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The Shadow of the Black Hole

Black Holes cast shadows 
(Bardeen 1973; Falcke et al. 2000)  
with a radius that changes 
only by 4% with the spin  

(Johannsen & Psaltis 2010)

Maximumly spinning BH

~4.8 Rs
BH

(Courtesy of Hung-Yi Pu)

Non-spinning Black Hole

~5.2 RsBH
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Black Holes with the Largest Angular Sizes
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Source BH Mass
(Msolar)

Distance
(Mpc)

Angular 
radius of Rs

(μas)

Sgr A* 
 

Galactic 
Center

4 x 106 0.008 10

M87
Virgo A 3 - 6 x 109 17.8 3.6 - 7.3

M104  
 

Sombrero 
Galaxy

1 x 109 10 2

Cen A 5 x 107 4 0.25
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The best frequency to see black holes
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(Broderick et al. 2009)

τ~1 at several x 100 GHz

Optically Thin
(Too Faint)

Optically Thick
(Not Transparent)

Frequency (GHz)

Fl
ux

 (
Jy

)

(Adapted from Broderick et al. 2009, ApJ)
Moscibrodzka et al. 2014, A&A

M. Mościbrodzka et al.: Radiation from RIAF models

Fig. 3. Dependency on
( Tp

Te

)
disk

. Upper part: panels from top to bottom

display “infinite”-resolution images of models with
(( Tp

Te

)
disk
,Θe,jet

)
=

(5, 20), (15,20), and (25,20) at a viewing angle i = 90◦. Left, middle, and
right columns show the model appearance at λ = 13, 7 and 1.3 mm, re-
spectively. Colors code the radiation intensity on a linear scale. The field
of view of the left and middle panels is 200 × 200 GMBH/c2 (approxi-
mately 1×1mas), and the right panel’s field of view is 20×20 GMBH/c2.
Lower part: spectrum emitted by the various models. The normalization
is marked with a black point.

plasma might be described by a Gaussian or a crescent shape
and the image morphology is similar to images presented in
Noble et al. (2007), Broderick et al. (2009), Dexter et al. (2010),
Shcherbakov et al. (2012) and Kamruddin & Dexter (2013). In

models with
((Tp

Te

)
disk
,Θe,jet

)
= (25, 20) the black hole shadow

becomes more evident because the plasma emission is more ex-
tended. In this case the images are also more patchy, similar to
emission at λ = 7 and 13 mm. The models are not well repre-
sented by a Gaussian or a crescent.

Interestingly, in all models emission at energies higher than
NIR is produced primarily via first order inverse-Compton scat-
tering. We find that the scattering occurs mainly in the accre-
tion disk (due to its higher optical depth) within a radial range
r = 4 − 10GMBH/c2. Therefore, the spectrum at high ener-
gies strongly depends on the disk electron temperatures, i.e. on(Tp

Te

)
disk

. The X-ray to mm flux ratio increases by more than an

order of magnitude from models with
((Tp

Te

)
disk
,Θe,jet

)
= (5, 20)

to
(( Tp

Te

)
disk
,Θe,jet

)
= (25, 20). These conclusions could change

for models that incorporate a nonthermal component in the elec-
tron distribution function.

3.2. Jet temperature Θe,jet dependence

Figure 4 illustrates the dependency of the model emission
on the electron temperature in the jet. In Fig. 4 we show
images (at the same wavelengths as in Fig. 3) and spec-
tra of models with

(( Tp

Te

)
disk
,Θe,jet

)
= (20, 10), (20, 20)

and (20, 30). Here Ṁ changes by a factor of 2 for mod-
els

((Tp

Te

)
disk
,Θe,jet

)
= (20, 10) to

((Tp

Te

)
disk
,Θe,jet

)
= (20, 30)(

Ṁ = 7.2 × 10−8−3.6 × 10−8 M⊙ yr−1
)
. While the appearance of

the jet at 13 and 7 mm look similar, there is a dramatic change
in the model appearance at λ = 1.3 mm. For higher jet tem-
peratures the size of the emitting region decreases. This is be-
cause for higher jet temperatures the mass accretion need to be
lower (at a fixed 1.3 mm flux level) and for the fixed

(Tp

Te

)
disk

the
accretion flow becomes less opaque. Interestingly, the level of
NIR emission is sensitive to the jet temperature. Also, the spec-
tral slope in the X-ray band changes from Γ = −0.8 to Γ = −1.5
for models with Θe,jet = 10 to 30. The spectral slope change is
due to the change of the energy of the seed photons that undergo
IC scattering in the disk.

