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ABSTRACT
Accreting black holes tend to display a characteristic dark central region called the black hole shadow, which depends only on
space–time/observer geometry and which conveys information about the black hole’s mass and spin. Conversely, the observed
central brightness depression, or image shadow, additionally depends on the morphology of the emission region. In this paper,
we investigate the astrophysical requirements for observing a meaningful black hole shadow in GRMHD-based models of
accreting black holes. In particular, we identify two processes by which the image shadow can differ from the black hole shadow:
evacuation of the innermost region of the accretion flow, which can render the image shadow larger than the black hole shadow,
and obscuration of the black hole shadow by optically thick regions of the accretion flow, which can render the image shadow
smaller than the black hole shadow, or eliminate it altogether. We investigate in which models the image shadows of our models
match their corresponding black hole shadows, and in which models the two deviate from each other. We find that, given a
compact and optically thin emission region, our models allow for measurement of the black hole shadow size to an accuracy
of 5 per cent. We show that these conditions are generally met for all MAD simulations we considered, as well as some of the
SANE simulations.
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1 IN T RO D U C T I O N

The Event Horizon Telescope (EHT) is an international network of
telescopes that is capable of resolving the accretion flows (jets and
discs) around the central supermassive black holes of certain low-
luminosity active galactic nuclei (LLAGN; Event Horizon Telescope
Collaboration 2019a). Primary EHT targets are the LLAGN hosted by
the galaxies M87 and the Milky Way, named M87∗ and Sagittarius A∗

(Sgr A∗), respectively. Such sources are thought to contain advection-
dominated accretion flows (ADAF’s) that produce astrophysical jets
(Yuan, Markoff & Falcke 2002; Yuan & Narayan 2014). M87∗

has been shown to display a central brightness depression (CBD),
which theoretical calculations had predicted to be a key feature of
accreting (or back-lit) black holes (see e.g. Luminet 1979; Falcke,
Melia & Agol 2000; Noble et al. 2007). Falcke et al. (2000) showed
that, given an optically thin, spherical accretion flow, the observed
shape of the CBD – which we shall call the image shadow (IS)
– conforms to the projection of the unstable-photon region, which
those authors called the black hole shadow (BHS). The shape of
the BHS depends only on the mass and spin of the black hole
(Broderick 2006; Johannsen & Psaltis 2010; Younsi et al. 2016),
and therefore, according to the no-hair theorem, it characterizes
an electrically neutral black hole completely (Heusler 1996). In
practice, measuring the BHS to the required precision for determining

� E-mail: t.bronzwaer@astro.ru.nl

the black hole spin is extremely technically challenging, due to
the intrinsic spatio-temporal variability of the source (Johannsen
& Psaltis 2010; Broderick et al. 2014). The mass, however, which
is directly proportional to the radius of the BHS, is a more robust
observable. The mass of an LLAGN such as Sgr A∗ may also be
experimentally determined from the orbital elements of stars in its
immediate environment, such as the star S2 (Boehle et al. 2016),
and from infrared interferometry experiments by the GRAVITY
collaboration (Gravity Collaboration 2020). In this way, combined
measurements enable a strong-field test of whether the observed
objects are black holes as described by Einstein’s general theory of
relativity (GR) as opposed to other objects described by an alternative
theory (see e.g. Broderick et al. 2014; Psaltis et al. 2015b; Vincent
et al. 2016; Hertog & Hartle 2017; Mizuno et al. 2018; Olivares et al.
2018; Hertog, Lemmens & Vercnocke 2019).

Unlike the BHS, the IS of an accreting black hole is determined
both by the strongly curved space–time in the vicinity of the black
hole (parametrized by the black hole’s mass and spin) and by the
properties of the radiating plasma, such as the geometrical shape of
the accretion disc and the radiating electrons’ energy-distribution
function (see e.g. Broderick & Loeb 2006; Noble et al. 2007;
Mościbrodzka et al. 2009). Although it has been demonstrated
that, except in the case of an optically thick accretion disc that
obscures the black hole, one expects to observe a significant CBD
in GRMHD models of accreting black holes (Mościbrodzka et al.
2014; Chan et al. 2015), it is still true that the IS does not always
match the BHS. Gralla, Holz & Wald (2019) showed that certain

C© 2020 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/4/4722/5960176 by W
estern U

niversity user on 26 M
ay 2021

http://orcid.org/0000-0003-1151-3971
http://orcid.org/0000-0002-4661-6332
http://orcid.org/0000-0001-6833-7580
mailto:t.bronzwaer@astro.ru.nl


Visibility of black hole shadows in LLAGN 4723

analytical models may produce circular IS’s that do not match their
associated BHS’s. Such mismatches may also occur in physically
motivated models. For example, some GRMHD-based models of
accreting black holes show a clear evacuated region that scales with
the ISCO (see Appendix B), as matter in this region will rapidly
plunge into the black hole (Bardeen, Press & Teukolsky 1972).
Thus, we expect to see little to no radiating matter within this
region, which is wider than the horizon itself, potentially causing
the IS to be dominated by the size of the evacuated region in the
accretion flow. The IS will then appear to be larger than the BHS.
Conversely, in the case of an optically thick accretion flow, the BHS
may be completely obscured, eliminating the IS entirely. Vincent
et al. (2020) develop an analytical model to represent the accretion
flow around M87∗, and show that the observed image features
are, in general, highly dependent on the geometry of the accretion
flow. Such considerations reflect the fact that an experiment is only
meaningful to the extent that one understands the setup (meaning the
astrophysical circumstances) of the experiment. A crucial question
is just how sensitive the conclusions of the experiment are to one’s
knowledge of the astrophysical circumstances of the accretion flow,
such as its optical depth at a given frequency and line of sight. For
these reasons, the totality of astrophysical observations of a source
must be considered for an astrophysical test of GR.

The question of when the IS and the BHS (mis)match generally is
rendered more difficult by the vast diversity of accretion-flow geome-
tries encountered. Narayan, Johnson & Gammie (2019) showed that,
in the case of an optically thin, spherically symmetric accretion flow,
the IS always matches the BHS, independently of the inner boundary
of the radiating region. In this work, we look at physically motivated
models of LLAGN (which are not spherical), by constructing a
library of GRMHD simulations and radiative models. The GRMHD
simulations are of both the magnetically arrested disc (MAD;
Bisnovatyi-Kogan & Ruzmaikin 1974; Narayan, Igumenshchev &
Abramowicz 2003; Tchekhovskoy, Narayan & McKinney 2011) and
the standard and normal evolution (SANE) types (Narayan et al.
2012). In the former type of simulation, strong magnetic fields arrest
the accretion process close to the black hole. In SANE simulations,
on the other hand, no magnetic ‘pile-up’ occurs, causing a radical
change in the observed source morphology. Whether an accretion
flow is MAD or SANE depends on the initial conditions of the
magnetic field and the size of the accretion disc (see e.g. Ripperda,
Bacchini & Philippov 2020). The radiative models considered in
this work consist of a single-electron-temperature, disc-dominated
model (Mościbrodzka et al. 2009), and a two-electron-temperature,
jet-dominated model (Mościbrodzka et al. 2014; Davelaar et al.
2018). We also vary the black hole spin of our models, to determine
whether it has a substantial effect on our considerations; as higher
prograde spins imply a smaller event horizon and innermost stable
circular orbit (ISCO), the orbital velocity (and thus the effects of
relativistic boosting) will be enhanced in those cases. In order to
understand the relationship between the BHS and the IS for these
models, we plot maps of the specific intensity at 230 GHz of
all models, for a range of observer circumstances. This observing
frequency is appropriate because we set the black hole mass, as
well as our distance to the source, to be those of Sgr A∗, but this
is done only to provide a baseline LLAGN model that is optically
thin at that frequency; our aim is explicitly not to fit our models
to Sgr A∗ itself. Instead, we wish to explore a physically plausible
range of LLAGN models. For these models, we investigate how
clear a BHS they show, and measure the source size and position
angle. We discuss the findings of Gralla et al. (2019) and Narayan
et al. (2019), and explain the ways in which the IS can deviate

from the BHS in the case of general (non-spherical) accretion
flows.

