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Can the EHT M87 results be used to test general relativity?
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No. All theoretical predictions for the observational appearance of an accreting supermassive
black hole, as measured interferometrically by a sparse Earth-sized array at current observation
frequencies, are sensitive to many untested assumptions about accretion flow and emission physics.
There is no way to distinguish a violation of general relativity (GR) from the much more likely
scenario that the relevant “gastrophysical” assumptions simply do not hold. Tests of GR will
become possible with longer interferometric baselines (likely requiring a space mission) that reach
the resolution where astrophysics-independent predictions of the theory become observable.

I. INTRODUCTION

In April 2019, the Event Horizon Telescope (EHT) col-
laboration released 1.3mm interferometric observations
of the core of the galaxy M87 (henceforth M87*) [1–6].
These observations probe distance scales of order the size
of the expected supermassive black hole, a remarkable
technical achievement. As we move into this exciting
new era of horizon-scale electromagnetic astronomy, it is
important to know what the data can—and cannot—tell
us about the gravity and astrophysics of black holes.

In their initial analysis, the collaboration argued that
the data are consistent with expectations for an accret-
ing black hole, bolstering their case with a new suite of
simulations of accretion flow and associated 1.3mm emis-
sion. Using these simulations as “ground truth”, they
estimated the mass of the black hole with a reported
∼ 20% uncertainty. This result distinguished between
conflicting prior mass measurements, favoring that based
on stellar dynamics [7] over that based on gas dynamics
[8]. EHT did not claim any tests of GR or probes of ac-
cretion physics; the idea was to assume the truth of GR
and assume truth of the emission models, and to thereby
measure the black hole mass.

Recently, the collaboration1 reversed the logic [9].
Without releasing new data or performing new analysis
of existing data, they instead assumed that the stellar-
dynamics mass [7] is correct and argued that their orig-
inal analysis [6] is, in fact, a test of GR. This new ap-
proach means that EHT now has more confidence in the
stellar-dynamics mass measurement than it does in the
correctness of GR. It also means that EHT has more con-
fidence in its accretion and emission physics assumptions
than it does in the correctness of GR. In this paper we
will compare the evidence for GR with the evidence for
the relevant features of the EHT emission models and
conclude that GR is far better established. This implies
that no analysis requiring these emission assumptions can
be used as a test of GR.

∗ sgralla@email.arizona.edu
1Not all present members of the collaboration are authors of Ref. [9],
but the author list does state “the EHT collaboration”.

This difficulty is not unique to the modeling and anal-
ysis choices made by EHT. The fundamental problem is
that current interferometric baselines (impressively long
though they are) are not sensitive to any unique GR pre-
dictions. The (very interesting) “black hole shadow” ef-
fect [10, 11] is unfortunately not generic, and does not oc-
cur in the EHT models for M87*. The “photon ring” due
to photons that orbit the black hole [10–13] is a generic
GR prediction, but it will be very challenging to observe
from Earth. In particular, analytical arguments [14] sup-
ported by EHT simulations [15] establish that even in
the most favorable of circumstances, at most ∼ 10% of
the flux density is due to orbiting photons.2 These pho-
tons occupy a narrow ring on the image plane (the pho-
ton ring) that is well below the effective resolution of an
Earth-sized array at currently envisaged observation fre-
quencies. Photon ring tests of GR will almost certainly
require a space mission [15, 17].
The contention of this paper is that while the original

logic of a mass estimate is reasonable, the new logic—a
GR test—is not. There is, of course, a third possibility:
Assume a mass, assume GR, and test the astrophysical
assumptions present in the underlying theoretical analy-
sis. These assumptions touch on some of the most inter-
esting questions in relativistic astrophysics: the nature
of accretion flows, the behavior of strongly magnetized
plasma, and the mechanism(s) for powering and launch-
ing relativistic jets. It may be that the greatest benefits
of continued ground-based interferometric measurements
of M87* will be for a better understanding of these and
other fundamental processes at work in our universe.

