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First M87 Results: Where are we now?
 - Einstein’s GR has passed a new test at an extremely strong gravitational field

 - An AGN and associated jet are powered by a supermassive black hole

 - The strongest evidence for the presence of a supermassive black hole 

 - The M87 central black hole is most likely spinning

 - The stellar dynamical mass is correct (6.5 billion masses)

 - Day-to-day variations on horizon scale

Dawn of a New Era of Black Hole Astrophysics
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Testing General Relativity
M87 Mass: the mass uncertainty is large

~5 Rs

EHTC Paper+19 IV & VI

First M87 Results: Remained Issues
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First M87 Results: Remained Issues

Separate the photon ring emission from the surrounding accretion flow and jet
M87 Mass: the mass uncertainty is large

50 µas
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Testing General Relativity
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M87 Mass: the mass uncertainty is large
Testing General Relativity

50 µas
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EHTC+19 Paper IV

First M87 Results: Remained Issues

Separate the photon ring emission from the surrounding accretion flow and jet
Short time window (< a week): may significantly be affected by transient feature
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First M87 Results: Remained Issues
BH Magnetosphere, Accretion and Jet

Tracking evolving features in M87

EHTC+19 Paper I
50 µas
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First M87 Results: Remained Issues
BH Magnetosphere, Accretion and Jet

Black Hole Magnetosphere: Magnetic Flux (SANE / MAD)
Tracking evolving features in M87

EHTC+19 Paper I
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First M87 Results: Remained Issues
BH Magnetosphere, Accretion and Jet

Jet launching: how is the energy extracted from the black hole?
Black Hole Magnetosphere: Magnetic Flux (SANE / MAD)
Tracking evolving features in M87

VLBA+GBT 86 GHz 
(Hada et al. 2016)

DR>100

DR~10
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M87 Polarimetry: Coming Soon

Akiyama et al. 2017, Chael et al. 2016
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Sgr A*: Another Horizon-scale Target

GRAVITY Collaboration+2018

Best target for the GR test
- Mass & Distance are accurately measured 
     (GRAVITY Collaboration+2018) 
     
Current challenges
- Time variations: on minutes time scales
- Interstellar Scattering: much less dominant
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Weather forecast: Sgr A*

Model: Broderick & Loeb 2006, Imaging: Kotaro Moriyama

An illustrative full-closure imaging simulation with EHT 2017 array
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EHT2020s: EHT within 3 years from now

Doeleman et al. 2019, Astro2020 white paper

1 Introduction
It is generally accepted that accretion onto supermassive black holes powers active galactic
nuclei (AGN), producing luminosity that can outshine the combined starlight from entire
galaxies [36]. Relativistic jets produced by some of these central engines extend for tens of
thousands of light years, often well beyond the extent of the host galaxy [7]. The accretion
flows feeding these black holes are expected to become optically thin at millimeter
wavelengths [6], allowing emission in this waveband to serve as a probe of physical
processes, dynamics, and General Relativistic effects that hold near the event horizon.

High frequency very-long-baseline interferometry (VLBI) on Earth-sized baselines can
resolve the immediate vicinity of nearby supermassive black hole event horizons. The
detection of horizon-scale structure (defined here as the black hole photon orbit) in Sgr A*
[16], the ⇠ 4 ⇥ 106M� black hole at the Galactic Center [25, 26, 28], confirmed that
imaging a black hole was possible in principle. The Event Horizon Telescope (EHT) project
formed at the outset of the Astro2010 review [18] to implement a program of development
aimed at building a global 1.3 mm VLBI network to observe Sgr A* and M87, the much
larger ⇠ 3 � 6 ⇥ 109 M� black hole in the Virgo A galaxy [24, 45]. Over the ensuing decade,
continued observations of both Sgr A* and M87 [16, 20, 17, 1, 33, 37], have made more
detailed measurements of these sources through expansion to new VLBI sites and full
polarimetric observations. In April 2017, the EHT made first observations with a full array
capable of imaging (Figure 1), and data analysis is proceeding with the expectation that
results will be released this year.

Figure 1: A map of the EHT. Stations active in 2017 and 2018 are shown with connecting
lines and labeled in yellow, sites in commission are labeled in red, and legacy sites are labeled
in gray. Nearly-redundant baselines are overlaying each other, i.e. to ALMA/APEX and
SMA/JCMT.