In Section 2, we examine the BHS and the IS in detail, and
discuss how they may differ. The construction of our GRMHD-
based radiative models is covered in Section 3. Section 4 presents
the resulting simulated data. Finally, our results are discussed in
Section 5.

2 B L AC K - H O L E SH A D OW V E R S U S IM AG E
S H A D OW

The BHS (Falcke et al. 2000) is an optical effect – a darkening of a
certain region on the sky – that occurs for any black hole, but may not
always be observable. The BHS’s shape matches that of the projection
of the black hole’s unstable-photon region on the sky, and its shape is
generally (except for cases where the observer’s line of sight is nearly
aligned with the black hole spin axis) informative about the black
hole’s properties, specifically its mass and spin (Younsi et al. 2016).
Since the BHS depends only on the shape of null geodesics, which are
independent of radiation frequency, the BHS is achromatic, as long
as the radiation wavelength is much smaller than the Schwarzschild
radius, and the regime of geometrical optics applies – an assumption
that is made throughout this paper.

When observing an accreting black hole, whether simulated or
physical, the actually observed IS may or may not align closely
with the BHS, because the IS is affected not only by the space–
time/observer geometry, but also by the observing frequency (the
IS is therefore not achromatic, unlike the BHS) and by properties
of the accretion flow (Mościbrodzka et al. 2014). The size of the
IS is a key observable of the EHT, and it has been investigated,
for various accretion scenarios, using a combination of numerical
simulations of the black hole accretion flow and general-relativistic
ray tracing (GRRT) algorithms (see e.g. Luminet 1979; Falcke et al.
2000; Noble et al. 2007; Dexter & Agol 2009, Chan, Psaltis & Özel
2013; Mościbrodzka & Gammie 2018; Bronzwaer et al. 2018). This
is necessary because the shape and size of both the BHS and the IS
are a function of many variables, including the black hole spin and
the observer inclination. Expressing all lengths in terms of the black
hole’s gravitational radius, Rg = GM/c2, we note that the physical
radius of the unstable-photon orbit region in the equatorial plane
shrinks from 3Rg to 1Rg as the black hole spin a goes from 0 to 1
(Bardeen et al. 1972). Similarly, the ISCO of a black hole shrinks
from 6 Rg in the Schwarzschild case to 1 Rg for an extreme-Kerr black
hole (Bardeen et al. 1972). A consequence of these effects is that the
inner region of the accretion disc will have a much higher orbital
velocity compared to the low-spin case. Relativistic boosting, which
causes the side of the accretion flow that approaches the observer
to appear significantly brighter than the side that recedes from the
observer, is strongly enhanced by this effect. Relativistic boosting
is also a strong function of the observer inclination, as it becomes
negligible for low inclination angles, where the observer’s line of
sight is nearly perpendicular to the flow velocity. Thus, while the
apparent size of the BHS barely changes with respect to the spin
and observer inclination, the same may not be true for the observed
geometry of an accretion flow.

Given the uncertainties just mentioned, we investigate the relation
between the BHS and the IS for the case of non-spherical accretion
models of LLAGN. We identify two key processes that may cause
the two to diverge:

(i) Time-like orbits within the black hole’s ISCO are unstable,
causing matter in this region to quickly plunge into the black hole.
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Table 1. Key model parameters of our four model classes. All models
are computed for five black hole spin values and four observer-inclination
values.

Rhigh Rlow N1 N2 N3

SANE jet 25 1 512 192 192
SANE disc 1 1 512 192 192
MAD jet 25 1 384 192 192
MAD disc 1 1 384 192 192

This produces an evacuated region of reduced density in our SANE
GRMHD models (see Appendix B), which appears dark compared
to the high-density regions, and can cause the IS to be larger than
the BHS. The extent of the evacuated region, and thus the properties
of the IS, depend strongly on the black hole spin; at high spins,
the evacuated region shrinks down to nearly the size of the photon
ring (Bardeen et al. 1972), so that the two will visually align (see
Section 4), while at minimal (retrograde) spins, the discrepancy
reaches its maximum.

(ii) Besides the optical appearance of the evacuated region, GRRT
calculations have shown that the shape of the IS can also be affected
through obscuration by the accretion disc and/or jet (Noble et al.
2007; Mościbrodzka et al. 2009; Dexter et al. 2010). The extent of
the obscuration may range from minor to total, if the accretion disc
is optically thick, and in such cases, the IS offers no clear way to
determine the mass and spin of the black hole.

In case of severe or total obscuration of the BHS by the plasma, no
shadow is visible at all. However, in that case, no ring-like structure
is observed, either, and thus the question of whether the observation
of a ring-like feature entails the observation of a BHS (Gralla et al.
2019) does not arise in such cases. The most interesting cases to our
investigation are therefore those of partial or moderate obscuration
of the BHS by the plasma.

In order to compare the BHS and IS of our LLAGN models, we
employ an analytical method of describing the BHS (Younsi et al.
2016), which is used to create the dashed lines indicating the BHS
in the GRMHD-based images of AGN shown in this paper (see
Section 4.1). The relationship between BHS and IS is examined in
more detail, and compared to the EHT’s error bars for measuring
the BHS in its 2017 campaign, in Section 4.2 (see Event Horizon
Telescope Collaboration 2019c for a more in-depth discussion of the
EHT’s treatment of the BHS).

3 SIMULATION SETUP

Simulated black hole observations are produced in two steps: in the
first step, a GRMHD simulation is employed to construct a numerical
facsimile of the accreting plasma. In the second step, radiative-
transfer calculations are performed to determine the appearance of
the radiating plasma to a distant observer. In this section, we discuss
the specifics of our GRMHD simulations and radiative models. The
settings used for our simulations are recapitulated in Table 1.

3.1 GRMHD simulations

We use the 3D-GRMHD simulations made for the EHT (Event
Horizon Telescope Collaboration 2019b) using the GRMHD code
BHAC (Porth et al. 2017; Olivares et al. 2019). These simulations
were performed for five values for the black hole spin: a ∈ [−0.9375,
−0.5, 0, 0.5, and 0.9375]. The initial conditions are those of a
Fishbone–Moncrief torus (Fishbone & Moncrief 1976), which is a

torus in hydrodynamic equilibrium. Both SANE and MAD versions
were made of these simulations. For a 3D-GRMHD simulation, one
must specify a numerical grid of three spatial dimensions (r, θ , and
φ, respectively) in BHAC; these runs were performed in spherical
modified-Kerr–Schild (MKS) coordinates (Gammie, McKinney &
Tóth 2003). The spatial extent of the GRMHD simulations ranges
from the horizon (whose location is different for each black hole
spin) to an outer radius of 3300 M for the SANE runs and 2500 M
for the MAD runs. The spatial resolution was set to Nr = 512, Nθ =
192, Nφ = 192 for the SANE models, and Nr = 384, Nθ = 192,
Nφ = 192 for the MAD models. A lower resolution in the r direction
was chosen for the MAD simulations for reasons of computational
efficiency; due to the smaller outer radius of the MAD simulations,
the spatial resolution is similar in both cases. Geometrized units are
used in BHAC, so that G = c = 1, so that Rg = M, and M = 1. Time
is measured in units of Rg/c, which is equivalent to M; snapshots
of the instantaneous state of the plasma were created with temporal
intervals of 10 M. In each case, 200 GRMHD snapshots were selected
from a range of the simulation in which the accretion rate is relatively
stable (preceded by an unstable phase in which accretion starts and
grows), which occurs around t > 8000 M for the SANE models and
t > 10000 M for the MAD models. Thus, the range of simulation
time in which we perform our GRRT calculations is 2000 M. For
Sgr A∗, this corresponds to approximately 11 h, which is of the same
order as an EHT observing run. Note that, in all models, the black
hole spin axis is aligned with the rotation axis of the accretion flow;
for a study of the effects of misalignment of the two, see Chatterjee
et al. (2020) and White et al. (2020). For more details regarding
the construction of the 3D-GRMHD simulations, please refer to
Porth et al. (2017, 2019), Olivares et al. (2019), and Event Horizon
Telescope Collaboration (2019b).

3.2 Radiative models

We use the radiative-transfer code RAPTOR (Bronzwaer et al. 2018),
which sets up a grid of virtual light rays (one ray per pixel in
the observer’s screen, thus forming a virtual camera), and then
solves the equation of motion for the field of rays, whilst simul-
taneously solving the radiative-transfer equation along the resulting
ray paths.