3.3. Inclination angle i dependence

In Fig. 5 (same as in Figs. 3 and 4) we show images and
spectra depending on i. The model shown in the figure has(( Tp

Te

)
disk
,Θe,jet

)
= (20, 20), i.e., it possesses a relatively bright

jet in comparison to the disk emission. Notice, that the Ṁ used
to normalize the model remains roughly constant for various i
(Ṁ = 4.6 × 10−8−4.1 × 10−8 M⊙ yr−1).

The emission at λ = 13 mm is predominantly produced by
the jet sheath that is much denser in comparison to the jet spine
plasma. As a consequence, the jet emission is edge-brightened
when viewed at closer to face-on inclination angles. The edge
brightening is due to a relativistic Doppler effect. At i = 30◦,
the effect is observed at both, λ = 7 and 13 mm. At all incli-
nation angles the size of the emission decreases towards shorter
wavelengths.

At λ = 1.3 mm, the emission comes from the immediate
vicinity of the black hole horizon. The images are complex but
they show a common feature: the black hole shadow is obvious at
any inclination angle. It is more pronounced compared to models
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and (20, 30). Here Ṁ changes by a factor of 2 for mod-
els

((Tp

Te

)
disk
,Θe,jet

)
= (20, 10) to

((Tp

Te

)
disk
,Θe,jet

)
= (20, 30)(
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 Event Horizon Telescope

5

Shiokawa+

50μas
EHT

Sgr A*

Moscibrodkza, Dexter+17

35μas
EHT

M87
1.3 mm (230 GHz)  

Full Polarization
~ 20 μas
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 ‘Early’ Event Horizon Telescope
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Mauna Kea

Green Land
(GLT)

Chile
(ASTE, APEX, ALMA)

Mexico
(LMT)

South Pole (SPT)

Pico Veleta (IRAM 30m)
Plateau de Bure(PdBI)

Mauna Kea
(SMA, JCMT, CSO)

Arizona
(SMT/ARO)

California
(CARMA)

4230 km

4030 km
908 km

California
Arizona

(SMA/JCMT)
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Early Sgr A* observations
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(Doeleman et al. 2008, Nature)

1. 1.3 mm emission is very compact (2007)
            The emission is offset from the black hole

Broderick & Loeb 2006
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Early Sgr A* observations
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1. 1.3 mm emission is very compact (2007)
            The emission is offset from the black hole
2. Variability occurs on small (ISCO) scales (2009)

Fish et al. 2011, ApJL
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Early Sgr A* observations
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1. 1.3 mm emission is very compact (2007)
            The emission is offset from the black hole
2. Variability occurs on small (ISCO) scales (2009)
3. Discovery of the non-Gaussian-shape in the structure (2013)
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Early Sgr A* observations
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1. 1.3 mm emission is very compact (2007)
            The emission is offset from the black hole
2. Variability occurs on small (ISCO) scales (2009)
3. Discovery of the non-Gaussian-shape in the structure (2013)
4. Discovery of the asymmetry in the structure (2007 - 2013)

Broderick et al. 2016, ApJ  
Fish et al. 2016, ApJ

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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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 0.5GST to
3.8GST, with a median near 1.8GST, 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.

14

The Astrophysical Journal, 820:137 (16pp), 2016 April 1 Broderick et al.
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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

»
<
>-

⎧⎨⎩uV V
u u

u u u u
1

,
150

0

0
1

0

¯ ( ) ( ) ( )

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

d � x
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p
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F » u
u u t2 ,

. 17u123 · · ( ) ( )

Between the characteristic scales of the quiescent image and
the scattering screen, x is roughly constant, giving

d
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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 0.5GST to
3.8GST, with a median near 1.8GST, 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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Figure10.LightcurvesofMBQat10◦usingsimulationtimestepsseparated
by∆t=2,8,20,and50M,where2MisthevalueusedforotherMBDand
MBQlightcurves,while∆t=4Mforthe50hand90hsimulations.

insystematicsuppressionofthetotalflux.Thisoccurswhen
magnetictimescalesaresignificantlyshorterthanthetimestep
betweensimulationdatadumps,causinginterpolationbetween

