI polarimetry, par-
ticularly at the 345 GHz where source opacity is lowest and
the blurring of interstellar scattering is least important, can
observe the small-scale polarized structures that models pre-
dict, providing a very powerful new diagnostic of hot spots
and accretion emission. On sensitive single VLBI baselines,
weaker cross-polarized detections (e.g., between the right and
left circular polarizations, RCP-LCP) can be phase-referenced
to the stronger parallel detections (e.g., RCP-RCP), allowing
searches for time-variable polarized emission on Rsch scales.
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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 + !M2
"

, where a is the black hole spin, M is the
mass, and ! 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 + !M2
"

, where a is the black hole spin, M is the
mass, and ! 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-
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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 ! = !1, ! = 0
(general relativity), and ! = +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 + !M2
"

, where a is the black hole spin, M is the
mass, and ! 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-
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FIG. 7.— The measured size of the 230 GHz emission in M87 (blue, with
the cyan region denoting the 3! error bars) is smaller than the lensed size of
the innermost stable circular orbit for a nonrotating black hole (red). The size
of the emission, which is known to originate from within a few Schwarzschild
radii of the black hole (Hada et al. 2011), is consistent with both the observed
r2/3 jet width profile seen at longer wavelengths (symbols, from Biretta et al.
2002) and the theoretical jet width profile (also r2/3, shown in magenta and
green for inclination angles of 15 and 25 degrees; courtesy J. McKinney).
The figure is adapted from Doeleman et al. (2012).

Powered by accretion onto black holes with masses up to
1010 M!, AGNs represent the most energetic long-lived phe-
nomenon in the universe. In ! 10% of these objects, a sub-
stantial fraction (as much as tens of percent) of the energy of
accretion is converted into kinetic energy of outflows in the
form of relativistic, highly collimated jets of energetic plasma
and magnetic fields. The jets emit highly variable nonthermal
radiation across the electromagnetic spectrum that can greatly
exceed the thermal emission from the accretion disk and host
galaxy in blazars, AGNs in which one of the jets points in
our direction. In some cases, the bulk of the observed flux
emerges in gamma-ray photons in the GeV or even TeV en-
ergy range. One of the most intriguing and challenging quests
of current astrophysics is to understand the physical condi-
tions and processes that give rise to the formation of these
relativistic jets, production of high-energy particles, and emis-
sion of gamma rays. Of particular interest is the question of
how accretion onto SMBHs generates such high-powered di-
rected outflows.
AGN jets have profound effects on the surrounding envi-

ronment, e.g., in clusters of galaxies (McNamara et al. 2005).
Energy and momentum exchange between jets and the intra-
cluster medium between galaxies can regulate the formation
and growth of galaxies and the SMBHs within them, as well
as limit the rate of mergers and flows onto galaxies hosting
SMBHs (Springel et al. 2005; Di Matteo et al. 2005). More-
over, radiation from the jets ionizes gas along a cone sur-
rounding the channel of flow within the host galaxy. Shock
waves formwhere jets ram into the external medium, inducing
large bulk motion of gas and even triggering star formation.
These effects are visible in AGNs today, but were even more
prevalent at earlier epochs of the universe, when many galax-
ies were still in the formation phase and a greater proportion
were strongly active. Understanding galaxy formation and the
birth of the early generations of stars is therefore intimately
tied to our understanding of how black holes grow by accre-

FIG. 8.— Models and simulated reconstructions of the innermost emit-
ting region in M87. The top left image shows a model of a magnetically-
dominated jet anchored in an accretion disk around the black hole with a
footprint ! 10 GM/c2 (Broderick & Loeb 2009). The bottom left image
shows a model in which most of the jet emission arises within the photon
sphere at 2 to 4 GM/c2, causing lensed counterjet emission to dominate in
the observer’s frame (Dexter et al. 2012). Middle panels show BSMEM re-
constructions of these models from simulated observations using an early
array consisting only of phased ALMA, phased SMA, phased CARMA, and
the SMT. Right panels show reconstructions from this array plus the IRAM
30-m telescope, the phased Plateau de Bure Interferometer, and the LMT. The
early array can easily distinguish between the two classes of models. The full
array can produce reasonable images of the emission, possibly providing a
clear view of the shadow, from which the black hole mass can be measured
directly.

tion and generate relativistic jets, and how the jets propagate
from the center of a galaxy to its outskirts and beyond.