The dominant emission mechanism of our model is thermal syn-
chrotron emission and self-absorption (see Leung, Gammie & Noble
(2011) for the associated emission and absorption coefficients).
These quantities are computed based on the local state of the plasma.
Our set of models will be based on Sgr A∗; we use the black hole mass
estimate M � 4 × 106 M� and the distance estimate dobs � 8 kpc
from Boehle et al. (2016). We reiterate that it is not our intent to find
a model that fits Sgr A∗’s observational data, but rather to explore a
physically plausible range of LLAGN models, in order to examine
under which circumstances the IS matches the BHS. For this reason,
we explore the effects on the LLAGN’s appearance of applying
different flux scalings for some models. Most of the resulting images
are incompatible with observations of Sgr A∗. Our findings pertain
to any LLAGN with an ADAF, as long as it is observed at the right
frequency. For an overview of the emission models on which ours
are based, see e.g. Mościbrodzka et al. (2009, 2014), Mościbrodzka
& Falcke (2013), Mościbrodzka, Falcke & Shiokawa (2016), and
Davelaar et al. (2018, 2019).

It is not yet known whether Sgr A∗ exhibits a clearly visible jet
(see e.g. Falcke, Mannheim & Biermann 1993; Falcke & Markoff
2013; Issaoun et al. 2019). The most influential emission model for
our work is Mościbrodzka et al. (2016), which introduced both jet-
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Visibility of black hole shadows in LLAGN 4725

Figure 1. An instantaneous image of the accretion disc, using data from a single GRMHD slice of the SANE disc simulation (left-hand panel), and a time-
averaged image over a range of 2000 M (approximately 12 h), using 200 GRMHD slices from the SANE disc simulation (right-hand panel). In both panels,
the predicted location of the BHS is indicated with a dashed line. The values for the impact parameters along the x- and y-axes are expressed in terms of Rg.
Both panels are of the SANE disc 3D-GRMHD simulation, for which a = 0.9375 and i = 90◦. The flux is calibrated to 2.5 Jy. Note that, since the flow moves
in the azimuthal direction, time-averaging has the effect of ’smearing out’ any heterogeneous features in the azimuthal direction, causing the accretion disc to
resemble a 2D-GRMHD model.

dominated and disc-dominated scenarios for accreting black holes.
The two classes of models emerge by coupling the temperature ratio
of the protons and the electrons to the plasma-beta parameter, β =
Pgas

Pmag
, which is the ratio of gas pressure to magnetic field pressure.

The coupling is done as follows:

Tp

Te
= 1

1 + β2
+ Rhigh

β2

1 + β2
, (1)

where Tp is the proton temperature, Te the electron temperature,
while Rhigh is a free parameter. When β � 1, the temperature ratio
is set to unity, while for β 	 1 the temperature ratio is set by Rhigh.
In the case of the disc-dominated radiative model, Rhigh = 1; in the
case of the jet-dominated model, Rhigh = 25 (reproducing the model
shown in Davelaar et al. 2018), which causes the electron temperature
(and thus the emitted radiation) to be suppressed in the disc regions,
emphasizing the jet region more.

An important assumption made in our model is that we include
only thermal electron populations. For sources such as Sgr A∗,
emission from electrons with a non-thermal energy-distribution
function is thought to be important to explain the observed time
variability and the high-frequency emission (Ball et al. 2016; Mao,
Dexter & Quataert 2017; Davelaar et al. 2018; Gravity Collaboration
et al. 2018; Dexter et al. 2020; Petersen & Gammie 2020; Porth
et al. 2020; Ripperda, Bacchini & Philippov 2020). However, at
230 GHz, time-averaged images of this model will look similar to
the thermal case when adding non-thermal electrons (Davelaar et al.
2018), although it is shown in that work that high-spin models of
M87 do become more optically thin because of this addition. Thus,
we focus on this frequency only, and explore a wide range of spins
and models.

3.3 Time-averaging and flux calibration

RAPTOR is used to produce images of GRMHD snapshots. One
snapshot is used for each image, which is equivalent to using the fast-
light approximation, in which the speed of light is effectively treated
as being infinite, and the plasma does not evolve while the light
propagates through it. For a demonstration that this approximation
is appropriate in this case, see Bronzwaer et al. (2018). In order
to simulate the effects of prolonged observations (which typically
last hours in the case of EHT), 200 subsequent images are added
together, meaning that we average over a temporal range of 2000 M
(see Section 3.1), or about 12 h (comparable with one day of EHT
observations). Fig. 1 shows the effects of time-averaging on intensity
maps of our SANE disc model with i = 90◦ and a = 0.9375. For a
more in-depth look at the effects of time-averaging on the observed
source size and morphology, see Appendix C.

One of RAPTOR’s key variables is the mass scaling factor, M,
which determines the overall accretion rate in the simulation (which
would otherwise be scale-free, as GRMHD simulations are; see e.g.
Porth et al. 2017). Generally, lower values of M entail a more com-
pact and optically thin source size.RAPTOR also allows calibration of
M to achieve a desired integrated flux density. The flux densities that
were used for calibration in this work take Sgr A∗ as an archetypical
example of an LLAGN; its flux density at 230 GHz is approximately
2.5 Jy (Doeleman et al. 2008). Since we aim to explore a range of
possible LLAGN sources, we additionally explore lower fluxes of
1.25 and (in the case of the SANE jet model, which is particularly
variable with respect to flux scaling) 0.625 Jy. We shall see that in
some models, the appearance of the IS changes drastically based on
the flux scaling, while in other models, it is nearly constant. Another
reason for exploring lower fluxes is that, for the M87 results, the inner
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few Rg accounted for roughly half of the flux observed for the unre-
solved core region (Event Horizon Telescope Collaboration 2019b).

In order to calibrate the time-averaged image to the correct
integrated flux density, a binary-search algorithm was used that works
in the following way:

(i) Set Mmin and Mmax (these are estimates that are set using trial
and error).

(ii) Launch 20 RAPTOR runs, evenly distributed over the 2000 M
time range, using Mcur = (Mmax + Mmin) /2.

(iii) Compare the average flux of the 20 runs with the target flux.
If lower than target flux, Mmax = Mcur ; if higher than target flux,
Mmin = Mcur . If within range of target flux (we chose the range to
be ±0.01Jy), stop algorithm and return Mcur .

Although it has been shown that the time averaging of GRMHD
images creates artefacts in the context of a synthetic-data pipeline
(Medeiros et al. 2018), the time-averaged models offer a clearer,
more simplified view of the emitting geometry (by averaging out
local, random fluctuations), and illustrate a number of optical effects
that are significant to this work.

3.4 Image processing

A recipe is needed to quantify key aspects of a given image, such as
the source size. We define an image’s impact parameters, α and β,
to mean the coordinate offset of a particular ray with respect to the
vertical and horizontal symmetry axes of the image, respectively. The
impact parameters are expressed in terms of the gravitational radius,
Rg. All images in this work consist of a grid of 512 by 512 pixels.
When constructing estimators for the source size, it is convenient
to employ the so-called image moments; the image moment Mpq is
given by

Mpq =
W∑
x

H∑
y

xpyqS (x, y) , (2)

where x and y are the pixel indices, p and q are the image moment’s
order in the horizontal and vertical direction, and S(x, y) is the flux
density at frequency ν of pixel (x, y). Note that p, q, x, y are non-
negative integers.

Using the image moments, various quantities can be constructed
that quantify certain aspects of the image, such as an estimate of
the size of the emission region. The standard deviation, which is an
indicator of the source size, is given by

σx =
√

M20

M00
−

(
M10

M00

)2

. (3)

The value of σ x depends (except for sources with circular symmetry)
on the position angle of the source. Using the image moments,
rotation-invariant measures of the source size – namely, the major
axis, λmax, and the minor axis, λmin – can be constructed as well.
For a more complete discussion of their derivation, please refer to
Appendix A.

