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The Shadow of Black Hole
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Sgr A* ~ 0.1 AU (4 x 106 Msolar):

   10 μas @ 8 kpc• Light cannot escape 
from the black hole 
• The black hole makes 
a shadow
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1 x 109 10 2

Cen A 5 x 107 4 0.25

Sgr A*

M 87
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Results of Early Observations: Sgr A* ①

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 1.3 mm 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 1.3 mm, combined with a lower limit to
the mass of Sgr A* of 4 3 105 solar masses, M[, from proper-motion
work14,15, yields a lower limit for the mass density of
9.3 3 1022 M[ 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 4 3 106 M[. 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 1.3 mm 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 (a 5 1.44 6 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 emission models that produce X-ray emission

Table 1 | VLBI detections of Sgr A* on the ARO/SMT–JCMT baseline at 1.3 mm 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 Sgr A*. Each detection was made by incoherently averaging23 the VLBI signal and searching for a peak in signal to noise ratio over a range of 618 ns in delay
and 62 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 could masquerade
as a detection) is a very sharp function of SNR. In the fringe searches on the ARO/SMT–JCMT baseline, 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, Sgr A* was detected four times on the ARO/SMT–JCMT
baseline. Given the strength of these detections, one would expect a higher detection rate than the observed 25%. The low detection rate could be due to intrinsic variations in Sgr A* 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 Sgr A* with 1.3 mm 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
the CARMA array over both days of observing (2.4 6 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 3,075 3 106l.
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Figure 2 | Observed and intrinsic size of Sgr A* as a function of
wavelength. Red circles show major-axis observed sizes of Sgr A* from
VLBI observations (all errors 3s). Data from wavelengths of 6 cm to 7 mm
are from ref. 13, data at 3.5 mm are from ref. 7, and data at 1.3 mm 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 Sgr A* 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 , 1.3 mm and are fitted with a la power law (a 5 1.44 6 0.07,
1s) shown as a dotted line. When the 1.3-mm point is removed from the fit,
the power-law exponent becomes a 5 1.56 6 0.11 (1s).
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Figure 3. Correlated gain-corrected flux density plots. Solid lines show best-fit circular Gaussian models of the compact emission in Sgr A* and are consistent with a
source size of approximately 43 µas on all days. The dotted lines show the best ring model fits to Sgr A* data.
(A color version of this figure is available in the online journal.)

Table 2). However, no single set of ring model parameters
consistently fits the data on all three days, which would suggest
that the size and structure of Sgr A* are variable within the
context of ring models. This stands in contrast with the Gaussian
model, for which all epochs of data are consistent with a uniform
size despite differences in the flux density. Longer-wavelength
VLBI observations are inconclusive as to whether a significant
correlation exists between the flux density and size of the
emission in Sgr A* (Bower et al. 2004; Lu et al. 2011). However,
the size of the emission at these wavelengths is dominated by
interstellar scattering effects.

Future 1.3 mm VLBI observations with higher sensitivity,
sufficient to robustly measure the closure phase, will be an
important discriminant between these and other models. For
example, an elliptical Gaussian distribution will result in zero
closure phase on any triangle of baselines, while a ring model
can result in closure phases of 180◦ depending on the orientation
and length of the array baselines. The ring models shown in
Figure 3 all have closure phases of zero on the CARMA-ARO/
SMT-JCMT triangle of baselines, consistent with the measured
closure phases (Section 4). However, a ring model with a null
near 3.4 Gλ between the CARMA-JCMT and ARO/SMT-JCMT
baselines, would produce a closure phase of 180◦, which is
strongly ruled out by the 2009 April data. Measurement on
an intermediate baseline in the 1–2 Gλ range would provide
a powerful discriminant between large classes of geometrical
models.