4.1. High-Resolution Jet Imaging

VLBI is the only technique currently capable of viewing di-
rectly the parsec- and subparsec-scale regions of jets in AGNs.
At frequencies of 43 and 86 GHz, the jet is mostly opti-
cally thin. The VLBA currently provides angular resolution
of ! 100 µas in the east-west direction at wavelengths of 3
and 7 mm, but only ! 250 µas in the north-south direction.
The inclusion of phased ALMA as a VLBI station will more

than double the north-south resolution of 3 and 7 mm VLBI
arrays (Figure 1). Such high-resolution observations can im-
age the acceleration and collimation zone of the flow, which
currently can be explored only in an indirect manner through
time variability of flux and polarization. The jets of even the
brightest blazars are challenging to detect with arrays com-
posed of single-dish telescopes operating at 3 mm. Adding
phased ALMA would improve this dramatically, as well as
add crucial baseline length, especially in the north-south di-
rection.
The jets of radio-loud AGNs contain a bright, compact fea-

ture at the upstream end of 7 and 3 mm images. This is called
the core, although in blazars and blazar-like radio galaxies
there is considerable evidence that it lies more than 0.5 pc
from the SMBH that powers the AGN (e.g., Chatterjee et al.
2009, 2011). The core is a key structure in a jet. At centime-
ter wavelengths what appears to be the core is generally just
the transition between optically thick and thin emission, but
at millimeter wavelengths it has the properties of a physical
structure, such as a standing cone-shaped shock (Cawthorne
2006; D’Arcangelo et al. 2007; Marscher et al. 2008, 2010).
A surprising result of recent studies that combine time se-

quences of 7 mm VLBA images with monitoring of flux
across the electromagnetic spectrum is that, in many blazars,
most of the infrared, optical, X-ray, and gamma-ray emis-
sion originates in or near the core. It is frustrating that the
core is only slightly resolved (and not resolved at all in the
north-south direction) at 7 mm. Currently, it is not generally
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FIG. 7.— The measured size of the 230 GHz emission in M87 (blue, with
the cyan region denoting the 3! error bars) is smaller than the lensed size of
the innermost stable circular orbit for a nonrotating black hole (red). The size
of the emission, which is known to originate from within a few Schwarzschild
radii of the black hole (Hada et al. 2011), is consistent with both the observed
r2/3 jet width profile seen at longer wavelengths (symbols, from Biretta et al.
2002) and the theoretical jet width profile (also r2/3, shown in magenta and
green for inclination angles of 15 and 25 degrees; courtesy J. McKinney).
The figure is adapted from Doeleman et al. (2012).

Powered by accretion onto black holes with masses up to
1010 M!, AGNs represent the most energetic long-lived phe-
nomenon in the universe. In ! 10% of these objects, a sub-
stantial fraction (as much as tens of percent) of the energy of
accretion is converted into kinetic energy of outflows in the
form of relativistic, highly collimated jets of energetic plasma
and magnetic fields. The jets emit highly variable nonthermal
radiation across the electromagnetic spectrum that can greatly
exceed the thermal emission from the accretion disk and host
galaxy in blazars, AGNs in which one of the jets points in
our direction. In some cases, the bulk of the observed flux
emerges in gamma-ray photons in the GeV or even TeV en-
ergy range. One of the most intriguing and challenging quests
of current astrophysics is to understand the physical condi-
tions and processes that give rise to the formation of these
relativistic jets, production of high-energy particles, and emis-
sion of gamma rays. Of particular interest is the question of
how accretion onto SMBHs generates such high-powered di-
rected outflows.
AGN jets have profound effects on the surrounding envi-