4 R ESULTS

In this section, we present all images and plots produced from our
library of GRMHD simulations and corresponding RAPTOR images.
In Section 4.1, we plot maps of the specific intensity of the source
at a frequency of 230 GHz, with the analytical prediction of the
shape of the BHS overplotted in each case. Section 4.2 contains
normalized cross-cut profiles of the intensity maps, in order to get

a clearer picture of the (mis)match between BHS and IS. Maps of
τ 230 GHz, the optical depth at our observing frequency of 230 GHz,
are presented in Section 4.3. Intensity maps of two of our SANE
disc models, but at a higher observing frequency of 6 THz (which
lies in the infrared range of the electromagnetic spectrum, a different
observational window that corresponds to a different appearance of
the accretion flow), are shown in Section 4.4. Note that tables of
λmax and λmin, the major and minor axes of the source, are presented
in Appendix E, while tables of M, the calibration factor used for
RAPTOR, are listed in Appendix F.

4.1 Intensity maps for all models

This section contains intensity maps of all GRMHD models, plotted
using the square-root scale for additional clarity. The images are
categorized in the next four sections by their quasi-steady-state of
the disc (MAD or SANE) and radiative model (disc or jet).

4.1.1 SANE jet models

Figs D1, D2, and D3 show the SANE jet model calibrated to 2.5, 1.25,
and 0.625 Jy, respectively. These two-temperature SANE models are
the most diverse in terms of source morphology; many, but not all,
show a pronounced jet at 230 GHz. As was shown in Mościbrodzka
et al. (2016), for SANE jet models of M87, the counter-jet (which
faces away from the observer) can be magnified by the action of the
gravitational lens, and thus appear to be larger than the observer-
facing jet (Event Horizon Telescope Collaboration 2019b). Note that
the optical depth of these models varies significantly between the
different fluxes (see Section 4.3). In particular, Fig. 2 shows that
the a = 15/16 SANE jet models viewed with i = 90◦ range from
completely optically thick at 2.5 Jy (no IS is visible at all in this
case) to optically thin at 0.625 Jy, in which case the IS aligns more
closely with the BHS. When viewed at low-inclination angles, the
jet models strongly obscure the BHS at higher fluxes; Fig. 3 shows
an IS that is circular and centred on the black hole, but significantly
smaller than the BHS. On the other hand, in some optically thick
cases, such as the model with a = −1/2 and i = 90◦ at 2.5 Jy (Fig. 4,
the outline of the BHS is clearly visible, despite the presence of an
obscuring, optically thick disc.

An interesting effect can be observed in the a = 15/16 case for
the 1.25 Jy model: this particular model is nearly isotropic in its
emission. This can be seen in Table F1: the factor M is constant
with respect to observer inclination, with an error of a few percent.
As Fig. D2 shows, this model has the appearance of an optically thick,
homogenous torus. Evidently, the effects of relativistic boosting on
one side of the black hole spin axis and de-boosting on the other
side – which are significant at higher inclination angles – cancel out
in this case, maintaining a more or less constant flux with respect
to the inclination angle, even though the source transitions from
being symmetric to asymmetric with respect to the black hole spin
axis.

4.1.2 SANE disc models

Figs D4 and D5 show the SANE disc models calibrated to 2.5 and
1.25 Jy, respectively. Of all models, the disc models show the greatest
variation with respect to spin, when it comes to source size (see
Appendix E). Otherwise, their appearance is much more constant
than was the case for the SANE jet models. As the SANE disc
models have a lower overall accretion rate, they are less optically
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Visibility of black hole shadows in LLAGN 4727

Figure 2. Time-averaged images of the SANE jet model with a = 0.9375 and i = 90◦, with an integrated flux density of 2.5 Jy (left-hand panel) and 0.625
(right-hand panel). The dashed line indicates the BHS. The morphology of this model is particularly sensitive to the integrated flux density. In the high-flux
case, the IS vanishes, and the BHS cannot be observed. In the low-flux case, the IS is visible but partially obscured.

Figure 3. Time-averaged images of the SANE jet model with a = 0 and
i = 1◦, with an integrated flux density of 2.5 Jy. The dashed line indicates
the BHS. At low inclinations, the SANE jet models show circular IS’s that
underestimate the BHS.

thick, and show less obscuration effects, than the SANE jet models.
For retrograde spins, the SANE disc models, form a large torus,
which (due to being geometrically extended) produces a pronounced
first-order image just around the photon ring. Thus, the IS aligns with
the BHS, although a secondary dark ring may be observed around it
(see Section 4.2).

Figure 4. Time-averaged image of the SANE jet model with a = −0.5 and
i = 90◦, with an integrated flux density of 2.5 Jy. The dashed line indicates
the BHS. Although an obscuring disc is present, the IS still tracks the BHS.

Fig. 5 shows that the high-spin SANE disc models, viewed at i =
90◦, display a much smaller source size than the jet models. This
occurs due to two factors:

(i) At high inclinations, the effects of relativistic boosting are more
pronounced, exaggerating the importance of one side of the accretion
flow while diminishing the other, thus decreasing the source size
overall, as discussed by Psaltis et al. (2015a).
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4728 T. Bronzwaer et al.

Figure 5. Time-averaged images of the SANE disc model with a = 0.9375
and i = 90◦, with an integrated flux density of 2.5 Jy (note that the 1.25 Jy
case looks almost identical; see Fig. D5). The dashed line indicates the BHS.
The high black hole spin shrinks the ISCO, increasing the accretion disc’s
angular momentum and thus the effect of relativistic boosting, causing one
side of the disc to be much brighter than the other. This creates the optical
effect of a small source size.

(ii) At high spins, the ISCO shrinks to about the size of the photon
sphere, meaning that the orbits are much closer to the black hole, with
correspondingly higher velocities. This greatly enhances the effects
of relativistic boosting, and consequentially, the de-boosted side of
the accretion flow becomes negligible; we only see the boosted region
of the accretion flow.

Doeleman et al. (2008) detected horizon-scale structure in Sgr A∗,
deriving a smaller size than the BHS by assuming a circular Gaussian,
but also found their data to be consistent with a larger BHS model.
Such small source sizes are compatible with a high-spin source that
shows strong boosting effects. Later work (Lu, Krichbaum & Roy
2018) refined these models, also showing evidence for emission on
scales from a few Rsch to that of the BHS.

The effect of evacuation, discussed in Section 2, is pronounced
in the SANE disc models with retrograde spin (a < 0) (Fig. 6).
These retrograde models have the largest ISCO, and thus the largest
evacuated region within the accretion flow. In such cases, the IS
becomes larger than the BHS (Section 4.2). This effect is barely
visible for the SANE jet models, presumably due to the presence of
a bright jet base combined with a colder disc, which acts as a weak
emitter near the ISCO.

4.1.3 MAD jet models

Figs D6 and D8 show the MAD jet model calibrated to 2.5 and
1.25 Jy. One can see at a glance that the source morphologies of these
models depend more weakly on the black hole spin than the source
morphologies of the SANE models do (Appendix E). As Table F3
shows, the same is true for M, meaning that, much like the morphol-
ogy, the luminosity of these models is a weaker function of the black
hole spin than for SANE models. A striking feature of these models

Figure 6. Time-averaged images of the SANE jet model with a = −0.5 and
i = 20◦ (left-hand panel) and i = 90◦ (right-hand panel), with an integrated
flux density of 2.5 Jy. The dashed line indicates the BHS. At lower (and
especially negative) spins, the ISCO expands, causing the source size to
increase, and displaying the effect of evacuation, which exaggerates the IS.

is the parabolic jet base, which again appears more or less constraint
for all spins. In the a = −1/2 models, however, this structure appears
to be slightly misaligned with respect to the black hole spin axis,
as can be seen in Fig. 7. A future work might explore whether such
misalignments occur regularly, and at what time-scales, etc.

Note that none of the MAD models show a clear evacuated
region, even at highly retrograde spins, when the ISCO is maximally
extended. This is due to the fundamentally different nature of MAD
models with respect to SANE models; in MAD models, a ‘pile-up’
of material occurs around a disruption radius, as magnetic fields
disrupt the symmetrical accretion flow, causing discrete ‘blobs’ of
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Visibility of black hole shadows in LLAGN 4729

Figure 7. Time-averaged images of the MAD jet model with a = −0.5 and
i = 90◦, with an integrated flux density of 2.5 Jy. The dashed line indicates
the BHS. The MAD jet models are optically thin and relatively constant
in appearance (Appendix D). The model pictured here shows an apparent
misalignment between the accretion flow and the black hole’s rotation axis.

material to penetrate the disrupted region and accrete on to the black
hole with velocities much lower than free fall (Bisnovatyi-Kogan
& Ruzmaikin 1974). Since the images in this section are time-
averaged, the discrete nature of these packets of accreting material
is ‘averaged out’, showing a much-simplified geometry in which no
clear evacuated region occurs.