5. DISCUSSION

5.1. Implications for Accretion and Flare Models

The flux density of Sgr A* on VLBI scales is seen to increase
from day 95/96 to day 97. During the first ∼1 hr on day 97, when
the atmosphere at CARMA was relatively stable, the data are
consistent with a constant flux density, suggesting that the flux
density increased before observations on day 97 but held steady
at a higher level than on the previous nights. This behavior
is consistent with other (sub)millimeter observations, which
show variability punctuated with periods when the flux density
is stable (e.g., Marrone et al. 2006; Yusef-Zadeh et al. 2009;
Kunneriath et al. 2010).

The flux density increase appears to be due to an event that
establishes a new steady state in Sgr A*. If instead the flux
density increase is due to a short-duration event that concluded
before the start of observations on day 97, the unchanging
size of the compact region (as implied by Gaussian models
in Section 4.2) and the timescale over which the compact flux
density is seen to be constant limit the expansion speed of the
region to be highly nonrelativistic (v ! 0.05c, consistent with
Lu et al. 2011) and much lower than the sound speed (c/

√
3;

Marrone et al. 2008), in contrast with relativistic jet models (e.g.,
Falcke et al. 2009). While a low expansion speed is predicted by
models of adiabatically expanding source components (Eckart
et al. 2008, 2009; Yusef-Zadeh et al. 2009), these models also
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•Compact emission region 
•Gaussian or ring models 
•Compact emission is variable 
on ISCO scale.



Fig. S5. Total-intensity VLBI of Sgr A⇤ and fitted geometrical models. Normalized, deblurred
visibilities are shown as a function of baseline length; errors are ±1� (thermal plus systematic). The
dashed line shows the best-fit circular Gaussian (FWHM: 52 µas), which is incompatible with our data.
The best-fit elliptical Gaussian provides a fit that is only marginally better. Many simple geometrical
models can produce a rising visibility with baseline at ⇠2.7 G�. An annulus of uniform intensity (inner
diameter: 21 µas, outer diameter: 97 µas), shown with a solid line, is perhaps the simplest model that is
consistent with our data, although many alternatives are possible (see discussion in the text). For most
points, remaining systematic uncertainties in the calibration solution are the dominant source of error.

for the total east-west extent of the flux. Although the measurements near 2.7 G� occur when

Sgr A⇤ is at low elevation for CARMA and must be interpreted with appropriate caution, those

lowest visibilities are coincident with the highest fractional polarizations (cf. Fig. 2). The po-

larization measurements thereby support the visibility minimum at ⇠2.7 G� without requiring

assumptions about the scattering kernel or the gain calibration.

However, the overall emission structure is not yet uniquely determined because of the sparse

and exclusively east-west long-baseline coverage, and many disparate models provide a reason-

able fit to the data. [By the projection-slice theorem, a baseline only samples structure projected

along its direction.] One such example is a circular Gaussian (FWHM: 54 µas) plus a point

source with 24% of the Gaussian’s integrated flux and offset 43 µas to the east or west. Another

24
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Discovery of non-Gaussianity in the structure 



Results of Early Observations: M87 ①

5 April

Doeleman+ 2012

5.5 RS

The emission region is very compact. 
Consistent with the parabolic collimation profile of the jet

4.3. Nature of the Inner Ridgeline

The first detection of the inner ridgeline with VSOP images
is remarkable. The inner ridgeline is much more evident in the
1.6 GHz image compared to that of the 5 GHz for longer
distances. Therefore, one possible explanation for this spectral
profile is synchrotron cooling. The cooling due to synchrotron
loss is efficient at frequencies higher than the power-law break
frequency (e.g., Pacholczyk 1970). The break frequency, νT, is
expressed in terms of the magnetic field strength, B, and the
radiative age, t, as follows (Pacholczyk 1970):
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If we assume that the plasma age is 1.2 year, by dividing the
distance from the core of 10 mas by 2c (Walker et al. 2008),
and in order to have the break frequency less than 5 GHz, a
magnetic field strength of 0.5 G is estimated at 10 mas (5200 rs
in de-projection) from the core. If we simply assume
dominance of the toroidal magnetic field and the parabolic
streamline with a power-law index of 2, the expected magnetic
field strength in the vicinity, ∼3 rs, from the SMBH is 23 G.
This is in good agreement with the magnetic field strength
estimated with joint constraints on synchrotron self absorption,
size of the components, rotation measure, and kinematic power
of the jet (Kino et al. 2015). This is not so different from the
magnetic field which is used for general relativistic MHD