For the purposes of this white paper, we will assume that such horizon-scale imaging is

2

2018: 
- Bandwidth: 32 Gbps -> 64 Gbps 
- New Station: 

GLT (under commissioning)

2020:
- New Stations: 

GLT (official) 
NOEMA & Kitt Peak (KP)

2023:
- New Station: Owens Valley (OVRO) 
- 345 GHz Capability

 2017: 230 GHz,       32 Gbps,  8 stations @  6 sites 
 2023: 230 & 345 GHz, 64 Gbps, 12 stations @ 10 sites
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EHT 2020s: Deeper, Shaper & Multi-frequency Images

Simulations: Andrew Chael, Imaging: Kazu Akiyama

230 GHz 
EHT2017+GLT

230+345 GHz 
EHT2017+GLT+KP+NOEMA+OVRO

Further new capabilities: Faraday Rotation Imaging 
Active developments of multi-frequency (Chael+) and multi-scale (Akiyama+) Imaging
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EHT 2020s: Tracking Evolving Features

Simulations: Charles Gammie, George Wong et al., Imaging: Michael Johnson

Regular monitoring observation capabilities on weekly scales
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EHT 2020s: Precision Black Hole Astrophysics

Viewing Geometry?
Mass ? Spin ? Accretion flow types?

M87 Sgr A*

https://www.youtube.com/watch?v=0ymmnHlnDVY

https://www.youtube.com/watch?v=0ymmnHlnDVY
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EHT 2020s: Precision Black Hole Astrophysics

Doodle or Fried Chicken

https://barkpost.com/humor/doodle-or-fried-chicken-twitter/

Are black hole images confusing for scientists and/or AI?

https://barkpost.com/humor/doodle-or-fried-chicken-twitter/
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EHT 2020s: Precision Black Hole Astrophysics

Van der Gucht et al. 2019

Current forecast: Horizon-scale images are much less confusing!
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next generation Event Horizon Telescope (2023 -)

Phase I: 2019-2023 (Array Design Phase + MIT Haystack as a new site) 
Phase II: 2023- (Constructions of several new telescopes)
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M87 ngEHT images: ~10 years from now

Blackburn et al. 2019; Doeleman et al. 2019 (Astro2020 Decadal Survey White Papers)
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ngEHT: far more details

Blackburn+

Astro2020 APC WP
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EHT beyond the Earth: Why do we need?
Ground limitations:

- Not so many sites capable of sub-mm VLBI observations 
- Snapshot coverages will be highly limited by Earth rotation 

Telescope Coverages

Angular resolution
- The maximum diameter = the Earth diameter 
- Frequency / wavelength: limited by atmosphere (up to ~350 GHz) 

Sub-Rs scale imaging of M87/Sgr A*, more horizon-scale targets

Limiting snapshot imaging of Sgr A* and multi-epoch observations
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EHT beyond the Earth: Designing towards late 2020

1st KISS Workshop, Sep 2019
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EHT beyond the Earth: Designing towards late 2020
- Astro 2020 Science and APC white papers 
  (Doeleman+, Haworth+, Pesce+)

- Active International Discussions 
Sep 2018: 1st International Space VLBI conference @ Netherland 
Sep 2019: 1st KISS Workshop @ USA (invitation only) 
Jan 2020: 2nd International  Space VLBI conference @ USA (Next week!) 
June 2020: 2nd KISS Workshop @ USA (invitation only)

1st KISS Workshop, Sep 2019
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EHT+LEO: Better Snapshot Imaging

Palumbo et al. 2019, ApJ
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EHT+MEO/GEO: (sub-)Rs-scale Imaging of M87 / Sgr A*

state in M87, i.e., the dark crescent appears in flaring states
with a relatively high mass accretion rate.