The optical depth of the MAD jet (and disc) models is substantially
lower than that of the SANE models (Section 4.3). The combination
of these factors ensures that the IS for these models represents the
BHS well (see Section 4.2 for details).

4.1.4 MAD disc models

Figs D7 and D9 show the MAD disc model calibrated to 2.5 and
1.25 Jy. As in the case of the MAD jet models, the images are
optically thin, and the source sizes and flux-calibration factors are
nearly identical (Appendices E and F, see also Fig. 8). Again, all
IS’s match the BHS, and there is no clear evacuated region within
the ISCO (Section 4.2). In other words, the single-temperature MAD
disc model is visually very similar to the two-temperature MAD jet
model, unlike the case of SANE, where the appearance of the two
models differed drastically. This is due to the fact that for most of
the material in the MAD disc, β � 1, which makes the temperature
ratio of the electrons and the ions insensitive to the β-parametrization
(Event Horizon Telescope Collaboration 2019b).

4.2 Intensity profiles

In this section, we examine the relationship between the BHS and
the IS more closely, by plotting certain normalized cross-cut profiles
of the intensity maps presented in Section 4.1. The cuts are made in
the directions parallel to, and perpendicular to, the black hole spin
axis, at the locations where the BHS is maximally extended in those

Figure 8. Time-averaged images of the MAD disc model with a = 0.9375
and i = 90◦, with an integrated flux density of 2.5 Jy. The dashed line indicates
the BHS. Like the MAD jet models, the MAD disc models are optically thin
and relatively constant in appearance (Appendix D).

directions. We thus obtain the largest possible cross-section of the
BHS. In each case, we indicate the theoretically predicted location
of the BHS with red, vertical lines.

4.2.1 Intensity profiles of SANE models

Fig. 9 shows the high-spin SANE models at low inclination, which is
one of the most challenging models in terms of visualizing the BHS,
especially the jet model, for which the peak intensity does not occur
within the EHT’s error bars for the shadow measurement (indicated
with the shaded blue regions). The disc models, on the other hand,
do peak near the BHS, although they show a mildly obscured IS.

Fig. 10 shows the highly retrograde-spin models. In this case, the
flow is overall more optically thin (see Section 4.3), and the BHS
can be more clearly seen. However, the effect of evacuation – i.e. the
lack of radiating matter within the ISCO – can enlarge the perceived
IS (see e.g., the disc models in the lower panels of those figures).

4.2.2 Intensity profiles of MAD models

The MAD models are, overall, much less optically thick than
the SANE models under the circumstances considered here (see
Section 4.3). Consequently, the IS matches the BHS much better,
and in most cases, the intensity profile peaks near the photon ring
(i.e. within the EHT’s error bars). It is also interesting to note that the
lensing ring introduced by Gralla et al. (2019) appears quite distinctly
for these models, due to the fact that the flow is optically thin and
torus-shaped.

Fig. 11 shows the high-spin MAD models with i = 90◦. For these
models, obscuration occurs, when the accretion flow passes in front
of the BHS. Fig. 12 shows the highly retrograde-spin MAD models.
For these models, the intensity profile peaks near the photon ring in
each case. Intriguingly, the rightmost peaks of the intensity profiles
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4730 T. Bronzwaer et al.

Figure 9. Normalized intensity cross-cut profiles in the directions perpen-
dicular to the BH spin axis (upper panel) and parallel to the BH spin axis
(lower panel), centred on the maximal extent of the BHS in those directions,
for all SANE models with a = 0.9375 and i = 1. The vertical red lines mark
the theoretical location of the BHS, and the shaded blue regions indicate the
error on the EHT measurements of M87∗.

Figure 10. Normalized intensity cross-cut profiles in the directions perpen-
dicular to the BH spin axis (upper panel) and parallel to the BH spin axis
(lower panel), centred on the maximal extent of the BHS in those directions,
for all SANE models with a = −0.9375 and i = 60. The vertical red lines
mark the theoretical location of the BHS, and the shaded blue regions indicate
the error on the EHT measurements of M87∗.

Figure 11. Normalized intensity cross-cut profiles in the directions perpen-
dicular to the BH spin axis (upper panel) and parallel to the BH spin axis
(lower panel), centred on the maximal extent of the BHS in those directions,
for all MAD models with a = 0.9375 and i = 90. The vertical red lines mark
the theoretical location of the BHS, and the shaded blue regions indicate the
error on the EHT measurements of M87∗.

Figure 12. Normalized intensity cross-cut profiles in the directions perpen-
dicular to the BH spin axis (upper panel) and parallel to the BH spin axis
(lower panel), centred on the maximal extent of the BHS in those directions,
for all MAD models with a = −0.9375 and i = 60. The vertical red lines mark
the theoretical location of the BHS, and the shaded blue regions indicate the
error on the EHT measurements of M87∗.
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Visibility of black hole shadows in LLAGN 4731

Figure 13. Maps of τ 230 GHz, the optical depth at an observing frequency of 230 GHz, for our SANE jet model with an integrated flux density of 2.5 Jy. The
maximum optical depth shown is τ 230 GHz = 3; at this optical depth, less than 5 per cent of radiation is transmitted, and we consider the BHS to be effectively
obscured. The analytical prediction of the BHS’s appearance is overplotted with a dotted line.

Figure 14. Maps of τ 230 GHz, the optical depth at an observing frequency of 230 GHz, for our SANE jet model with an integrated flux density of 0.625 Jy. The
maximum optical depth shown is τ 230 GHz = 3; at this optical depth, less than 5 per cent of radiation is transmitted, and we consider the BHS to be effectively
obscured. The analytical prediction of the BHS’s appearance is overplotted with a dotted line.

are higher than the peaks left of the BHS, even though the overall
sense of rotation of the accretion flow suggests that the leftmost
peaks are highly boosted (as occurs in the prograde-spin models).
This suggests that the flow’s rotation slows down near the horizon,
possibly even reversing. This phenomenon is discussed in Event
Horizon Telescope Collaboration (2019b).

4.3 Optical-depth maps

In this section, we present maps of τ 230 GHz, the optical depth along
null geodesics, for some of our models, in order to examine the optical
behaviour of the accretion flow more closely. Note that the maps in
this section are plotted in linear scale. Figs 13 and 14 show optical
depth maps, for various spins and inclinations, of our SANE jet
models at integrated flux densities of 2.5 and 0.625 Jy, respectively.

The maps plot τ 230 GHz up to a maximum of 3, at which optical depth
less than 5 per cent of background radiation is transmitted, and we
consider the BHS to be obscured. Note the optical depth of the high-
prograde-spin SANE jet models at higher fluxes in particular, which
almost completely disappears at the lower flux. Fig. 15 shows maps
of τ 230 GHz for our MAD jet model at 1.25 Jy. Note that this model
is almost completely optically thin, never reaching the maximum
optical depth of 3.

4.4 High-frequency intensity maps

Although the BHS is achromatic, the same is not true for the IS
(Section 2). Depending on the black hole’s mass and accretion
rate, the frequency at which the source becomes optically thin (and
thus displays a clear BHS) may be different (Falcke et al. 2000).
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4732 T. Bronzwaer et al.

Figure 15. Maps of τ 230 GHz, the optical depth at an observing frequency of 230 GHz, for our MAD jet model with an integrated flux density of 1.25 Jy. The
maximum optical depth shown is τ 230 GHz = 3; at this optical depth, less than 5 per cent of radiation is transmitted, and we consider the BHS to be effectively
obscured. The analytical prediction of the BHS’s appearance is overplotted with a dotted line.

Figure 16. Intensity maps of our SANE disc models, calibrated to 2.5 Jy, at a frequency of 6 THz.