Figure 5. Left: cross section of the total intensity in the transeverse direction to the jet axis at 5 GHz. The cross section is derived at 4.7 mas downstream of the core.
Three ridgelines corresponding to the inner and outer two ridgelines are clearly seen. Right: the same at 8.7 mas downstream of the core at 1.6 GHz. The inner and two
outer ridgelines are more evident at 1.6 GHz.

Figure 6. Left: distribution of the radius of the jet as a function of the de-projected distance from the core in units of rs. Readers can refer to Figure1 in Asada &
Nakamura (2012) and Figure3 in Nakamura & Asada (2013) for a detailed description. VSOP data at 1.6 and 5 GHz are added at central spine region. The solid line is
the linear least-square fit for the data points except the three inner cores (VLBA at 43/86 GHz and EHT at 230 GHz), indicating the parabolic streamline with a power-
law index of 1.73±0.05. The dashed line indicates the conical streamline with a power law of 0.96±0.1. HST-1 is located around 5×105 rs. The thin dashed line
denotes the Bondi accretion radius located at Bondi radius 3.8×105rs. The black area shows the size of the minor axis of the event horizon of the spinning black
hole with maximum spin. The gray area indicates the size of the major axis of the event horizon of the spinning black hole with maximum spin, and corresponds to the
size of the event horizon of the Schwarzschild black hole. The thin dotted line indicates the size of the inner stable circular orbit (ISCO) of the accretion disk for the
Schwarzschild black hole. Since the outer edge of the outer streamline is not well defined at the innermost region of the jet due to the lower brightness compare to the
inner rigdeline, we were not able to derive the precious radius at the innermost jet at 5 GHz. Right: zoom-in plot of the central region. The black area shows the size of
the event horizon of the spinning black hole with maximum spin (spin parameter of a=1). The gray area indicates the size of the event horizon for the spinning black
hole of all possible spins (0<a<1). The yellow region indicates the outermost streamline of the Blandford & Znajek jet solution emanating from the event horizon
on the equatorial plane of the spinning black hole, as a naive indication of the boundary of the black hole powered jet. It clearly shows that the inner ridgelines are
narrower than the yellow region, suggesting the inner ridgeline is highly likely to be associated with the jet formed by the black hole itself.
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Event Horizon Scale structure is stable during  
an enhanced TeV gamma-ray state (2012)

Results of Early Observations: M87 ②

model, a counter-jet-dominated model, and an accretion-disk-
dominated model in Figure 3. The closure phase of the
approaching-jet-dominated model is almost zero. On the other
hand, the model closure phases of counter-jet-dominated and
accretion-disk-dominated models are systematically smaller
than the observed closure phase in the later GST range, but the
models and observed closure phases are consistent within a
3σ level. We note that the results for counter-jet-dominated and
accretion-disk-dominated models shown in Figure 4 disagree
with Figure 9 of Dexter et al. (2012), due to a mistake in
Dexter et al. (2012) in constructing the closure phase triangles.