5.2. Practical Reconstruction Tests of Theoretical Images
Assuming Current and Future EHT Arrays

For a more precise discussion on the detectability of the dark
crescent in M87, we perform observational simulations using
theoretical BH shadow images. Synthetic observational data are
created with the eht-imaging library9 (Chael et al.
2016, 2018) and imaged with SMILI10 (Akiyama et al.
2017a, 2017b). We perform synthetic observations with the
following four array configurations11: (1) EHT 2017 array
consisting of seven stations at five geographic sites, ALMA and
APEX in Chile, LMT in Mexico, SMT at Mt. Graham in
Arizona, IRAM 30 m Telescope at Pico Veleta in Spain, SMA
and JCMT at Maunakea in Hawaii; (2) an extended ground-
based array (henceforth EHT 2020) expected for 2020s with
the following four additional stations, ARO 12 m Telescope at
Kitt Peak in Arizona, NOEMA at Plateau de Bure in France,
GLT in Greenland, and a single-dish telescope at Owens Valley
in California; (3) EHT 2020 array with a space station at the
middle Earth orbit (MEO); (4) EHT 2020 array with two space
stations at MEO and geosynchronous orbit (GEO). We use the
orbits of the Galileo-IOV PFM and TerreStar-1 satellites for
the stations on MEO and GEO orbits on 2019 January 1,
respectively. Figure 6 shows uv-coverages of simulated M87
observations at 230 GHz with the above four array configura-
tions. Synthetic data are generated for the full single track at the
bandwidth of 2 GHz. Images are reconstructed from synthetic
complex visibility data sets with ℓ1+TSV regularization of
sparse modeling (Kuramochi et al. 2018).

Figure 7 demonstrates the expected images in current and
future EHT observations. In panel (a), the reconstructed images
for the fiducial-mass model (M=6.2×109Me) at 230 GHz
(upper images) and 350 GHz (lower images) are presented. For
ground arrays, the signature of the dark crescent starts to appear
at 350 GHz with the EHT 2020 array. One can find that the
future EHT arrays with additional space stations will
significantly improve the angular resolution less than 2rg
(Figure 6), which is sufficient to detect the dark crescent very
clearly at 230 GHz and finer structures on scales of a few rg
(see also Fish et al. 2019 for similar space-VLBI simulations
with MEO/GEO satellites). Importantly, at 350 GHz, the dark-
crescent feature appears more clearly, because the opacity for
SSA decreases with photon frequency and the dark-crescent
region becomes larger (see also Figures 3 and 5).
In panel (b), we explore the detectability of the dark crescent

in a possible case with extremely high BH mass in M87
(M=9×109Me). We examine this extreme case because the
the diameter of the SSA-thick ISCO ring would explain the
expected diameter of shadow ∼40 μas in the early EHT
observations (Doeleman et al. 2012; Akiyama et al. 2015). We
calculate the BH shadow image of this extremely high mass
BH with a*=0.998 by setting the same parameter as the
fiducial-mass model, except the lower electron number density
ne

0=2×106 cm−3. At first, we can find that the diameter of
the SSA-thick ISCO ring is ∼40 μas in this case, because M/D
is larger than the fiducial-mass model. Interestingly, without
the space-VLBI arrays, the dark-crescent feature very faintly
but certainly appears at 350 GHz (the second left and the
middle columns in Figure 7(b)). The dark crescent very clearly
appears when we use the EHT with space VLBI both at 230
and 350 GHz.
Our synthetic observations suggest that, with the ground-

based arrays only existing with ground millimeter telescopes,
the detection of dark-crescent features would be challenging at
least at 230 GHz contrary to the expectation in Section 5.1. It is

Figure 6. uv-coverages of observational simulations at 230 GHz (see Section 5.2 for details about involved stations). (Left) uv-coverages of ground EHT stations.
Black lines are from baselines including stations at five geographic sites used in EHT 2017 observations, while blue lines are additional baselines involving three sites
expected to participate after the 2020 observations. The dashed line shows the fringe spacing for 10rg. (Right) uv-coverages of the EHT full array with additional space
stations at MEO (orange) and GEO (red) orbits. Blue and black lines are the same as in the left panel. The dashed line shows the fringe spacing for 2rg.

9 https://github.com/achael/eht-imaging
10 https://github.com/astrosmili/smili
11 Seehttps://eventhorizontelescope.org/array for the abbreviation of each
telescope.
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most likely due to their sparse baseline coverages, which make
it difficult that the signature of the faint dark crescent is
significantly detected in observed visibilities—equivalently, on
the image domain, the image cannot get sufficient dynamic
ranges and effective angular resolutions to detect the faint
feature. Recently, Doeleman et al. (2019) and Palumbo et al.
(2019) have presented potential extensions of the EHT to fill
uv-coverages within the Earth diameter by adding many new
ground stations with small dishes to the EHT and/or low-
Earth-orbit (LEO) space stations, which provide much denser
uv-coverage and consequently drastic improvements in the
dynamic range of images. The future addition of many new
ground telescopes and/or LEO space stations could allow the
detection of the dark-crescent feature only with a (nearly)
Earth-sized array.