However, crucially, since most AGN show a power-law regime
in their spectrum, it is always possible to pick frequency in the
power-law regime where the source is optically thin (see e.g. Falcke,
Körding & Markoff 2004). For the model considered in this paper,
the observing frequency we have used so far (230 GHz) lies below
the SED’s peak, and below its power-law region (Mościbrodzka et al.
2009). Thus, we may expect the source to become more optically thin
at higher frequencies, potentially obtaining a better match between
the BHS and the IS in that regime.

To demonstrate the achromaticity of the BHS, as well as the
decreasing optical depth at higher frequencies, we plot intensity

maps of two SANE disc models at 2.5 Jy – specifically, the a =
−0.5, i = 60 and a = 0.9375, i = 20 (panels l and j in Fig. D4,
respectively) – at an observing frequency of 6 THz in Fig. 16; this
frequency was chosen in order to examine the appearance of the IS
in a different observational window (infrared). Intensity profiles for
these models, at both 230 GHz and 6 THz, are shown in Fig. 17.

Note that, at this higher (mid-IR) frequency, the overall source size
is reduced, and a more pronounced lensing ring is shown. Fig. 17
shows that, at 6 THz, the peaks of the intensity profiles lie within
the EHT’s error bars, although some obstruction remains in the high-
prograde-spin case.
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Visibility of black hole shadows in LLAGN 4733

Figure 17. Intensity profiles of our SANE disc models, calibrated to 2.5 Jy, at observing frequencies of 230 GHz and 6 THz.

5 D ISCUSSION

In the context of accreting LLAGN, we have discussed the differences
between the BHS, which depends only on the geometry of space–
time and the location of the observer, and the observable IS, which
depends also on plasma conditions. We argue that, if the emission
region is compact and optically thin, the IS matches the BHS to
within the precision of measurements by the EHT. It was argued
by Gralla et al. (2019) that circumstances can none the less occur
in which the IS differs significantly from the BHS, even if the IS
is circular, or the source is ring-like. Their conclusions are based
on analytical, spherically symmetric, optically thin accretion models
that do not take the full plasma dynamics and radiation effects into
account, and, in our opinion, they cannot be applied to realistic
astrophysical scenarios without further refinement. In that context,
we identify two specific effects that can cause the IS to deviate
from the BHS in the physically motivated case presently considered
(of a geometrically thick, radiatively inefficient accretion flow):
obscuration of the BHS by a part of the accretion flow that passes
in front of it, and enlargement of the IS due to the lack of emission
coming from the evacuated innermost region of the accretion flow,
which scales with the ISCO in the case of SANE models (see
Appendix B).

Narayan et al. (2019) showed that these effects do not arise in the
case of spherical accretion flows; in this work, we extend that analysis
to the case of non-spherical, GRMHD-based models of the accretion
flow. To this end, we have constructed a library of RAPTOR images
of a set of GRMHD simulations produced using the GRMHD code
BHAC for the 2017 EHT campaign. GRMHD simulations of both the
MAD and SANE types were used; different spins (from retrograde
to prograde) and inclination angles were considered; two radiative
models (disc- and jet-based) were considered, and finally, the analysis
was repeated at two different flux calibrations, to investigate a wider
regime of LLAGN models.

It was found that virtually all MAD models show clear IS’s
that match the BHS well. At the fluxes considered in this paper,

the MAD models were highly optically thin. The emission region
was compact in each case; no evacuation effect is seen, although
obscuration of the BHS does occur at inclination angles near 90
deg. The morphology of the single-temperature disc model is quite
similar to that of the two-temperature jet model. Note that we have
considered time-averaged images of the accretion flow in this work;
instantaneous snapshots of the GRMHD data show a more complex
morphology, in which the discrete packets of accreting material are
not ‘smeared out’ in the azimuthal direction (a quantitative look at
the effects of the time-averaging procedure on the appearance of
the source is presented in Appendix C). The effect of relativistic
boosting is less apparent than in the SANE case. In the case of a
retrograde accretion flow, the effects of relativistic boosting can be
reversed; the highest intensity in those cases occurs on the side of
the image where the large-scale accretion flow is receding from the
observer.

For our SANE models, the relationship between the BHS and the
IS is more complicated. The morphology of the two-temperature jet
model, in particular, is extremely sensitive to both the black hole
spin and the integrated flux density; it can range from optically
thick to optically thin. In the optically thick case, the IS can
be highly distorted. In the case of high prograde spin viewed at
inclination angles near 90 deg, the shadow may disappear entirely.
At lower inclination angles, the BHS tends to be partially obscured by
optically thick material, rendering the IS smaller than the BHS. The
SANE disc models, lacking both a bright jet base and an obscuring,
colder disc, tend to show more clear shadows than the SANE jet
models. However, both obscuration and evacuation (particularly for
retrograde spins) can significantly affect the appearance of the IS.
In all cases, the effects of evacuation disappear at high prograde
spin.

We conclude that, for GRMHD-based models of LLAGN that
are optically thin and compact (so that the effects of obscuration
and evacuation are limited), the IS matches the BHS to within an
accuracy of 5 per cent. Observations of LLAGN that resemble SANE
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models, particularly two-temperature jet models, will be challenging
on account of the much more varied appearances such models can
take, including forms that show no IS at all. Our examination of
high-frequency (6 THz) intensity maps of the SANE disc model
illustrate that the frequency at which the inner region of our models
becomes optically thin is strongly model dependent, and scales with
the accretion rate and mass of the black hole (Falcke et al. 2004).
The appropriate observing frequency for observing a clear BHS must
therefore be carefully chosen.
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Chan C.-K., Psaltis D., Özel F., Narayan R., Sadowski A., 2015, ApJ,

799, 1
Chatterjee K. et al., 2020, MNRAS, 499, 362
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APPENDI X A : D ERI VATI ON O F ESTI MATO RS
F O R TH E S O U R C E SI Z E

There are many ways to perform statistical analyses on a set of
pixel intensities and locations. It is crucial to distinguish between the
statistics on the set of pixel intensities, without taking into account
the pixel indices (e.g. the total flux density or the average brightness
of a pixel), and the statistics of features in the image plane itself
(e.g. the source width). We are interested in quantitatively describing
image features, which may be interpreted as lengths or distances in
the image plane, weighted by the pixel intensities (i.e. a brighter
pixel contributes more).
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We then define a measurement xi to be the distance, along the
x-direction, in the image plane of the ith pixel to the origin of our
coordinate system (which may be chosen freely without affecting the
results), weighted by the intensity of the ith pixel, Ii. The expectation
value of xp is then given by

〈xp〉 =
∑

j Ij x
p

j∑
j Ij

, (A1)

and similarly for yp. In the case p = 1, equation (A1) is the sample
mean, x̄ = 〈x〉. The point (< x >, <y >) is called the image centroid.

A measure of the spread/variance is given by the uncorrected sam-
ple standard deviation (which omits the so-called Bessel correction,
as is appropriate in the case of many pixels). The standard deviation
of our weighted set of measurements {Ij, xj} is then given by

σx =
[∑

j Ij

(
xj − x̄

)2∑
j Ij

] 1
2

. (A2)

By expanding the bracketed terms and substituting the definition of
the expectation value (equation A1), we can express the spread as
follows:

σ 2
x = 〈x2〉 − 〈x〉2. (A3)

The definition of the image moments (equation 2) follows naturally
from our interpretation of {Ijxj}, and we may write

〈xp〉 =
∑W

x

∑H

y xpI (x, y)∑W

x

∑H

y I (x, y)
, (A4)

which we may rewrite, using equation (2), to obtain

〈xp〉 = Mp0

M00
(A5)

(and similarly for yp). Substituting these quantities into equation (A3)
then yields equation (3). Additionally, one can define the covariance
matrix, σ xy, a 2-by-2 matrix, as follows:

σxx = M20

M00
−

(
M10

M00

)2

, (A6a)

σyy = M02

M00
−

(
M01

M00

)2

, (A6b)

σxy = σyx = M11

M00
− M10M01

M2
00

. (A6c)

The largest eigenvector and eigenvalue of σ xy represent the direction
and magnitude of the largest spread in the data. We call σ xy’s largest
eigenvalue the major axis, λmax, and its smallest eigenvalue the minor
axis, λmin. These quantities indicate the maximum extent of the
source, independently of the source’s rotation.