All three models commonly predict small closure phases on
the Hawaii–Arizona–California triangle. Visibility phases on
the Arizona–California baseline, which barely resolves the
source, are nearly zero. The closure phases on current VLBI
triangles are almost the same as differences in the visibility
phase between long baselines between Hawaii and the US
mainland. For the case of the approaching-jet-dominated
models, the phase gradient between long baselines is expected
to be moderate, particularly at large particle loading radii, since
emission is blob-like and fairly symmetric on spatial scales
corresponding to the current long baselines. Models with a

Table 2
Closure Phase of M87

Year DOY UTC Triangle uXY vXY uYZ vYZ uZX vZX Closure Phase 1σError
(h) (m) (XYZ) (Mλ) (Mλ) (Mλ) (Mλ) (Mλ) (Mλ) (deg) (deg)

2012 81 5 49 SPF −2336.473 −426.660 1997.198 847.338 339.275 −420.677 3.60 9.98
2012 81 6 3 SPF −2483.493 −458.173 2113.293 874.212 370.200 −416.039 −3.80 5.05
2012 81 6 26 SPF −2704.560 −513.928 2286.622 921.497 417.939 −407.569 −6.30 8.67
2012 81 5 49 SPD −2336.473 −426.660 1997.150 847.284 339.323 −420.624 11.40 11.96
2012 81 6 3 SPD −2483.493 −458.173 2113.246 874.158 370.247 −415.985 3.50 7.65
2012 81 6 26 SPD −2704.560 −513.928 2286.577 921.442 417.983 −407.514 −5.10 7.69
2012 81 6 49 SPD −2898.263 −574.140 2436.772 972.202 461.491 −398.062 −12.80 9.12
2012 81 5 49 SPF −2336.473 −426.660 1997.198 847.338 339.275 −420.677 2.40 8.38
2012 81 6 3 SPF −2483.493 −458.173 2113.293 874.212 370.200 −416.039 0.70 5.91
2012 81 6 26 SPF −2704.560 −513.928 2286.622 921.497 417.939 −407.569 −0.50 5.84
2012 81 6 49 SPF −2898.263 −574.140 2436.814 972.258 461.449 −398.118 2.70 7.36
2012 81 10 43 SPD −3029.578 −1284.919 2439.510 1556.894 590.067 −271.975 −0.20 9.21
2012 81 11 6 SPD −2858.690 −1348.199 2289.791 1607.719 568.899 −259.520 −7.30 9.74
2012 81 11 33 SPD −2621.320 −1417.355 2084.597 1662.922 536.723 −245.567 3.00 5.07
2012 81 10 43 SPF −3029.578 −1284.919 2439.508 1556.955 590.070 −272.036 −1.20 8.04
2012 81 11 6 SPF −2858.690 −1348.199 2289.783 1607.779 568.906 −259.581 −0.60 6.99
2012 81 11 33 SPF −2621.320 −1417.355 2084.583 1662.983 536.737 −245.628 −0.80 4.59

(This table is available in machine-readable form.)

Figure 2. The measured correlated flux density of M87. Circles and crosses indicate the correlated flux density observed in 2012 (this work) and 2009 (Doeleman
et al. 2012), respectively. Errors are 1σ. The blue line and light-blue region are best-fit models for the 2012 data and 3σ uncertainties on it, respectively, while the
black line and gray region are for the 2009 data. Left panel: correlated flux density as a function of baseline length. Right panels: correlated flux density as a function
of Universal Time for each baseline.
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Arrays in April 2017

Shiokawa+

50μas

EHT

Sgr A*

Moscibrodkza, Dexter+17

35μas

EHT
M87

1.3 mm (230 GHz)  
Full Polarization

~ 20 μas



Additional telescopes in April 2017

ALMA SPT



Configuration in 2017/2018



Interviews in NHK and others

http://www.nhk.or.jp/ohayou/digest/2017/04/0411.html
http://www.bbc.com/news/science-environment-38937141

NHK BBC

Reduction and analysis of the 2017th data is ongoing.
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3. Potential Future WG Definition Teams 
 
There are several potential new WGs under discussion.  Definition teams have been 
convened to generate white papers on each topic as described in the table below. 
 

