
Building the EHT 

The EHT has steadily deployed new equipment to existing mm radio 
facilities to enable 1mm VLBI. In Spring 2017, the EHT observed with 8 
stations including the SMA and ALMA phased arrays, and SPT, with fringes 
(correlated signals between sites) seen to all sites. In 2018, the EHT added 
the GLT (Greenland Telescope) and reached its design specification of 64 
Gbps (8 GHz dual-polarization). 

• 2013: 1 GHz BW, dual polarization, CARMA/SMA/SMT/APEX 
• 2015: 2 GHz BW, dual polarization, +LMT (32m diameter) 
• 2016: 4 GHz BW, dual polarization, +ALMA phased array test 
• 2017: 4 GHz BW, dual polarization (32 Gbps), +SPT 
• 2018: 8 GHz BW, dual polarization (64 Gbps), +GLT, +LMT (50m) 

The SMA/JCMT pair provides the EHT with crucial East-West coverage, 
with confident amplitude calibration through the two-site redundancy. The 
SMA also ensures that EHT observations always have simultaneous 
coverage with a connected-element interferometer, which is especially 
important when observing Sgr A* as the source varies on short timescales. 
  
The ALMA phased array (37+ ALMA antennas acting as a large single dish) 
provides the necessary sensitivity to connect long baselines in the global 
array by locking in the relative timing and atmospheric phase variations 
between EHT sites, particularly for the South-Pole Telescope. The resulting 
full coverage allows imaging at event-horizon scales. 

Ultra high-bandwidth VLBI 

The EHT has pushed the boundary of high-bandwidth VLBI by continued 
development in the integration of state-of-the-art digital samplers, new 
digital backends, and high-speed recorders. 

As of 2018, the bandwidth recorded at all EHT stations (8 GHz, dual-
polarization = 64 Gbps) is over 30x the rate of the VLBA, providing 
sufficient sensitivity to detect sources on the longest EHT baselines and 
conduct precision measurement on short timescales. 

By leveraging commercial off-the-shelf hardware and open-source 
hardware and software, the EHT has kept pace with Moore’s law through 
>10 years of development. A single EHT observation records in total 
several PB of raw data over the course of a few nights, onto banks of 
6-10TB He-filled hard disks.
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The Event Horizon Telescope 

The Event Horizon Telescope (EHT) is a global 1.3-mm VLBI array 
achieving angular resolutions of tens of micro-arcseconds — sufficient to 
resolve horizon-scale features for nearby supermassive black holes 
(SMBH). EHT results to date include, 

• Discovery of ordered magnetic fields near the horizon of Sgr A* 
• Non-Gaussian structure in Sgr A* with persistent asymmetry 
• Observation of time-variable polarized structure in Sgr A* 
• Limits on M87 spin from jet base morphology 

The Sub-millimeter Array (SMA) on Mauna Kea, Hawaii provides the 
majority of East-West coverage for the EHT. As one of the initial sites, SMA 
was central to early groundbreaking results which relied on the sensitivity 
of the SMA phased array, and the accurate amplitude and polarization 
calibration provided by the connected-element interferometer operating in 
coincidence with VLBI. 

The EHT has undergone rapid upgrades over the course of the last few 
years, reaching a 9-station configuration and nominal design goal of 64 
Gbps per site in 2018. The greatly increased sensitivity, baseline length and 
coverage will provide the EHT the capability for: 

• Imaging the black hole shadow and inferred magnetic fields in the 
immediate vicinity of the SMBH at Sgr A* and at the center of M87 

• Spatially resolving dynamical behavior at Sgr A* on the time scale of 
minutes (ISCO = 4-30m depending on spin) 

• sub-pc resolution images of bright radio targets (3C273, OJ287, …)

Sgr A* at the center of the Milky Way 

Sgr A* is the supermassive black 
hole (4⨉106 Msun) at the Galactic 
Center and has the largest apparent 
size on the sky (50 micro-arcsec 
shadow) of known black-holes. For 
AGN, it is under-luminous (9 orders 
of magnitude under Eddington) with 
spectrum that peaks in the sub-mm. 

Dynamics of S0 stars provide strong 
evidence of black-hole, with closest 
approach ~45 AU. EHT resolution is 
~0.15 AU. 