Figure B1. Disc-averaged and time-averaged radial density plots of our
SANE GRMHD simulations. For each spin, the locations of the event horizon
and the ISCO are indicated as well.

APPENDI X B: EVACUATED REGI ON I N S ANE
G R M H D MO D E L S

Fig. B1 shows disc-averaged and time-averaged radial density plots
for all of our SANE GRMHD simulations. The disc-averaging is
done according to the following formula (Porth et al. 2017):

〈ρ (r)〉 =
∫ 2π

0

∫ 2π/3
π/3 ρ (r, θ, φ)

√−g dθ dφ∫ 2π

0

∫ 2π/3
π/3

√−g dθ dφ
, (B1)

where g is the metric determinant and the limits of integration for θ

are chosen to exclude material that pertains to the atmosphere rather
than the disc (Porth et al. 2017). Note that the evacuated region grows
as the spin is reduced, so that the effect of evacuation on the IS is
most apparent for the highly retrograde-spin models.

APPENDI X C : EFFECTS O F TI ME-AV ERAG ING
O N S O U R C E S I Z E A N D M O R P H O L O G Y

As the analyses in this paper are based on time-averaged images,
we here investigate how the major and minor axes λmax and λmin

of single-snapshot images compare to those of the time-averaged
image. Fig. C1 shows this comparison for our SANE disc model a =
0.9375 and i = 90◦ calibrated to 2.5 Jy, while Fig. C2 shows the same
for the MAD disc model with a = −0.9375 and i = 60◦ calibrated
to 2.5 Jy. In the case of the SANE disc model, the source size varies
by roughly 10 per cent, while for the SANE disc case, it is closer
to 30 per cent. Note that in both cases, however, the bright peaks on
either side of the horizon are robust features.
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4736 T. Bronzwaer et al.

Figure C1. Top panel: major and minor axes of individual GRMHD
snapshots (solid line) versus those of the time-averaged image (dashed line),
for the SANE disc model with a = 0.9375 and i = 90◦ calibrated to 2.5 Jy.
Bottom panel: intensity profiles, computed as in Section 4.2, of the same
model, plotted along with their standard deviation computed over the 200
snapshots (shaded region).

Figure C2. Top panel: major and minor axes of individual GRMHD
snapshots (solid line) versus those of the time-averaged image (dashed line),
for the MAD disc model with a = −0.9375 and i = 60◦ calibrated to 2.5 Jy.
Bottom panel: intensity profiles, computed as in Section 4.2, of the same
model, plotted along with their standard deviation computed over the 200
snapshots (shaded region).
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APPENDIX D : TIME-AV ERAG ED INTENSITY
MAPS FOR A LL MODELS

Figs D1–D3 show the SANE jet model calibrated to 2.5, 1.25, and
0.625 Jy, respectively. Figs D4 and D5 show the SANE disc models

calibrated to 2.5 and 1.25 Jy, respectively. Figs D6 and D8 show the
MAD jet model calibrated to 2.5 and 1.25 Jy, respectively. Figs D7
and D9 show the MAD disc model calibrated to 2.5 and 1.25 Jy,
respectively.

Figure D1. Time-averaged, normalized intensity maps of our SANE, jet-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins and
four observer inclination angles, with an integrated flux density of 2.5 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line. The
values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Figure D2. Time-averaged, normalized intensity maps of our SANE, jet-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins and
four observer inclination angles, with an integrated flux density of 1.25 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line.
The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Visibility of black hole shadows in LLAGN 4739

Figure D3. Time-averaged, normalized intensity maps of our SANE, jet-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins and
four observer inclination angles, with an integrated flux density of 0.625 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line.
The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.

MNRAS 501, 4722–4747 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/4/4722/5960176 by W
estern U

niversity user on 26 M
ay 2021



4740 T. Bronzwaer et al.

Figure D4. Time-averaged, normalized intensity maps of our SANE, disc-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins
and four observer inclination angles, with an integrated flux density of 2.5 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line.
The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Visibility of black hole shadows in LLAGN 4741

Figure D5. Time-averaged, normalized intensity maps of our SANE, disc-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins
and four observer inclination angles, with an integrated flux density of 1.25 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed
line. The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Figure D6. Time-averaged, normalized intensity maps of our MAD, jet-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins and
four observer inclination angles, with an integrated flux density of 2.5 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line. The
values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Visibility of black hole shadows in LLAGN 4743

Figure D7. Time-averaged, normalized intensity maps of our MAD, disc-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins
and four observer inclination angles, with an integrated flux density of 2.5 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line.
The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Figure D8. Time-averaged, normalized intensity maps of our MAD, jet-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins and
four observer inclination angles, with an integrated flux density of 1.25 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed line.
The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.
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Visibility of black hole shadows in LLAGN 4745

Figure D9. Time-averaged, normalized intensity maps of our MAD, disc-dominated GRMHD models of Sgr A∗, imaged at 230 GHz, at five different spins
and four observer inclination angles, with an integrated flux density of 1.25 Jy. In each case, the photon ring, which marks the BHS, is indicated by a dashed
line. The values for the impact parameters along the x- and y-axes are expressed in terms of Rg. The image maps were plotted using a square-root intensity scale.

APPENDIX E: SOURCE SIZES FOR A LL
M O D E L S

We compute the major and minor axes, λmax and λmin, for the time-
averaged images of all models. All major axes for the SANE models

are recapitulated in Table E1, while those of the MAD models are
listed in Table E2. Similarly, the minor axes for all SANE models
are listed in Table E3, and the minor axes for all MAD models are
listed in Table E4.
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Table E1. Tables of λmax, the major axis length, in units of Rg, for the SANE
jet models.

BH spin −15/16 −1/2 0 1/2 15/16

SANE jet, 2.5 Jy
i = 1◦ 6.29 6.45 6.73 6.35 6.54
i = 20◦ 7.34 7.17 6.70 6.76 7.00
i = 60◦ 8.13 8.54 7.53 7.34 7.07
i = 90◦ 8.26 8.99 7.88 7.22 8.14

SANE jet, 1.25 Jy
i = 1◦ 5.75 5.68 4.89 4.96 4.57
i = 20◦ 6.44 6.04 4.88 4.98 4.53
i = 60◦ 6.85 7.12 5.08 5.31 4.82
i = 90◦ 6.90 7.56 5.52 5.22 4.82

SANE jet, 0.625 Jy
i = 1◦ 5.44 5.26 4.64 4.52 3.64
i = 20◦ 5.89 5.45 4.54 4.28 3.59
i = 60◦ 5.94 6.12 4.12 4.06 3.36
i = 90◦ 5.75 6.43 4.39 4.07 3.36

SANE disc, 2.5 Jy
i = 1◦ 9.82 9.27 8.12 6.86 5.42
i = 20◦ 9.33 8.84 7.75 6.52 5.23
i = 60◦ 7.64 7.40 6.36 5.25 4.45
i = 90◦ 7.58 7.31 6.19 5.02 4.14

SANE disc, 1.25 Jy
i = 1◦ 9.58 9.08 7.89 6.68 5.23
i = 20◦ 9.05 8.59 7.47 6.31 5.02
i = 60◦ 7.18 6.94 5.90 4.91 4.17
i = 90◦ 6.97 6.69 5.57 4.56 3.80

Table E2. Tables of λmax, the major axis length, in units of Rg, for the MAD
models.

BH spin −15/16 −1/2 0 1/2 15/16

MAD jet, 2.5 Jy
i = 1◦ 7.71 7.58 7.43 6.38 6.65
i = 20◦ 8.22 8.15 8.03 6.72 6.87
i = 60◦ 9.45 9.30 8.50 7.35 7.35
i = 90◦ 9.32 9.22 8.23 7.20 7.00

MAD jet, 1.25 Jy
i = 1◦ 7.32 7.18 6.96 6.05 6.29
i = 20◦ 7.81 7.76 7.59 6.37 6.48
i = 60◦ 8.98 8.95 8.09 6.93 6.87
i = 90◦ 8.84 8.78 7.68 6.50 6.36

MAD disc, 2.5 Jy
i = 1◦ 7.67 7.36 6.38 6.18 6.30
i = 20◦ 7.95 7.57 6.56 6.29 6.38
i = 60◦ 8.62 8.36 6.83 6.53 6.63
i = 90◦ 8.39 8.14 6.62 6.18 6.17

MAD disc, 1.25 Jy
i = 1◦ 7.38 7.04 6.08 5.93 6.02
i = 20◦ 7.65 7.26 6.25 6.02 6.09
i = 60◦ 8.25 8.04 6.48 6.21 6.29
i = 90◦ 7.99 7.76 6.14 5.78 5.77

Table E3. Tables of λmin, the minor axis length, in units of Rg, for the SANE
models.