2Ref. [15] considered a single simulation from the EHT suite and re-
ported that ∼ 10% of the flux comes from orbiting photons. (This
number is given at the end of section 2 and can also be inferred
from the ∼ 20% figure quoted in Fig. 1 together with the split by
orbit number shown in Fig. 3.) This simulation involves diffuse
emission concentrated near the event horizon of a rapidly spinning
black hole, which are the conditions most favorable to having a
significant fraction of orbiting photons [16, 17]. Any departure
from these conditions (a flatter emission profile, an emission profile
ending further away from the horizon, a more equatorial emission
profile, or a less rapidly spinning black hole) will decrease the or-
biting photon fraction. It would be interesting to know the orbiting
photon fraction for the entire suite of EHT simulations, on which
the purported GR test [9] is based.
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II. PREVIOUS EHT CLAIMS

The central claims of the M87* EHT papers [1–6] are:

1. Observational Claim: The image of M87* is domi-
nated by a ring of typical diameter ∼ 40µas, whose
thickness is estimated to be somewhere between
10% and 50% of its diameter.

2. Theoretical Claim: The diameter of the ring obeys
an approximate scaling relation with the mass-to-
distance ratio of the black hole:

θ = (40± 3)µas
M/(6.2× 109M⊙)

D/(16.9 Mpc)
. (1)

Here M is the black hole mass, D is its distance, and θ
is the angular diameter of the observed emission ring.

A. Evidence for the observational claim
(ring diameter)

Although I will not question the EHT observational
claim in this paper, some readers may be interested in a
summary of the evidence. This section may be skipped
without loss of continuity.
A radio interferometer measures the “complex visibil-

ity”, which (under mild assumptions) is equal to the
Fourier transform of the sky brightness. Each pair of
telescopes is sensitive to the Fourier transform at vec-
tor wavenumber equal to the telescope separation pro-
jected along the line of sight, and divided by the obser-
vation wavelength. An N -telescope array thus measures
N(N − 1)/2 “pixels” on the Fourier plane, with addi-
tional coverage provided by the rotation of the Earth.
The fundamental problem of interferometry is to infer
the properties of the image from this limited sampling of
its Fourier transform.
There are infinitely many images compatible with a

given set of Fourier space pixels, so all image inferences
are necessarily probabilistic. The most straightforward
method of inference is to choose a parameterized image
model and fit its Fourier transform to the observed visi-
bilities. EHT considered a class of “generalized crescent”
models that allow disks, rings, and crescents within a
∼ 10 parameter freedom. Unfortunately, the models do
not fit the data until an additional ∼ 10 nuisance pa-
rameters are included, corresponding to the addition of
2–3 Gaussian blobs on the image. The preferred obser-
vational appearance is a narrow ring of diameter 40µas
(fractional width ∼ 10–20%), together with narrow bars
from the nuisance Gaussians.
EHT also considered an alternative approach, employ-

ing a class of non-parametric techniques known as imag-
ing algorithms. The simplest version of an imaging al-
gorithm begins with a trial image, compares its Fourier
transform to the data, and iteratively updates the image

(as well as station calibration factors) based on some pro-
cedure until some specified match criterion is met. The
main drawback of this approach is that the resulting im-
age does not come with a probabilistic interpretation. To
ascertain the reliability of the features of an image, one
must rely on comparisons between the results of different
algorithms run on the same data. EHT reported that
all algorithms considered revealed a ring-like feature of
typical diameter ∼ 40µas, with fractional width varying
from ∼ 30% to ∼ 50%.

Although both the parametric and non-parametric
analyses have significant limitations, the limitations are
somewhat orthogonal. The fact that both classes of
method robustly indicate a ∼ 40µas ring suggests that
this feature is indeed present in the data.

B. Evidence for the theoretical claim
(scaling relation)

I have distilled the EHT theoretical claims into the
scaling relation (1) as follows. I begin with the statement
in Ref. [6] that “the structure and extent of the emission
preferentially from outside the photon ring leads to a
. 10% offset between the measured emission diameter
in the model images and the size of the photon ring.”
Here by “photon ring” EHT means the theoretical curve
on the image plane defined by the arrival of photons that
have orbited the black hole arbitrarily many times before
arrival, which I discuss in Sec. III below as the “critical
curve”. This curve has a typical diameter of 37.6µas
with the mass and distance used in (1); I have increased
this number by 7% to account for the offset described
by EHT, arriving at a central value of 40µas. I have
crudely estimated the claimed spread around 40µas by
comparing with the EHT reported posterior probability
on the mass, folding in estimates of the uncertainty on
the distance D and the observed ring diameter θ.

The precise values present in the scaling relation (1)
are irrelevant to the main points of this paper. The es-
sential point is that all EHT claims about a mass mea-
surement or a GR test may be understood (at the order-
of-magnitude level) with reference to a simple scaling re-
lation of this form.