At radio wavelengths, Sgr A* is blurred by strong interstellar scattering; an 
effect that scales as λ2. At 
1.3mm, the intrinsic shape of 
Sgr A* can be resolved, with a 
characteristic size of ~37 micro-
arcsec first measured using an 
early EHT sub-array (Doeleman 
et al, 2008). At 1.3mm and 
below, the accretion disk also 
becomes optically thin, allowing 
emission from near the event 
horizon to be seen.
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• optically thin at 1mm, shadow not obscured 

• energy dominant emission at sub-mm


• faraday rotation does not destroy polarization > 100 GHz

[L Vertatschitsch et al, 2015]

Spatially-resolved dynamics of Sgr A* 

Sgr A* is known to flare in NIR and X-rays lasting ~minutes, corresponding 
to only a few RSch light-crossing timescales. The EHT will spatially resolve 
and track the evolution of these events for the first time through 
coordinated multi-wavelength observations from radio to 𝛾-rays. 

Dynamical models from GRMHD turbulence (green, Gold et al 2016) or a 
semi-analytic rotating hot-spot model (red, Broderick and Loeb 2006) 
produce high-SNR phase variations between EHT sites. 

For a turbulent accretion disk, the spectrum of time variability in either 
closure phase or polarization fraction encodes information about the 
characteristic size of density fluctuations. The periodic signal of the hot-
spot represents its orbital timescale, which tells us how close it is to the 
black hole and places constraints on black-hole spin.

Magnetic field structure at the horizon 

The EHT upgraded to dual-polarization in 2013, with precise polarization 
calibration facilitated by the inclusion of the SMA phased array. This 

upgrade led to the 
discovery of ordered 
magnetic fields near 
the event horizon of 
Sgr A* through the 
observation of strong 
and smoothy-varying 
l inear polar iza t ion 
(~70%) on long EHT 
base l ines be tween 
Hawaii and California/
Arizona. The degree of 
polarization observed 

is consistent with synchrotron emission from GRMHD model simulations. 

Full linear polarimetric imaging at horizon scales is achievable with the 
EHT 2017 and 2018 array. 
The polarization direction 
traces the magnetic field 
orientation and spacetime 
geometry, and future multi-
frequency observation at 
both 230 and 345 GHz 
may provide estimates of 
field strength by spatially 
resolving rotation measure.
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Figure 3: Resolving Time-Variable Structures with the EHT. Images on the left show simula-
tions of two potential sources of variability from SgrA⇤: the top images are a turbulent accretion disk
(Gold+ 2017), and the bottom images are a bright, localized flare embedded in the accretion disk
(Broderick & Loeb 2006). The middle panel shows model closure phases and sample observations
on the LMT-ALMA-SMT triangle for each. With ALMA, the variations would be easily detectable
– stochastic wander for the turbulent disk and pronounced periodicity for the flare, indicating the
orbital timescale. The right panel shows the polarization fraction seen on the LMT-ALMA baseline,
which further distinguishes stochastic and periodic evolution.

The scientific insights of EHT time-domain studies will be richly enhanced by simultaneous multi-
wavelength coverage of flares from radio to TeV energies. During the 2017 EHT campaign, we
coordinated an extensive concurrent campaign with MAGIC, HESS, NuSTAR, Chandra, SWIFT,
the VLT, and the GMVA (additional facilities in 2018 and 2019 include XMM and INTEGRAL).
We caught two flares: one in the IR not seen in the X-ray, and one in the X-ray (which likely had
an IR counterpart, but we had no coverage). Both flares occurred when the EHT was just starting
to observe SgrA⇤ with ALMA. Longer EHT observing windows together with a panchromatic view
of SgrA⇤ will be critical to constrain particle energization processes, elucidating how bulk accretion
flow properties couple to the plasma microphysics and heating.

• Explore the role of magnetic fields in the accretion flow.— Magnetic fields are critical in
determining the structure and dynamics of accretion flows. Turbulent fields are thought to mediate
the transport of angular momentum and enable the accretion of matter onto the black hole (Balbus
& Hawley 1991). Ordered and dynamically important magnetic fields may thread the horizon,
extracting spin energy from the black hole (Blandford & Znajek 1977), launching powerful jets
(Tchekhovskoy & McKinney 2012), and altering the inner accretion flow (Narayan+ 2003).
Recent polarimetric EHT observations have already o↵ered evidence for the existence of ordered

magnetic fields near SgrA⇤ (Johnson+ 2015). The sensitivity of ALMA will enable polarimetric
EHT images of SgrA⇤ (Chael+ 2016, Akiyama+ 2017b), providing a direct view of the magnetic
field structure near a black hole. Because of the extremely high Faraday rotation measure (RM) of
SgrA⇤ (Marrone+ 2007) and dual-sideband recording in Cycle 6 (spanning 212.1-230.1GHz), we can
also estimate the magnetic field strength through RM imaging (Dexter 2016, Mościbrodzka+ 2017).