BH spin −15/16 −1/2 0 1/2 15/16

SANE jet, 2.5 Jy
i = 1◦ 6.23 6.33 6.72 6.21 6.47
i = 20◦ 6.04 6.04 6.01 5.92 6.53
i = 60◦ 5.54 5.41 4.81 4.79 6.80
i = 90◦ 5.37 5.21 4.38 4.24 7.13

SANE jet, 1.25 Jy
i = 1◦ 5.69 5.55 4.77 4.90 4.53
i = 20◦ 5.54 5.42 4.70 4.85 4.49
i = 60◦ 5.20 4.99 4.15 4.07 4.10
i = 90◦ 5.09 4.80 3.77 3.50 3.97

SANE jet, 0.625 Jy
i = 1◦ 5.34 5.11 4.47 4.38 3.64
i = 20◦ 5.24 5.02 4.35 4.24 3.56
i = 60◦ 4.94 4.59 3.43 3.09 3.09
i = 90◦ 4.85 4.40 3.23 2.74 2.90

SANE disc, 2.5 Jy
i = 1◦ 9.78 9.17 8.06 6.81 5.39
i = 20◦ 9.09 8.63 7.61 6.44 5.15
i = 60◦ 5.89 5.75 5.08 4.38 3.61
i = 90◦ 4.07 4.03 3.77 3.31 2.89

SANE disc, 1.25 Jy
i = 1◦ 9.56 8.97 7.83 6.64 5.20
i = 20◦ 8.83 8.40 7.35 6.26 4.96
i = 60◦ 5.65 5.48 4.80 4.19 3.42
i = 90◦ 3.78 3.72 3.46 3.08 2.71

Table E4. Tables of λmin, the minor axis length, in units of Rg, for the MAD
models.

BH spin −15/16 −1/2 0 1/2 15/16

MAD jet, 2.5 Jy
i = 1◦ 7.66 7.46 7.39 6.30 6.59
i = 20◦ 7.52 7.30 7.18 6.18 6.41
i = 60◦ 7.28 7.21 6.67 5.38 5.69
i = 90◦ 6.59 6.69 5.88 4.82 5.11

MAD jet, 1.25 Jy
i = 1◦ 7.27 7.07 6.93 5.97 6.23
i = 20◦ 7.12 6.96 6.81 5.87 6.07
i = 60◦ 6.94 6.92 6.33 5.06 5.30
i = 90◦ 6.26 6.32 5.43 4.29 4.59

MAD disc, 2.5 Jy
i = 1◦ 7.61 7.22 6.36 6.14 6.25
i = 20◦ 7.27 7.02 6.16 5.96 6.08
i = 60◦ 6.78 6.58 5.19 4.69 5.05
i = 90◦ 6.02 5.93 4.24 3.77 4.26

MAD disc, 1.25 Jy
i = 1◦ 7.32 6.91 6.07 5.89 5.97
i = 20◦ 6.97 6.73 5.88 5.71 5.82
i = 60◦ 6.56 6.36 4.95 4.48 4.79
i = 90◦ 5.79 5.65 3.95 3.52 3.97
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A P P E N D I X F: FL U X C A L I B R AT I O N FO R A L L
M O D E L S

This appendix lists the values for M, the mass-unit calibration factor
used in RAPTOR, which determines the overall accretion rate of the
LLAGN. The unit of measurement is the gram. The values used in
this paper are recapitulated in Tables F1 through F4.

Table F1. Tables of M, the flux-calibration factor, for the SANE jet models,
in grams.

BH spin −15/16 −1/2 0 1/2 15/16

SANE jet, 2.5 Jy
i = 1◦ 9.159e21 1.134e22 7.641e21 2.83e21 1.929e21
i = 20◦ 9.112e21 1.055e22 5.233e21 2.763e21 1.981e21
i = 60◦ 8.173e21 7.91e21 3.587e21 2.227e21 2.447e21
i = 90◦ 7.924e21 7.23e21 3.46e21 1.877e21 3.162e21

SANE jet, 1.25 Jy
i = 1◦ 5.21e21 5.544e22 1.144e21 8.879e20 3.646e20
i = 20◦ 5.1e21 5.265e22 1.113e21 9.065e20 3.498e20
i = 60◦ 4.461e21 4.236e21 1.144e21 8.879e20 3.646e20
i = 90◦ 4.28e21 3.9e21 1.291e21 7.761e20 3.498e20

SANE jet, 0.625 Jy
i = 1◦ 3.106e21 3.171e22 6.182e20 4.532e20 1.205e20
i = 20◦ 3.043e21 2.980e22 5.932e20 4.348e20 1.156e20
i = 60◦ 2.526e21 2.373e21 4.923e20 3.762e20 9.402e19
i = 90◦ 2.277e21 2.14e21 5.46e20 3.536e20 8.655e19

Table F2. Tables of M, the flux-calibration factor, for the SANE disc
models, in grams.

BH spin −15/16 −1/2 0 1/2 15/16

SANE disc, 2.5 Jy
i = 1◦ 1.948e20 9.496e19 4.059e19 1.894e19 6.264e18
i = 20◦ 1.877e20 9.243e19 3.937e19 1.835e19 6.042e18
i = 60◦ 1.644e20 8.242e19 3.326e19 1.568e19 4.687e18
i = 90◦ 1.543e20 7.678e19 3.068e19 1.427e19 4.013e18

SANE disc, 1.25 Jy
i = 1◦ 1.474e20 7.153e19 3.016e19 1.37e19 4.352e18
i = 20◦ 1.414e20 6.916e19 2.897e19 1.325e19 4.179e18
i = 60◦ 1.211e20 5.962e19 2.366e19 1.097e19 3.169e18
i = 90◦ 1.092e20 5.388e19 2.124e19 9.712e19 2.642e18

Table F3. Tables of M, the flux-calibration factor, for the MAD jet models,
in grams.

BH spin −15/16 −1/2 0 1/2 15/16

MAD jet, 2.5 Jy
i = 1◦ 3.396e18 3.246e18 3.021e18 1.722e18 1.108e18
i = 20◦ 3.076e18 2.941e18 2.762e18 1.632e18 1.05e18
i = 60◦ 2.034e18 1.998e18 1.937e18 1.229e18 7.91e17
i = 90◦ 1.684e18 1.699e18 1.639e18 1.123e18 6.668e17

MAD jet, 1.25 Jy
i = 1◦ 2.225e18 2.132e18 1.98e18 1.123e18 7.23e17
i = 20◦ 2.037e18 1.946e18 1.826e18 1.064e18 6.85e17
i = 60◦ 1.351e18 1.337e18 1.1286e18 7.982e17 5.091e17
i = 90◦ 1.114e18 1.115e18 1.055e18 6.374e17 4.14e17

Table F4. Tables ofM, the flux-calibration factor, for the MAD disc models,
in grams.

BH spin −15/16 −1/2 0 1/2 15/16

MAD disc, 2.5 Jy
i = 1◦ 1.963e18 1.692e18 1.316e18 7.879e17 5.962e17
i = 20◦ 1.835e18 1.596e18 1.257e18 7.635e17 5.725e17
i = 60◦ 1.34e18 1.208e18 9.885e17 6.149e17 4.511e17
i = 90◦ 1.109e18 1.023e18 8.131e17 5.048e17 3.652e17

MAD disc, 1.25 Jy
i = 1◦ 1.321e18 1.144e18 8.891e17 5.277e17 3.922e17
i = 20◦ 1.24e18 1.084e18 8.5e17 5.091e17 3.783e17
i = 60◦ 8.971e17 8.127e17 6.608e17 4.066e17 2.941e17
i = 90◦ 7.361e17 6.789e17 5.277e17 3.247e17 2.328e17
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