ronment, e.g., in clusters of galaxies (McNamara et al. 2005).
Energy and momentum exchange between jets and the intra-
cluster medium between galaxies can regulate the formation
and growth of galaxies and the SMBHs within them, as well
as limit the rate of mergers and flows onto galaxies hosting
SMBHs (Springel et al. 2005; Di Matteo et al. 2005). More-
over, radiation from the jets ionizes gas along a cone sur-
rounding the channel of flow within the host galaxy. Shock
waves formwhere jets ram into the external medium, inducing
large bulk motion of gas and even triggering star formation.
These effects are visible in AGNs today, but were even more
prevalent at earlier epochs of the universe, when many galax-
ies were still in the formation phase and a greater proportion
were strongly active. Understanding galaxy formation and the
birth of the early generations of stars is therefore intimately
tied to our understanding of how black holes grow by accre-

FIG. 8.— Models and simulated reconstructions of the innermost emit-
ting region in M87. The top left image shows a model of a magnetically-
dominated jet anchored in an accretion disk around the black hole with a
footprint ! 10 GM/c2 (Broderick & Loeb 2009). The bottom left image
shows a model in which most of the jet emission arises within the photon
sphere at 2 to 4 GM/c2, causing lensed counterjet emission to dominate in
the observer’s frame (Dexter et al. 2012). Middle panels show BSMEM re-
constructions of these models from simulated observations using an early
array consisting only of phased ALMA, phased SMA, phased CARMA, and
the SMT. Right panels show reconstructions from this array plus the IRAM
30-m telescope, the phased Plateau de Bure Interferometer, and the LMT. The
early array can easily distinguish between the two classes of models. The full
array can produce reasonable images of the emission, possibly providing a
clear view of the shadow, from which the black hole mass can be measured
directly.

tion and generate relativistic jets, and how the jets propagate
from the center of a galaxy to its outskirts and beyond.

4.1. High-Resolution Jet Imaging

VLBI is the only technique currently capable of viewing di-
rectly the parsec- and subparsec-scale regions of jets in AGNs.
At frequencies of 43 and 86 GHz, the jet is mostly opti-
cally thin. The VLBA currently provides angular resolution
of ! 100 µas in the east-west direction at wavelengths of 3
and 7 mm, but only ! 250 µas in the north-south direction.
The inclusion of phased ALMA as a VLBI station will more

than double the north-south resolution of 3 and 7 mm VLBI
arrays (Figure 1). Such high-resolution observations can im-
age the acceleration and collimation zone of the flow, which
currently can be explored only in an indirect manner through
time variability of flux and polarization. The jets of even the
brightest blazars are challenging to detect with arrays com-
posed of single-dish telescopes operating at 3 mm. Adding
phased ALMA would improve this dramatically, as well as
add crucial baseline length, especially in the north-south di-
rection.
The jets of radio-loud AGNs contain a bright, compact fea-

ture at the upstream end of 7 and 3 mm images. This is called
the core, although in blazars and blazar-like radio galaxies
there is considerable evidence that it lies more than 0.5 pc
from the SMBH that powers the AGN (e.g., Chatterjee et al.
2009, 2011). The core is a key structure in a jet. At centime-
ter wavelengths what appears to be the core is generally just
the transition between optically thick and thin emission, but
at millimeter wavelengths it has the properties of a physical
structure, such as a standing cone-shaped shock (Cawthorne
2006; D’Arcangelo et al. 2007; Marscher et al. 2008, 2010).
A surprising result of recent studies that combine time se-

quences of 7 mm VLBA images with monitoring of flux
across the electromagnetic spectrum is that, in many blazars,
most of the infrared, optical, X-ray, and gamma-ray emis-
sion originates in or near the core. It is frustrating that the
core is only slightly resolved (and not resolved at all in the
north-south direction) at 7 mm. Currently, it is not generally
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Fig. 2.— Position angle as a function of frequency. Triangles are the A00 data. Squares are

the BIMA data. The solid line is a fit for the RM excluding the A00 230 GHz result. The

best fit is !4.3±0.1"105 rad m!2 with a zero-wavelength position angle of 181±2 degrees.
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Time-‐Dependent	  Accre8on	  
Simula8ons	  Predict	  RM	  Changes	  1232 B. Pang et al.