Let us scrutinize the evidence for the scaling relation
(1). The argument given by EHT involves a bank of gen-
eral relativistic magnetohydrodynamic (GRMHD) simu-
lations using the Kerr spacetime, together with a phe-
nomenological prescription for the emission as a function
of the GRMHD variables. I will refer to this method of
generating images as GRMHD+, with the + standing
for the phenomenological emission prescription. EHT
considered a large number of GRMHD+ models, vary-
ing the black hole spin, the observer inclination, the net
magnetic flux on the black hole, and a parameter in their
emission model. They argued that the vast majority of
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these models are consistent with the data,3 but excluded
some fraction based on ancillary theoretical considera-
tions.4 The scaling relation is derived from the remaining
GRMHD+ models.
Let us list the main assumptions of GRMHD+, in or-

der from best established to least well established. By far
the best established assumption is the Kerr metric. GR
has been tested in a variety of ways in a variety of regimes
[18–22], and the Kerr metric is an unambiguous predic-
tion for the exterior of dark compact objects, supported
by an enormous body of mathematical proof, analytical
argument, and numerical evidence.
The second-best-established assumption is the fluid de-

scription of the plasma. Given that the collisional mean
free path is many orders of magnitude larger than the
black hole, the validity of a fluid description is far from
obvious. The EHT models further make the assumption
of ideal MHD (infinite conductivity), a very special case
in the space of plausible fluid theories of plasma.
The third-best-established assumption is the resolution

of the simulations. Global, self-consistent simulations op-
erate at the limits of computational power, and conver-
gence studies are challenging [23]. Local (shearing-box)
simulations designed to study the magneto-rotational in-
stability (MRI) are inconclusive regarding convergence,
depending on the assumed magnetic environment [24,
25]. This raises some doubt as to whether the global
GRMHD simulations adequately resolve the physics that
gives rise to the accretion they are designed to study.
The fourth-best-established assumption is the initial

conditions for the simulations. It is well known that the
structure of the MHD solution depends strongly on the
choice of initial conditions, most particularly with regard
to the formation of Poynting-flux outflows (potentially
able to power a relativistic jet) [26–28]. The more jet-
promising initial conditions are naturally used to model
systems with jets (and EHT specifically excluded some
of their simulations based on their lack of Poynting flux),
but the strong dependence of some of the simulation re-
sults on the initial conditions suggests that other viable
initial conditions may await discovery, especially as ideas
for launching the jet continue to evolve [29].
The fifth-best-established assumption is the EHT phe-

nomenological prescription for the emission. GRMHD

3None of the approximately 60,000 GRMHD+ images provides a
formally acceptable fit to the data (as judged by a reduced chi-
squared). This is attributed to the high variability of the flow,
and an alternative “average image scoring” (AIS) approach was
developed to determine whether the variability in a GRMHD+
simulation is statistically consistent with the observed data. The
AIS method eliminates high-magnetic-flux, retrograde flows about
rapidly spinning black holes. The use of AIS means that the scaling
relation (1) does contain a modest amount of observational input.
However, I will continue to regard it as a theoretical result, since
the majority of input comes from theoretical considerations.

4In the models presented in table 2 of Ref. [5], more than half
were eliminated based on ancillary theoretical concerns involving
jet power, X-ray luminosity, and radiative efficiency.

follows the averaged properties of the ions, whereas it is
the much-lighter electron component that is believed to
give rise to the observed synchrotron emission. Even as-
suming the correctness of the GRMHD results for the ion
properties, the electron distribution function is unknown.
EHT assumed a thermal distribution with temperature
determined from a phenomenological prescription tied to
the averaged properties of the ions, motivated by the
idea that energy is dissipated mainly by Landau damp-
ing. Needless to say, this phenomenological prescription
has not been tested.

The sixth-best-established assumption is the ad hoc

zeroing of emission inside the jet region. GRMHD simu-
lations fail inside a “jet region” that typically takes the
shape of a paraboloid of revolution. In this region, the
density becomes so small that the GRMHD code is un-
able to continue the evolution. To avoid this difficulty,
simulations impose an arbitrary floor on the density,
which forces the dynamics to be approximately force-free.
While perhaps reliable for determining the evolution of
the large-scale electromagnetic field, this approach is in-
capable of predicting the emission from the small-scale
particle acceleration and pair-creation that is believed to
occur [30]. The EHT collaboration chose to make the
emission zero in this region.