2. Project Feasibility and Team Readiness

Over the past 7 years, the EHT has expanded from its three-station predecessor experiments to an
array that spans the globe, tripling its resolution and increasing to seven sites. We have developed
new VLBI backends that have increased the recorded data rate from 4 to 64 Gbits/sec, nearly tripling
the sensitivity. Our Cycle 4 observations found fringes to all participating sites, with unprecedented
signal-to-noise (see Fig. 4). 2019 EHT observations may also include Kitt Peak and the Plateau de
Bure Interferometer, either of which substantially enhance calibration and imaging.
Concurrently, we have performed extensive observational and theoretical studies to ensure feasibil-

ity of our proposed goals. Recent EHT observations of SgrA⇤ have detected ordered magnetic fields
(Johnson+ 2015), source asymmetry (Fish+ 2016), and image substructure (Lu+ 2018). We have
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Two flares during 
EHT observations
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Figure 9. (Top) 1.3-mm MEM reconstructions of a magnetically arrested disk simulation of the Sgr A* accretion flow, courtesy of Jason
Dexter (Dexter 2014). Color indicates Stokes I flux and ticks marking the direction of linear polarization are plotted in regions with I
greater than 4⇥ its RMS value and |P | greater than 2⇥ its RMS value. After blurring the image with the Sgr A* scattering kernel at
1.3 mm, data were simulated with realistic thermal noise, amplitude calibration errors, and random atmospheric phases. The center right
panel shows a reconstruction with data simulated on EHT baselines expected in 2016 and the rightmost panel shows the reconstruction
with the full array expected in 2017. Each reconstruction was restored with a Gaussian beam 1/2 the size of the fitted clean beam (93⇥ 32
µas FWHM in 2016 ; 27⇥ 14 µas FWHM in 2017). For comparison, the center left panel shows the model smoothed to the same resolution
as the 2017 image. (Bottom) 1.3-mm MEM reconstructions of a simulation of the jet in M87, courtesy of Avery Broderick (Broderick &
Loeb 2009; Lu et al. 2014b). Data were simulated on 2016 and 2017 EHT baselines as in the top panel, but without the contributions from
interstellar scattering that are significant for Sgr A⇤. Both reconstructions were restored with a Gaussian beam 1/2 the size of the fitted
clean beam (72⇥ 36 µas FWHM in 2016 ; 28⇥ 20 µas FWHM in 2017).

restoring beam, the I and P NRMSE values drop to 24.0% and 59.0% for the 2016 reconstruction and 19.8% and
61.9% for the 2017 image. The polarization position angle weighted error drops to 20.0� and 21.6� for the 2016 and
2017 images, respectively. Even with minimal baseline coverage, MEM is able to reconstruct a reasonably accurate
image when compared to the true image viewed at the same resolution.

The 2016 image of an M87 jet model (Fig. 9, bottom panel) gave NRMSE values of 55.61% for Stokes I and 77.34%
for Stokes P , with a weighted angular error of 23.5�. In 2017, the NRMSE values were 36.71% for Stokes I and 54.40%
for P , with an angular error of 17.9�. When we instead compare the reconstructions to the model image smoothed to
the same resolution as the restoring beam, the I and P NRMSE values drop to 21.3% and 34.5% for the 2016 image
and 18.3% and 27.7% for the 2017 image, while the polarization position angle weighted error drops to 21.6� and 14.8�

for the 2016 and 2017 images, respectively.

6. CONCLUSION

As the EHT opens up new, extreme environments to direct VLBI imaging, a renewed exploration of VLBI imaging
strategies is necessary for extracting physical signatures from challenging datasets. In this paper, we have shown
the e↵ectiveness of imaging linear polarization from VLBI data using extensions of the Maximum Entropy Method.
We explored extensions of MEM using previously proposed polarimetric regularizers like PNN and adaptations of
regularizers new to VLBI imaging like total variation. We furthermore adapted standard MEM to operate on robust
bispectrum and polarimetric ratio measurements instead of calibrated visibilities. MEM imaging of polarization can
provide increased resolution over CLEAN (Fig. 5) and is more adapted to continuous distributions, as are expected
for the black hole accretion disks and jets targeted by the Event Horizon Telescope. Furthermore, MEM imaging
algorithms can naturally incorporate both physical constraints on flux and polarization fraction as well as constraints
from prior information or expected source structure. Extending our code to run on data from connected-element
interferometers like ALMA is a logical next step, but it will require new methods to e�ciently handle large amount
of data and image pixels across a wide field of view. Polarimetric MEM is also a promising tool for synthesis imaging
of a diversity of other astrophysical systems typically observed with connected element interferometers. For example,
the polarized dust emission from protostellar cores frequently exhibits a smooth morphology (Girart et al. 2006; Hull
et al. 2013), so MEM may be better-suited to study both the large-scale magnetic-field morphologies and their small
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Simultaneous multi-wavelength coverage during April 2017 
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