We emphasize that the observation both at 230 and 350 GHz
is very important to explore the dark-crescent feature in BH
shadows. As we mentioned above, the width of the dark

crescent is larger at 350 GHz than at 230 GHz. On the other
hand, the observation of the photon ring would be better at
230 GHz, because the retrograde-orbit side of the photon ring
would clearly appear at 230 GHz rather than at 350 GHz in
some cases (e.g., see Figure 7(b)). It is, therefore, important to
measure the width of the dark crescent with the simultaneous
use of reconstruction images both at 230 and 350 GHz.

5.3. A Possible Contamination by the Jet or Blob Emission

In the case of M87, the jet emission might contaminate the
dark-crescent feature. However, according to previous works
on M87 BH shadow images (Broderick & Loeb 2009;
Mościbrodzka et al. 2016), the jet base emission placed at
the brighter side of the photon ring, i.e., at the opposite side of
the dark crescent. If this is the case for M87, then the jet
emission does not contaminate the dark-crescent feature. The
physical mechanism of plasma supply to the magnetic-funnel
jet region is highly uncertain (Levinson & Rieger 2011;

Figure 7. Reconstructions of the simulated images of (a) the fiducial-mass model M=6.2×109 Me and (b) the high-mass model M=9×109 Me for four array
configurations shown in Figure 6 (see Section 5.2 for details). Color scales are linear. The white ellipse in each panel shows the FWHM size of the uniform-weighted
synthesized beam. All images are not convoluted with the beam.

7
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(Kawashima, Kino & Akiyama 2019, ApJ)
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EHT+MEO/GEO: Horizon-scale Imaging of other SMBHs
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Sgr A*

M87

Cen A

3C273

OJ287

NGC 1052

IC 1459

M84

M81

IC 4296

NGC 4261

NGC 1399

M104

1010 M�

108 M�
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Figure 5: (Left panel) Typical 230 GHz flux density versus predicted black hole shadow
diameter for a number of current and potential future EHT targets; the size of each point
scales with the estimated SMBH mass. The primary science targets, Sgr A* and M87, are
plotted in green. Nominal resolutions for a variety of possible EHT array configurations are
indicated using vertical lines. (Right panel) Simulated image reconstruction of the M104
black hole shadow with satellites in MEO and GEO orbits [22]. The yellow line indicates
a typical ground-array resolution (⇠ 20 µas), while the white ellipse shows the resolution
of an array with MEO/GEO satelites. Improvement in angular resolution with space-borne
elements would resolve horizon-scale structures in nearby radio-loud LLAGN.

Adding satellites in medium or geosynchronous Earth orbits (MEO and GEO, respectively)
would significantly expand the range of sources that can be probed at horizon-scale
resolution [22]. As shown in Figure 5, the black hole shadow may be resolved in nearby
radio-loud sources such as the Sombrero Galaxy (M104, NGC4594), IC1459 and M84
(NGC4374), which would fill the significant gap between Sgr A* and M87. Horizon-scale
observations of these new sources will provide further unique clues to understand the
nature of the black hole accretion and jet genesis. For instance, it is unknown whether the
stark difference in jet power is due to differences in the black hole spin, the accretion rate,
or other properties of the accretion flow.

6 Summary
Over the coming year, the first EHT results will clarify the state of the art in black hole
imaging on horizon scales, bringing into focus the full science potential of this new field.
Expected enhancements to the EHT would enable time-resolved videos of black hole jet
launching and accretion, with potential significant expansion of black hole physics in Sgr
A*, M87 and other sources that require high angular resolution.

6

Dom Pesce

Doeleman et al. 2019, Astro2020 white paper

Ground Truth

Ground EHT resolution5 µas

with MEO/GEO Satellites

Figure 5: (Left panel) Typical 230 GHz flux density versus predicted black hole shadow
diameter for a number of current and potential future EHT targets; the size of each point
scales with the estimated SMBH mass. The primary science targets, Sgr A* and M87, are
plotted in green. Nominal resolutions for a variety of possible EHT array configurations are
indicated using vertical lines. (Right panel) Simulated image reconstruction of the M104
black hole shadow with satellites in MEO and GEO orbits [22]. The yellow line indicates
a typical ground-array resolution (⇠ 20 µas), while the white ellipse shows the resolution
of an array with MEO/GEO satelites. Improvement in angular resolution with space-borne
elements would resolve horizon-scale structures in nearby radio-loud LLAGN.