Figure 1. 2D slice of the simulation for 6003 box at 15 Bondi times. Colour represents the entropy, and arrows represent the magnetic field vector. The
right-hand panel is the equatorial plane (yz), while the left-hand panel a perpendicular slice (xy). White circles represent the Bondi radius (rB = 1000). The
fluid is slowly moving, in a state of magnetically frustrated convection. A movie of this flow is available as Supporting Information with electronic version of
this article (see Appendix C for a description).

Figure 2. Density versus radius. The dotted line represents the density
profile for the Bondi solution, which is the steepest plausible slope at k =
1.5. The dashed line represents the density scaling for CDAF solution, which
is the shallowest proposed slope with k = 0.5. The solid line is the density
profile from one of our simulations, which is intermediate to the two.

and 3 display the spherically averaged properties, Fig. 2 shows the
spherically averaged density of the run; Fig. 3 shows the spherically
averaged radial velocity, ! and entropy (normalized to the initial
entropy). The entropy inversion is clearly visible, which leads to
the slow, magnetically frustrated convection.

We draw several general conclusions from the runs listed in
Table 1.

(i) In the presence of magnetic fields, the flow develops a supera-
diabatic temperature gradient and flattens to k ! 1. Gas pressure

Figure 3. log (!), entropy and radial velocity versus radius. The dashed
line vr/cs represents the radial velocity in units of Mach number. The dots
vr/cms represent the radial velocity in units of magnetosonic Mach number.
The solid line is the entropy, and we see the entropy inversion which leads
to the slow, magnetically frustrated convection. Inside the inner boundary,
the sound speed is lowered, leading to the lower entropy. The ‘+’ symbols
are the magnetic field strength !.

remains the dominant source of support at all radii, although mag-
netic forces are always significant at the inner radius.

(ii) Mass accretion diminishes with increasing dynamic range,
taking values Ṁ " (2–4)ṀB(Rin/RB)3/2#k .

(iii) Even significant rotation at the Bondi radius has only a minor
impact on the mass accretion rate, as the flows do not develop
rotationally supported inner regions.

(iv) Our results depend only weakly on the effective resolution
$B.
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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
o!set 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
!2 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
o!-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
" · · · 1.47+0.46

!0.37

PL flux (erg/cm2/s) · · · (6.22 ± 0.57) " 10!12

!2
r (dof) 1.44 (466) 1.01 (464)

Note. — NH is the column density, kT is the temperature of the
blackbody, " 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 !2 and the degrees of freedom is given
between brackets. The errors are 90% confidence (#!2 = 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-"
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	  Localiza8on:	  	  3”	  to	  Sgr	  A*	  

X-‐ray	  Pulsa8ons	   Radio	  Pulsa8ons	  and	  Rota8on	  Measure	  Radio properties of the Sgr A! magnetar 3

Figure 1. Flux density of the stokes parameters in the peak bin
of the profile as a function of observing frequency. The thick solid
line shows Stokes I, Stokes Q and U are the dashed and dash-
dotted lines, and Stokes V the thin solid line.

from the Galactic Centre, implying a physical separation of
only 0.1 pc. The pulsar shares characteristics with the other
known radio magnetars. It has a high degree of linear polar-
ization and remains bright at high observing frequencies. It
may also have variable flux density.