Table2
Best-fitModelParameters

NameSpin(M)Ṁ(10−9M⊙yr−1)iTi/Te

50h0.5020–4060◦1
90h0.905–850◦2
MBD0.924–1050◦3
MBQ0.945–850◦6

uncorrelatedmagneticfieldvectors.FortheMBDandMBQ
simulations,2–8Mtimeresolutionissufficient,asshownin
Figure10.However,wheninterpolatingmagneticfieldsbetween
timestepsinthe90hsimulation,thefluxissystematically∼10%
lowerwithatimespacingof4M.Ourradiativetransfercode
usestimestepsequaltoanintegermultipleofthesimulation
timestepsothattheseerrorscannotcausespuriousfeaturesin
thelightcurves.Regardless,weusedatafromthenearesttime
stepratherthaninterpolatingmagneticfieldswhenthetime
stepsaretoolarge.

4.3.Best-fitModels

Table2liststheparametersforbest-fitmodelsfromtheviable
simulations(excluding0h),asdeterminedbythejointspectral
indexandVLBIfits.Imagesandvisibilitiesfromthesemodels
at1.3mmand0.87mmareshowninFigure11,atthetimeof

Figure11.Imagesandvisibilityamplitudesat1.3mm(firsttworows)and0.87mm(bottomtworows)forthebest-fitmodels.Thefirstandthirdrowsareimages,
whilethesecondandfourtharethecorrespondingvisibilityamplitudes.Allarerotatedtotheirbest-fitpositions.Theuv-planelocationsofthebaselinesusedin
Doelemanetal.(2008)areoverplottedonthevisibilities.Thepanelsizeis150µas,and12Gλforthevisibilities.Thecolumnsarelabeledbysimulation,andeach
panelisscaledtoitsmaximumvalue.At1.3mm,themaximumsarealways≃2.4Jy.However,thetotalfluxcanvarybetweensimulationsat0.87mm.Sincethe
imagesandvisibilitiesformaFouriertransformpair,ingeneralalargerimagecorrespondstoasmallervisibilityandviceversa.
(Acolorversionofthisfigureisavailableintheonlinejournal.)
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Figure 11. Predicted EHT images at λ = 1.3 mm, for the five best-fit models
shown with white circles in Figure 8. The left column shows the results of
the direct ray-tracing simulations, while the right column shows the scatter-
broadened images. In the disk-dominated SANE simulations, the images have
the characteristic crescent shape of a Doppler boosted accretion flow and a clear
imprint of the black-hole shadow. In the jet-dominated MAD simulations, the
image is formed primarily by the emission in the jet footprints but the shadow
is still visible.

Future imaging observations from the completed EHT is
expected to more easily distinguish disk-dominated from all
funnel-dominated models. In Figure 11, we show the predicted
1.3 mm images for Sgr A∗ for the GRMHD simulations and
plasma model parameters that are consistent with all current

spectra and imaging observations. With the completed EHT, it
will be straightforward to distinguish between the first two pairs
of images from the remaining three pairs of images shown,
i.e., the disk-dominated from the funnel models, respectively.
However, distinguishing among the various disk-dominated
models and measuring the parameters of the black hole and of
the plasma, will require additional information from the EHT,
including the polarization and scale-dependent variability. We
will explore these aspects of our models in future work.
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of the coordinate transformation used in the HARM simulations.
We also thank Eliot Quataert and Jason Dexter for numerous
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Mościbrodzka, M., Gammie, C. F., Dolence, J. C., Shiokawa, H., & Leung, P. K.

2009, ApJ, 706, 497
Narayan, R., Mahadevan, R., Grindlay, J. E., Popham, R. G., & Gammie, C.

1998, ApJ, 492, 554
Narayan, R., Sa̧dowski, A., Penna, R. F., & Kulkarni, A. K. 2012, MNRAS,

426, 3241
Narayan, R., & Yi, I. 1994, ApJL, 428, L13
Narayan, R., & Yi, I. 1995, ApJ, 452, 710
Narayan, R., Yi, I., & Mahadevan, R. 1995, Natur, 374, 623
Neilsen, J., Nowak, M. A., Gammie, C., et al. 2013, ApJ, 774, 42
Novikov, I. D., & Thorne, K. S. 1973, in Black Holes (Les Astres Occlus), ed.