Adding satellites in medium or geosynchronous Earth orbits (MEO and GEO, respectively)
would significantly expand the range of sources that can be probed at horizon-scale
resolution [22]. As shown in Figure 5, the black hole shadow may be resolved in nearby
radio-loud sources such as the Sombrero Galaxy (M104, NGC4594), IC1459 and M84
(NGC4374), which would fill the significant gap between Sgr A* and M87. Horizon-scale
observations of these new sources will provide further unique clues to understand the
nature of the black hole accretion and jet genesis. For instance, it is unknown whether the
stark difference in jet power is due to differences in the black hole spin, the accretion rate,
or other properties of the accretion flow.

6 Summary
Over the coming year, the first EHT results will clarify the state of the art in black hole
imaging on horizon scales, bringing into focus the full science potential of this new field.
Expected enhancements to the EHT would enable time-resolved videos of black hole jet
launching and accretion, with potential significant expansion of black hole physics in Sgr
A*, M87 and other sources that require high angular resolution.

6

 Fish, Shea & Akiyama 2019

M104 (Sombrero Galaxy)
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Far more accurate shadow measurements?

Johnson et al. 2019

2 Michael D. Johnson et al.

Figure 1. Time-averaged image of a GRMHD simulation of M87
with parameters chosen to be consistent with the 2017 EHT data.
This model corresponds to the high magnetic flux “Magnetically
Arrested Disk” accretion state with parameters M = 6.2⇥109M�,
a/M = 0.94, ✓obs = 163�, rhigh = 10, and mass accretion rate
matching the 1.3mm flux density (see Paper V for details). The
spin axis points left when projected onto the image. The time av-
erage was performed over 100 snapshots produced from uniformly-
spaced GRMHD fluid samples over a time range of 1000M (approx-
imately 1 year). Though visually prominent, the thin, bright ring
contains only ⇠20% of the total image flux density.

its relation to the photon ring. We also present a de-
composition of the photon ring into subrings indexed by
half-orbit number and derive their self-similar structure,
which is universally governed by Lyapunov exponents
that characterize orbital instability. Next, in §3, we de-
rive generically expected interferometric signatures of the
photon ring. We show that its subrings produce a cas-
cade of damped oscillations on progressively longer base-
lines, with the visibility of each subring conveying precise
information about its diameter, width, and angular pro-
file. Finally, in §4, we discuss observational prospects for
detecting these signatures with extensions of the EHT.
In particular, we highlight the possibility of detecting the
leading n = 1 subring using a station in low Earth orbit,
the n = 2 subring using a station on the Moon, and the
n = 3 subring using a station in the Sun-Earth L2 orbit.

2. PHOTON SHELL AND PHOTON RING

This section describes the shell of unstable bound pho-
ton orbits surrounding a black hole, its lensed photon
ring image, the photon subrings labeled by half-orbit
number, and the angle-dependent Lyapunov exponents
that govern the subring brightness ratio asymmetry. Pre-
vious treatments of these structures include Bardeen
et al. (1972); Luminet (1979); Teo (2003); Gralla et al.
(2019). Observational aspects of these features follow in
§3 and §4.

Figure 2. Photon shell and photon ring of a Kerr black hole with
spin a/M = 0.94. Top: cross section of the photon shell in the (r, ✓)
plane in Boyer-Lindquist coordinates. The spin axis is vertical and
the color varies with r. The intersection of an observer’s line of
sight with the photon shell boundaries at r = r�± determines the
visible subregion of the photon shell. Bottom: photon ring on the
screen of an observer at varying inclinations ✓obs relative to the
(left-pointing) spin axis. The color coding on the ring denotes the
matching radius on the shell from which the photon emanated.
The photon shell r��  r  r�+ is only visible in its entirety to the
edge-on (✓obs = 90�) observer. The face-on (✓obs = 0�) observer
only receives photons from the white r = r�0 orbit. The ✓obs = 17�

observer sees the portion of the shell delineated by the dashed lines.

2.1. Photon Shell

The photon shell, illustrated in Figure 2, is the region
of a black hole spacetime containing bound null geodesics
or “bound orbits” that neither escape to infinity nor fall
across the event horizon. For Schwarzschild, the photon
shell is the two-dimensional sphere at r = 3M and any
✓,�, and t. For Kerr, this two-dimensional sphere fattens
to a three-dimensional spherical shell. It is best described
using Boyer-Lindquist coordinates, in which the metric
of a Kerr black hole of mass M and angular momentum
J = aM (with 0  a  M) is

ds2 = ��

⌃

�
dt� a sin2 ✓ d�

�2
+

⌃

�
dr2 (1a)

+⌃ d✓2 +
sin2 ✓

⌃

⇥�
r2 + a2

�
d�� a dt

⇤2
,

� = r2 � 2Mr + a2, ⌃ = r2 + a2 cos2 ✓. (1b)

These coordinates have the special property that all
bound orbits lie at some fixed value of r in the range

Hung-Yi Pu
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4 Michael D. Johnson et al.