 

EHT WORKING GROUP MEMBERSHIP — MARCH 1, 2017

Working Group Task Coordinating Members

Instrumentation

Instrumentation Gopal Narayanan, Jonathan Weintroub

Integration & Testing Alan Roy, Andre Young, Satoki Matsushita

Monitor & Control Daan van Rossum, Nimesh Patel

Data Collection & 
Processing

Proposal Coordination Michael Johnson, Eduardo Ros, Keiichi Asada, Sera Markoff, +MT

Science Operations Vincent Fish, Thomas Krichbaum

Correlations Walter Alef, Geoff Crew

Synthetic Data Generation Vincent Fish, Roger Dean

Calibration & Error Analysis Lindy Blackburn, Ilse van Bemmel

Data Analysis

Imaging Michael Johnson, Kazu Akiyama

Scattering Geoff Bower, Ramesh Narayan

Time Variability Dan Marrone, Atish Kamble

Near Horizon 
Science Utilization

Theoretical Models & 
Simulations

Charles Gammie, Yosuke Mizuno, Hung-Yi Pu

Model Comparison & 
Feature Extraction

Feryal Ozel, Jason Dexter

Parameter Definition Heino Falcke, Keiichi Asada

Beyond Horizon 
Science Utilization

Multiwavelength Science Sera Markoff, Kazuhiro Hada

Active Galactic Nuclei Thomas Krichbaum, Svetlana Jorstad, Neil Nagar

�1

EHT FUTURE WORKING GROUP DEFINITION TEAMS — MARCH 15, 2017

Working Group Task Definition Team Members

Data Analysis Polarimetry Ivan Marti-Vidal, Jon McKinney, Monika Moscibrodzka

Near Horizon SU Gravitational Physics Norbert Wex, Frans Pretorius, Leo Stein

Beyond Horizon SU Pulsars Jim Cordes, Michael Kramer, Scott Ransom

Software & Data 
Compatibility

Collaboration Tools

Single Initial Definition Team for all Tasks in this Working Group: Ciriaco 
Goddi, Lindy Blackburn, Vincent Fish, CK Chan

Software Compatibility & Data 
Formats

Data Portal & Repositories

Simulation Repositories

Products
Visuals Repositories

Definition team members: TBA
Public Outreach

Instrumentation N/A N/A

Data Collection & 
Processing

N/A N/A

�2

Kazu Akiyama

Kazuhiro Hada



Summary
•The EHT project is progressing, and makes a lot of scientific 
results. 
• The compact region close to the black hole shadow is 
detected by EHT observations in Sgr A*. The region of this 
compact emission is good agreement with the ring model. 
• There is a compact region in the jet of M87. The region 
was not associated with the gamma-ray variability. 

• The 2017th observation was performed. The reduction and 
analysis is ongoing. 
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Results of Early Observations: Sgr A* ③

Fish+ 2016 
Broderick+ 2016

phased sma and, later, phased carma. Medians of the nontrivial
closure phases are presented in Table 3, along with bootstrap
estimates of the 95% confidence interval of the median, derived
from random resampling with replacement.

The median closure phase (+6°.3) on the California–Hawaii–
Arizona triangle is positive at high statistical significance. In a
larger run of 108 bootstrap-resampled data sets, every median

was positive. This result is also robust against the exclusion of
data from the day with the largest closure phase (2013 day
080); the resulting data set has a median closure phase of 5°.0
with a 95% lower bound of 3°.1. For comparison, the median
trivial closure phase is 0°.4, consistent with zero (95% range:
−0°.2 to 1 .2+ ) as expected. The median nontrivial closure
phase of +6°.3 is too large to be attributable to instrumental
effects (Appendix) and is nearly identical to the +6°.7
measured in an independent analysis of 2013 data by R.-S.
Lu et al. (2016, in preparation), using both the Mark4 and
DiFX correlators.
Care must be taken not to overinterpret differences between

subsamples of the data set. When individual days of data are
processed in multiple ways, the median closure phase can differ
by a few degrees. This is particularly true for data taken in 2009
and 2011 (before the sensitivity of the observing array was
increased) or for subsamples consisting of only a few