III. HEURISTIC INTERPRETATIONS

The EHT GRMHD+ models predict a relatively tight
scaling (1) between black hole mass and observed ring
diameter. EHT suggests that this agreement in obser-
vational appearance among their GRMHD+ models is
a result of gravitational lensing, invoking the heuristics
of a “shadow” and a “photon ring”. In this section I
will review these and other heuristics used to interpret
black hole images and argue that the agreement in ob-
servational appearance cannot plausibly be attributed to
a shadow or photon ring. Instead, the similar observa-
tional appearance of the EHT GRMHD+ models likely
means that all have very similar emission profiles, at least
when projected along the line of sight.

A. Backlit shadow

A black hole illuminated from behind by an isotropic
source of much larger angular radius will cast a dark
shadow of size somewhat larger than the critical curve,
inside of which will be a sequence of thin rings converg-
ing to the critical curve [14]. If the illumination is in-
stead from the entire celestial sphere (including behind
the observer), then the shadow shrinks down to the criti-
cal curve. These scenarios are irrelevant for understand-
ing the appearance of matter near black holes, and indeed
were not considered by EHT.
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B. Doppler shadow

A black hole surrounded by optically thin, radially in-
falling matter will appear as a dark hole whose outline
is the critical curve (Fig. 1(a) of Ref. [10]).5 This effect
is caused by extreme Doppler deboosting [31] due to the
assumption of radial infall. Since rays arriving within the
critical curve by definition have no radial turning point,
all photons in that area were emitted opposite to the ra-
dially infalling flow and suffer strong Doppler deboosting.

This effect was named the black hole “shadow”. The
terminology is somewhat unfortunate, since the phe-
nomenon has nothing to do with backlighting, instead be-
ing caused by special-relativistic Doppler deboosting [31].
A more appropriate name would perhaps be “Doppler
deficit”. Meeting halfway between these terms, I will use
the name “Doppler shadow” for the dimming inside the
critical curve due to radial infall [10, 31].

C. Discrete photon rings

The existence of unstable photon orbits gives rise to
multiple images of sources near black holes [32]. In prin-
ciple there are infinitely many such images, indexed by
the total number of orbits and the direction of the orbit
(clockwise or counter-clockwise). The images accumu-
late near the critical curve and are increasingly demag-
nified. When the source is in the shape of a disk, the
high-order images are thin rings (“photon rings”) con-
verging to the critical curve [12, 33, 34]. For optically
thin disks extending to near the horizon (as presumed to
occur in M87*), the photon rings comprise a distinctive
multi-peak structure [14] that is seen in (at least one of)
the EHT GRMHD+ simulations when ray-traced at suf-
ficiently high resolution [15]. The photon rings contain
at most ∼ 10% of the total flux in such a simulation (see
footnote 2), consistent with theoretical expectations [14].

D. Continuous photon ring

When the source is diffuse (with no sharp features
like point sources or disks) as well as optically thin, the
heuristic of multiple images becomes less useful. Instead,
we may consider the observed intensity to be proportional
to the optical path of a ray traced backward through the
source. The optical path diverges at the critical curve,
leading to a smooth brightness enhancement [10, 13].
However, the enhancement is only logarithmic [14–16].

5Ref. [10] also considers matter orbiting on Keplerian shells
[Fig. 1(d)]. This model produces a more gentle decrease not clearly
associated with the critical curve.

E. Just add one

Although full ray-tracing in the Kerr metric is a com-
putationally intensive process, some of its features can
be understood in simple terms. Consider, for example,
the question of which point on the image corresponds to
which region of the source. If our source is a disk (thin or
thick) centered on the spin-equator of the black hole, we
may ask for the relationship between the equatorial emis-
sion radius r (using Boyer-Lindquist coordinates) and the
arrival position on the image. In the face-on limit (suit-
able as a first approximation for M87*), we may use ra-
dial impact parameter b to represent radial distance on
the image. The answer for the direct photons (which do
not orbit) is shockingly simple:

b ≈ r +M. (2)

That is, you “just add one”. This was noticed numeri-
cally in Ref. [16] and derived as an analytic approxima-
tion in Ref. [35]. We may interpret the formula as stating
that the primary image of the disk is essentially pristine,
with no significant distortion due to lensing, and no in-
fluence of the black hole spin.6