The photon ring can be subdivided into subrings aris-
ing from photons that have completed n half-orbits be-
tween their source and the screen.11 In order to orbit at
least n/2 times around the black hole, the photon must
be aimed within an exponentially narrowing window

�⇢n
⇢c

⇡ e��n (12)

around the shadow edge. Hence, the subrings occupy
a sequence of exponentially nested intervals centered
around C� . Note that an interval of width �⇢m around
the shadow edge receives photons belonging to all of the
subrings with n � m.
Each subring consists of photons lensed towards the

observer screen after having been collected by the pho-
ton shell from anywhere in the universe. Hence, in an
idealized setting with no absorption, each subring con-
tains a separate, exponentially demagnified image of the
entire universe, with each subsequent subring capturing
the visible universe at an earlier time. Together, the set
of subrings are akin to the frames of a movie, capturing
the history of the visible universe as seen from the black
hole. In an astrophysical setting, these images are dom-
inated by the luminous matter around the black hole.
For a black hole surrounded by a uniform distribution
extending over the poles, the contributions made by each
subring to the total intensity profile cannot be told apart,
and the individual subrings cannot be distinguished on
the image. However, for a realistic disk or jet with emis-
sion peaked in a conical region, the subrings are visibly
distinct: the nth subring is approximately a smooth peak
of width e��n. Summing these smooth peaks, like layers
in a wedding cake (see Figure 3), reproduces the leading
logarithmic divergence (11) in the intensity.
The photons comprising successive subrings for the

same angle '⇢ traverse essentially the same orbits, and
hence encounter the same matter distribution around the
black hole. Apart from source variations on the timescale
of an orbit, intensities of the nth and (n + 1)th subring
di↵er only because they correspond to windows whose
widths �⇢n and �⇢n+1 di↵er by a factor of e�� . Hence,
for large enough n, the intensities are related by

In+1
ring (⇢c + �⇢,'⇢) ⇡ Inring(⇢c + e��⇢,'⇢). (13)

We therefore find the angle-dependent subring flux ratio

Fn+1
ring

Fn
ring

⇡ e�� . (14)

(13) and (14) are matter-independent predictions for the
photon ring structure that involve only general relativity.
The prediction holds only for “large enough” n: at small
n, there are non-universal matter-dependent e↵ects from
photons that do not traverse exactly the same region
around the black hole. Insight into when n is “large
enough” might be obtained from GRMHD simulations.
Since the exponent � depends on a, ✓obs and '⇢, the

flux ratio asymmetry in (14) provides a new method for

11 This definition for the photon ring agrees with that in Beck-
with & Done (2005), but di↵ers from the later usage in Johannsen
& Psaltis (2010) and Gralla et al. (2019) by the inclusion of the
n = 1 and 2 contributions. These low n contributions fully account
for the thin ring image visible in Figure 1.
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Figure 3. Top: Brightness cross sections for the time-averaged
GRMHD image shown in Figure 1. The blue/red curves show cross
sections perpendicular/parallel to the projected spin axis. Bottom:
Decomposition of the left perpendicular peak and the right parallel
peak into subrings indexed by the number n of photon half-orbits
executed between turning points (3) in the polar motion. Similar
results are also seen in image cross sections of simple, geometrical
models (Gralla et al. 2019).

determination of the spin. For Schwarzschild, � = ⇡ (Lu-
minet 1979), corresponding to a demagnification factor
of e�⇡ ⇡ 4%. For a black hole of maximal spin a/M = 1
viewed from an inclination ✓obs = 17�, the factor e�� is
as large as 13% on the part of the ring where the black
hole spins towards the observer. Although (12) breaks
down for n = 0, this suppression factor suggests that
the leading n = 1 subring should provide ⇠10% of the
total luminosity, in order-of-magnitude agreement with
GRMHD simulations.