Table 2
Detected Closure Phases

Day of UT Time Closure Bispectral u12 v12 u23 v23 u31 v31
Year Year (hr) Banda Triangleb Phase ( ) S/N (Mλ) (Mλ) (Mλ) (Mλ) (Mλ) (Mλ)

2009 93 11.5417 H CJS −21.4 3.78 −2548.3 −1691.2 3044.2 1591.4 −495.8 99.8
2009 93 11.9583 L CJS 17.1 4.37 −2658.9 −1553.0 3191.9 1425.8 −533.0 127.2
2009 93 11.9583 L DJS 13.3 4.57 −2658.9 −1553.0 3191.9 1425.8 −533.0 127.1
2009 93 12.2917 L DJS −14.0 4.09 −2724.4 −1438.7 3282.6 1288.4 −558.2 150.3
2009 93 12.6250 L CJS −11.1 4.25 −2769.2 −1322.1 3348.2 1147.6 −579.1 174.5
2009 93 13.1250 H CJS 9.6 8.74 −2796.5 −1144.7 3398.5 932.6 −602.0 212.1
2009 93 13.4583 H CJS 4.3 7.03 −2788.0 −1026.1 3399.6 788.2 −611.6 237.9
2009 93 13.4583 L CJS −3.0 7.30 −2788.0 −1026.1 3399.6 788.2 −611.6 237.9
2009 93 13.8750 H CJS 18.3 6.97 −2747.3 −879.2 3364.4 608.7 −617.0 270.5
2009 93 13.8750 L CJS 33.7 8.53 −2747.3 −879.2 3364.4 608.7 −617.0 270.5

Notes.
a High or Low band, as defined in Section 2.
b Station codes are defined in Table 1.

(This table is available in its entirety in machine-readable form.)

Figure 2. Top: all 181 nontrivial California–Hawaii–Arizona closure phases
measured on SgrA*. Data are presented in time order and are color-coded by
day and year. The median nontrivial closure phase is 6 . 3+ . Bottom: the 233
trivial closure phases for SgrA*, excluding data from 2009 (Section 2.1.1). The
median trivial closure phase is consistent with zero, as expected.

Table 3
Median Closure Phases of Sgr A* on the California–Hawaii–Arizona Triangle

95% Rangea

Year Day(s) N Median Low High

2009 093 11 9.6 −11.1 17.7
2009 096 3 7.1 L L
2009 097 10 8.4 0.7 13.5
2009 All 24 8.4 0.7 13.5
2011 088 7 13.6 −0.4 29.0
2011 090 2 10.0 L L
2011 091 5 5.7 −5.9 11.7
2011 094 17 −0.3 −7.2 2.7
2011 All 31 2.6 −3.5 5.7
2012 081 25 3.1 −1.8 6.5
2013 080 28 16.0 6.7 20.2
2013 081 10 7.2 −7.7 12.7
2013 082 15 10.3 −0.5 14.1
2013 085 32 6.5 0.5 7.1
2013 086 16 3.0 −1.6 6.3
2013 All 101 6.9 5.6 9.4
All All 181 6.3 4.3 7.0

Notes. All closure phases are measured in degrees.
a The 95% confidence interval of the median is estimated from bootstrap
analyses using 107 resampled data sets.
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consider the limit in which there is a clear separation between
the scales of xĪ ( ) and the fluctuations.

For our purposes here, because the perturbations are
expected to be small, the second term in Equation (14) may
still be sub-dominant when this is realized in practice. That is,
we assume that �u u0, where u0 is the baseline length above
which uV̄ ( ) begins to decrease substantially. In the interest of
concreteness, we will assume that
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where the asymptotic power is typical of that arising from the
power-law brightness decline in images for RIAFs. As a result,
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and xp l» +u u uT t i t, 1 2 ,( ) [ · ( ) ]. Inserting this into
Equation (12) yields
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Between the characteristic scales of the quiescent image and
the scattering screen, x is roughly constant, giving
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For d »u u 0.2, which is appropriate for the CARMA-SMT
versus Hawaii baselines, reproducing the dF » 0.07123 requires
typical refractive distortions of x l m» »u0.05 3 as on scales
of m60 as.