The measurement of both dispersion and rotation mea-
sures allows us measure the average parallel magnetic
field strength in along the line of sight to the pulsar via
B||=1.2 RM/DM with RM and DM in conventional units,
and B|| measured in µG. This value is 50 µG, about an order
of magnitude larger than typical line of sight measurements
in the Galactic plane. The nature of the magnetic field in
the Galactic Centre is unclear. Synchrotron filaments are
present in the inner region with mG type magnetic fields,
but it remains the topic of debate as to whether these types
of files are typical of the region as a whole. Indeed current
ideas indicate weaker fields of order 100 µG might be more
typical (Boldyrev & Yusef-Zadeh 2006). Continued monitor-
ing of the source will will yield rotation measure and disper-
sion measure variations, enabling improved characterization
of the interstellar medium and magnetic field structure in
the Galactic Centre region.

The angular proximity to the Galactic Centre and the
very high dispersion measure of the pulsar indicate that it
may indeed by physically close to the Galactic Centre. How-
ever, even if in orbit about the black hole, the orbital period
is too long to provide interesting constraints on gravitational
theories. We note the the pulsar would easily have been de-
tectable (if on at the time) in all the targetted surveys of the
Galactic Centre carried out to date (Johnston et al. 2006,
Deneva et al. 2009, Macquart et al. 2010). We also note
that the lack of scattering in this pulsar (only a few ms
at 8 GHz). This gives optimism that observing frequencies
around 10 GHz might well be optimal for future surveys.
Continuing searches of the Galactic Centre for pulsars are
therefore warranted.

Figure 2. Position angle (!) of the linear polarization plot-
ted against the square of the observing wavelength (at observ-
ing frequencies between 16 and 18 GHz) for the peak bin in
the profile. The line shows the fit to the data; the best RM is
"67000 ± 500 rad m!2.

Figure 3. Integrated (continuum) flux density F! of the magne-
tar as a function of the observing frequency !.
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Figure 1. 2D slice of the simulation for 6003 box at 15 Bondi times. Colour represents the entropy, and arrows represent the magnetic field vector. The
right-hand panel is the equatorial plane (yz), while the left-hand panel a perpendicular slice (xy). White circles represent the Bondi radius (rB = 1000). The
fluid is slowly moving, in a state of magnetically frustrated convection. A movie of this flow is available as Supporting Information with electronic version of
this article (see Appendix C for a description).

Figure 2. Density versus radius. The dotted line represents the density
profile for the Bondi solution, which is the steepest plausible slope at k =
1.5. The dashed line represents the density scaling for CDAF solution, which
is the shallowest proposed slope with k = 0.5. The solid line is the density
profile from one of our simulations, which is intermediate to the two.

and 3 display the spherically averaged properties, Fig. 2 shows the
spherically averaged density of the run; Fig. 3 shows the spherically
averaged radial velocity, ! and entropy (normalized to the initial
entropy). The entropy inversion is clearly visible, which leads to
the slow, magnetically frustrated convection.

We draw several general conclusions from the runs listed in
Table 1.

(i) In the presence of magnetic fields, the flow develops a supera-
diabatic temperature gradient and flattens to k ! 1. Gas pressure

Figure 3. log (!), entropy and radial velocity versus radius. The dashed
line vr/cs represents the radial velocity in units of Mach number. The dots
vr/cms represent the radial velocity in units of magnetosonic Mach number.
The solid line is the entropy, and we see the entropy inversion which leads
to the slow, magnetically frustrated convection. Inside the inner boundary,
the sound speed is lowered, leading to the lower entropy. The ‘+’ symbols
are the magnetic field strength !.

remains the dominant source of support at all radii, although mag-
netic forces are always significant at the inner radius.

(ii) Mass accretion diminishes with increasing dynamic range,
taking values Ṁ " (2–4)ṀB(Rin/RB)3/2#k .

(iii) Even significant rotation at the Bondi radius has only a minor
impact on the mass accretion rate, as the flows do not develop
rotationally supported inner regions.

(iv) Our results depend only weakly on the effective resolution
$B.
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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 + !M2
"

, where a is the black hole spin, M is the
mass, and ! 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-
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