3. INTERFEROMETRIC SIGNATURES OF A PHOTON
RING

This section explores the response of an interferome-
ter to the photon ring described in §2 through a series
of increasingly refined geometrical models. We first re-
view the interferometric signatures of an infinitesimally
thin, uniform, circular ring (§3.1). We then extend this
treatment to include rings with non-uniform brightness
(§3.2), non-zero thickness (§3.3), and non-circular struc-
ture (§3.4). We conclude this section by discussing spe-
cific features expected for the photon ring and its sub-
rings (§3.5). The prospects for experimental detection of
these features are addressed in §4.
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Figure 5. Top: Schematic showing visibility amplitude as a func-
tion of baseline length for a photon ring with d = 40µas and flux
density comparable to M87. The black, red, and blue visibilities
correspond to photons with half-orbit numbers n = 1, 2, and 3.
Bottom: Frequency-dependent range of Earth baselines and repre-
sentative Earth-space baselines. Earth-space baselines shown are
the longest baselines for an orbiter in Low Earth Orbit (LEO),
Medium Earth Orbit (MEO), geostationary orbit (GEO), on the
Moon, and at the second Sun-Earth Lagrange point (L2).

For comparison, a baseline from ALMA to a 4-meter
orbiter with 32GHz of averaged bandwidth and a 10-
minute integration would have thermal noise of �950 ⇡
3mJy at 950GHz and �690 ⇡ 1.3mJy at 690GHz. For
baselines from ALMA to a 10-meter orbiter, such as
the proposed Millimetron mission for L2 (Wild et al.
2009; Kardashev et al. 2014), the thermal noise would
be �950 ⇡ 1mJy and �690 ⇡ 0.5mJy. Another possi-
bility would be to place a VLBI station on the Moon,
which could sample many periods of the n = 2 regime of
M87 at current EHT observing frequencies. A 10-meter
dish on the Moon could achieve � ⇡ 0.1mJy on base-
lines to ALMA with integrations of 10 minutes and a
bandwidth of 32GHz. These sensitivities could be sig-
nificantly improved via simultaneous multi-frequency ob-
servations. In addition to having more sensitive receivers
and longer coherence times, lower frequencies give corre-
spondingly shorter baselines and, thus, increased inter-
ferometric power from the photon ring. Phase calibra-
tion with lower frequencies could then allow substantially
longer integration times at higher frequencies. See Ap-
pendix C for additional details and discussion.
Interferometric signatures of the photon ring are most

prominent when the image has little small-scale power
outside the ring, and when the ring has a smooth angu-
lar profile dominated by low mode-numbers m. Both of
these conditions are met in time-averaged images of black
hole accretion flows, such as Figure 1. Because visibili-
ties of a time-averaged image are equal to time-averaged
visibilities of a variable image, developing capabilities for
incoherent temporal averages or for long, coherent aver-
aging could significantly improve the prospects for un-
ambiguous detection and characterization of the photon
ring.
In summary, precise measurements of the size, shape,

thickness, and angular profile of the nth photon subring
of M87 and Sgr A⇤ may be feasible for n = 1 using a high-
frequency ground array or low Earth orbits, for n = 2
with a station on the Moon, and for n = 3 with a station
in L2.
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APPENDIX

A. PROPERTIES OF THE PHOTON SHELL

A.1. Geodesic Deviation From Bound Orbits

This section derives the Lyapunov exponent (8) that
governs the exponential geodesic deviation (7), using the
same conventions as Kapec & Lupsasca (2019). Figure 6
shows the Lyapunov exponent �('⇢) for selected values
of black hole spin and inclination.
A Kerr geodesic connecting (rs, ✓s) to (ro, ✓o) satisfies

 ro

rs

dr

±r

p
R(r)

=

 ✓o

✓s

d✓

±✓

p
⇥(✓)

, (A1)

where R(r) and ⇥(✓) are potentials for the radial and
polar motions, respectively, and the slash notation

�
in-

dicates that these integrals are to be evaluated along the
geodesic, with turning points in each motion occurring
whenever the corresponding potential vanishes.
Bound orbits occur at double roots of the radial po-

tential where R(r) = R0(r) = 0. For the bound orbit at
radius r� , the angular integral, evaluated over one half-
orbit, is the complete elliptic integral of the first kind

G✓(r
�) ⌘

ˆ ✓+

✓�

d✓p
⇥(✓)

=
2p

�u�a2!2
K

✓
u+

u�

◆
. (A2)

Consider a nearby photon on a nearly bound geodesic,
initially at a radius r = r� + �r0 infinitesimally close to
the bound orbit (0 < �r0 ⌧ 1). After n half-orbits, it
advances to the larger radius r = r� + �rn such that

nG✓(r
�) =

ˆ r�+�rn

r�+�r0

drp
R(r)