The intra-day timescale is consistent with recent models of a
“nearby” scattering screen (Bower et al. 2014) motivated by
observations of the recently discovered magnetar (Kennea
et al. 2013) with a velocity of » -30 km s 1, similar to the
velocity dispersion of stars in the disk. It is also consistent,
however, with a “distant” scattering screen (e.g., Lazio &
Cordes 1998) assuming velocities of» -100 km s 1, comparable
to those expected in the bulge. Thus, both the magnitude and
timescale of the closure-phase variations are consistent with an
origin in the scattering screen.

A.2. Simulated Strong Refractive Scattering

In the strong-scattering regime, i.e., where the scattering
induces angular rearrangements on scales comparable to the
structures in the image, the preceding perturbative analysis is
insufficient. Here, we briefly describe an attempt to simulate
this scattering and numerically infer the typical variations in the
observed closure phases.

As in the weak case, strong refractive scattering in the
interstellar medium produces stochastic fluctuations in images,
and hence in the visibility magnitudes and closure phases
(Goodman & Narayan 1989; Narayan & Goodman 1989;
Johnson & Gwinn 2015). Although the strength of these
fluctuations depends on the properties of the scattering, the
most significant uncertainties arise from the unknown source
image: an extended source quenches the fluctuations in a
manner that depends on its size and structure. As in the
perturbative case, both nearby and distant scattering screen
models are consistent with the observed intra-day variability.

Figure 10 shows an example of the effects of refractive
scattering on our best-fit model. The scattering kernel was
taken from Bower et al. (2006), and we assumed an inner scale
of ´1.5 10 km4 for the turbulence. Although this inner scale is
somewhat larger than expected for the interstellar medium, it
simplifies the scattering simulation and has little effect (~10%)
on the resulting refractive fluctuations. Following Johnson &
Gwinn (2015), we scattered the model image by first generating
a random phase screen with ´2 213 13 random phases and then
shifting the unscattered image by the scaled gradient of the
phase screen.
Figure 11 shows the estimated root mean square (rms)

fluctuations of the closure phase on the SMT-CARMA-SMA
triangle, estimated by sampling the visibilities on an ensemble
of scattered images. These vary with time due to the time-
variable orientation of the participating telescopes. The times at
which observations were made extend from 0.5GST to
3.8GST, with a median near 1.8GST, suggesting a typical
rms near 3°.5. This is very similar to the 3°.86 standard
deviation observed, implying that the bulk of the closure-phase
variation may be due to interstellar scattering.

A.3. Accretion Flow Turbulence

The impact of turbulence on the image is complicated by
anisotropy and inhomogeneity as well as the opacity within the
emission region. Here, we will ignore these complications in
the interest of obtaining a qualitative result, assuming an
optically thick, homogeneous emission region, appropriate for

Figure 10. Input image (left) and example scattered image (right) for the best-
fit model.

Figure 11. Estimated rms fluctuations in the closure phase on the SMT-
CARMA-SMA baseline caused by refractive scattering as a function of
observation time. The 3°. 86 standard deviation observed in the closure phases is
shown by the red dashed line. For reference, the distribution (́ 0.1) of the
employed closure-phase measurements in time is shown in blue.
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Discovery of asymmetry in the structure 



Additional telescopes in April 2017

ALMA SPT



List of Array
1. Arizona Radio Observatory (ARO) 
2. Submillimeter-wave Astronomy (SMT) 
3. Atacama Pathfinder EXperiment (APEX)  
4. Atacama Submillimeter Telescope Experiment (ASTE) 
5. IRAM 30-meter telescope 
6. James Clerk Maxwell Telescope (JCMT) 
7. The Large Millimeter Telescope (LMT) 
8. The Submillimeter Array (SMA) 
9. Atacama Large Millimeter/Submillimeter Array (ALMA) 
10. South Pole Telescope