C. Dewitt & B. S. Dewitt (Paris: Gordon and Breach), 343
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Figure 11. Predicted EHT images at λ = 1.3 mm, for the five best-fit models
shown with white circles in Figure 8. The left column shows the results of
the direct ray-tracing simulations, while the right column shows the scatter-
broadened images. In the disk-dominated SANE simulations, the images have
the characteristic crescent shape of a Doppler boosted accretion flow and a clear
imprint of the black-hole shadow. In the jet-dominated MAD simulations, the
image is formed primarily by the emission in the jet footprints but the shadow
is still visible.

Future imaging observations from the completed EHT is
expected to more easily distinguish disk-dominated from all
funnel-dominated models. In Figure 11, we show the predicted
1.3 mm images for Sgr A∗ for the GRMHD simulations and
plasma model parameters that are consistent with all current

spectra and imaging observations. With the completed EHT, it
will be straightforward to distinguish between the first two pairs
of images from the remaining three pairs of images shown,
i.e., the disk-dominated from the funnel models, respectively.
However, distinguishing among the various disk-dominated
models and measuring the parameters of the black hole and of
the plasma, will require additional information from the EHT,
including the polarization and scale-dependent variability. We
will explore these aspects of our models in future work.
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1. 1.3 mm emission is very compact (2007)
            The emission is offset from the black hole
2. Variability occurs on small (ISCO) scales (2009)
3. Discovery of the non-Gaussianity in the structure (2013)
4. Discovery of the asymmetry in the structure (2007 - 2013)
5. Analytic RIAF models/GRMHD models disfavor face-on disk
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1. 1.3 mm emission is very compact (2009)

(Doeleman et al. 2012, Science)

5.5 Rs
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1. 1.3 mm emission is very compact (2009)
    Consistent with the parabolic collimation profile of the jet

Asada & Nakamura 2012
Doeleman et al. 2012  
Nakamura & Asada 2013
Hada et al. 2013, 2016  
Asada et al. 2016
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1. 1.3 mm emission is very compact (2009)
    Consistent with the parabolic collimation profile of the jet
    The jet base is magnetically dominated

Kino et al. 2015, ApJ
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1. 1.3 mm emission is very compact (2009)
    Consistent with the parabolic collimation profile of the jet
    The jet base is magnetically dominated

2.   Event Horizon Scale structure is stable  
       during an enhanced TeV gamma-ray state (2012)

TeV emission region ~ 20 - 60 Rs

Akiyama et al. 2015, ApJ

2009 & 2012
Data

43 GHz

22 GHz

TeV γ-ray
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Rs-scale Polarization of Sgr A*
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Johnson et al. 2015, Science



Kazu Akiyama, East-Asia AGN Workshop 2017, Kagoshima University, Japan, 2017/12/04

Ordered Fields at the Event Horizon
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Ordered Fields Near the Horizon

Johnson et al. 2015, Science

More Compact Larger Scale
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EHT Collaboration
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2016

2014

2012
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Event Horizon Telescope 2017/2018
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Greenland
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14 Chael et al.

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

Maximum Entropy Method (MEM)
Chael et al. 2016, Fish et al. 2014,  

Lu et al. 2014, 2016
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- All techniques can reconstruct images from closure quantities 
(closure phase, closure amplitude, …, )

- All techniques outperform CLEAN even when using closure phases 
particularly in super-resolution regimes
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(Scattering Optics: Johnson 2016, ApJ)

(Dynamical Imaging: Johnson et al. 2017, ApJ, Bouman et al. 2017, submitted)
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 1.3mm VLBI confirms ~few Rsch sizes for SgrA* & M87

 Imaging an Event Horizon and observing BH orbits are within reach in < 2 years.

 Event Horizon Telescope has been fully on-line since 2017.

Conclusion

Team and Support

EHT Postdoc Fellow position  
at MIT Haystack Observatory 

(To be posted in MIT/AAS websites tonight)
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Another issue for Sgr A*: Scattering

Johnson & Narayan 2016
Johnson & Gwinn 2015Doeleman et al. 2008, Nature
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1. 1.3 mm emission is very compact (2009)
    Consistent with the parabolic collimation profile of the jet
    The jet base is magnetically dominated

2.   Event Horizon Scale structure is stable  
       during an enhanced TeV gamma-ray state (2012)
3.   Closure Phase is consistent with zero (2012)
       Consistent with the compact emission models

Akiyama et al. 2015, ApJ