. (A3)
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Figure 1. Time-averaged image of a GRMHD simulation of M87
with parameters chosen to be consistent with the 2017 EHT data.
This model corresponds to the high magnetic flux “Magnetically
Arrested Disk” accretion state with parameters M = 6.2⇥109M�,
a/M = 0.94, ✓obs = 163�, rhigh = 10, and mass accretion rate
matching the 1.3mm flux density (see Paper V for details). The
spin axis points left when projected onto the image. The time av-
erage was performed over 100 snapshots produced from uniformly-
spaced GRMHD fluid samples over a time range of 1000M (approx-
imately 1 year). Though visually prominent, the thin, bright ring
contains only ⇠20% of the total image flux density.

its relation to the photon ring. We also present a de-
composition of the photon ring into subrings indexed by
half-orbit number and derive their self-similar structure,
which is universally governed by Lyapunov exponents
that characterize orbital instability. Next, in §3, we de-
rive generically expected interferometric signatures of the
photon ring. We show that its subrings produce a cas-
cade of damped oscillations on progressively longer base-
lines, with the visibility of each subring conveying precise
information about its diameter, width, and angular pro-
file. Finally, in §4, we discuss observational prospects for
detecting these signatures with extensions of the EHT.
In particular, we highlight the possibility of detecting the
leading n = 1 subring using a station in low Earth orbit,
the n = 2 subring using a station on the Moon, and the
n = 3 subring using a station in the Sun-Earth L2 orbit.

2. PHOTON SHELL AND PHOTON RING

This section describes the shell of unstable bound pho-
ton orbits surrounding a black hole, its lensed photon
ring image, the photon subrings labeled by half-orbit
number, and the angle-dependent Lyapunov exponents
that govern the subring brightness ratio asymmetry. Pre-
vious treatments of these structures include Bardeen
et al. (1972); Luminet (1979); Teo (2003); Gralla et al.
(2019). Observational aspects of these features follow in
§3 and §4.

Figure 2. Photon shell and photon ring of a Kerr black hole with
spin a/M = 0.94. Top: cross section of the photon shell in the (r, ✓)
plane in Boyer-Lindquist coordinates. The spin axis is vertical and
the color varies with r. The intersection of an observer’s line of
sight with the photon shell boundaries at r = r�± determines the
visible subregion of the photon shell. Bottom: photon ring on the
screen of an observer at varying inclinations ✓obs relative to the
(left-pointing) spin axis. The color coding on the ring denotes the
matching radius on the shell from which the photon emanated.
The photon shell r��  r  r�+ is only visible in its entirety to the
edge-on (✓obs = 90�) observer. The face-on (✓obs = 0�) observer
only receives photons from the white r = r�0 orbit. The ✓obs = 17�

observer sees the portion of the shell delineated by the dashed lines.

2.1. Photon Shell

The photon shell, illustrated in Figure 2, is the region
of a black hole spacetime containing bound null geodesics
or “bound orbits” that neither escape to infinity nor fall
across the event horizon. For Schwarzschild, the photon
shell is the two-dimensional sphere at r = 3M and any
✓,�, and t. For Kerr, this two-dimensional sphere fattens
to a three-dimensional spherical shell. It is best described
using Boyer-Lindquist coordinates, in which the metric
of a Kerr black hole of mass M and angular momentum
J = aM (with 0  a  M) is

ds2 = ��

⌃

�
dt� a sin2 ✓ d�

�2
+

⌃

�
dr2 (1a)

+⌃ d✓2 +
sin2 ✓

⌃

⇥�
r2 + a2

�
d�� a dt

⇤2
,

� = r2 � 2Mr + a2, ⌃ = r2 + a2 cos2 ✓. (1b)

These coordinates have the special property that all
bound orbits lie at some fixed value of r in the range

Far more accurate shadow measurements?
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Weather Forecast of the EHT era: Awesome!

- Sgr A* & M87 Polarimetry

- Four new stations until 2023: Higher dynamic range (few/several 100s)

mid-late 2020s: Expanding the Array to the ngEHT
Higher Dynamic Range (~1000s), Better sensitivity

- Doubled bandwidth (2018-): Higher sensitivity & Rotation Measure Imaging

- Higher angular resolution: 345 GHz (0.87 mm)

EHT in the next three years:

- Time domain: Monitoring Capability

late 2020s-2030s: Expanding the ngEHT to space:
Better snapshot, sub-Rs-scale imaging, more horizon-scale targets