F. Interpretation of GRMHD+ images

Which heuristics are most useful for understanding the
EHT GRMHD+ images? The backlit shadow is not rel-
evant (and was not considered by EHT). The Doppler
shadow is also not relevant, as the dark region can be
significantly displaced from the critical curve.7 The nar-
row photon ring feature is present in all images, but it
does not contain enough flux to significantly affect the
observed ring diameter (see footnote 2). Based on the
striking qualitative agreement with purely equatorial toy
models [14, 17] (for example, compare Fig. 1 of Ref. [14]
to Fig. 3 of Ref. [15]), it appears that the most useful
heuristics for interpreting the GRMHD+ images are “just
add one” (Sec. III E) for the majority of the flux, together
with discrete photon rings (secondary images) appearing
near the critical curve (Sec. III C).
In particular, gravitational lensing plays little role in

determining the observed ring diameter at EHT resolu-
tion. Instead, the majority of the flux is in the relatively
undistorted “primary image” of the source, composed
of the integrated emissivity along direct (non-orbiting)
rays through the disk. That is, the structure of the ob-
served ring is determined by the projected structure of
the source disk.

6This lack of distortion persists in the modestly inclined case—see,
for example, the second column of Fig. 6 of Ref. [16].

7See, for example, the middle panel of Fig. 1 of Ref. [5], noting the
contrast between the thin ring (the photon ring, tracing the critical
curve) and the dark region in the center.



5

IV. ALTERNATIVE SCENARIOS

I have argued that the scaling relation (1) is not due to
gravitational lensing, but rather is a direct consequence
of the assumed source structure. It is instructive to con-
sider alternative source structures under which the scal-
ing relation would be significantly altered. In fact, pre-
cisely such a scenario was given by the antecedents of
EHT in 2010 [36]. This paper presented the first evi-
dence of a ∼ 40µas 1.3mm structure in M87*. To in-
terpret their results, the authors argued that the size of
the emission region can be associated with the innermost
stable circular orbit (ISCO) of the black hole. Translated
into an effective scaling relation, the theoretical claims of
[36] entail an effective allowed range for θ,8

θmin = 14µas
M/(6.2× 109M⊙)

D/(16.9 Mpc)
(3)

θmax = 72µas
M/(6.2× 109M⊙)

D/(16.9 Mpc)
. (4)

As explained by the authors of [36], this “ISCO sce-
nario” is natural because the mass density drops at the
ISCO (even if the disk is geometrically thick, with signif-
icant stresses). The ISCO scenario predicts a wide range
θmin < θ < θmax for the emission size, depending on black
hole spin. By constrast, the EHT GRMHD+ scenario (1)
predicts a very narrow range of θ, independent of black
hole spin.
Another alternative to the GRMHD+ scenario is the

idea that the observed emission comes not from an accre-
tion flow but from a near-horizon magnetosphere. This
idea was discussed recently by Blandford, Meier, and
Readhead [29]. After reviewing some issues with the
standard interpretation of the EHT observations, the
authors state that “a simpler hypothesis...is that EHT
is observing dynamically insignificant relativistic plasma
orbiting with the angular velocity of an ordered magnetic
field, confined by a much larger ejection disk.” Although
the emission from such a scenario has not yet been cal-
culated, it would presumably come from very near the
horizon and therefore produce a scaling relation with a
smaller prefactor than Eq. (1).
Finally, even within the broad paradigm of an accre-

tion flow extending down to the horizon [37, 38], some
studies have suggested that non-thermal emission from
near the horizon (not included in GRMHD+) may play
an important—or even dominant—role in the millimeter-
wave observational appearance of M87* [39–43].

V. SUMMARY AND CONCLUSIONS

The scaling relation (1) claimed by EHT is derived
from a bank of GRMHD+ simulations (Sec. II B). The
scaling relation is very nearly identical to that which
would arise by identifying the observed emission ring with
the critical curve (also sometimes called the “shadow” or
“photon ring”). This is an accident of the particular
assumptions in the EHT models of the source. There
is no shadow effect in the EHT simulations used to de-
rive the scaling relation (Sec. III F), and the photon ring
contributes minimally to the structure of these (or any
other) images on the effective resolution of Earth-sized
baselines (Sec. III C). The scaling relation (1) is not a
universal prediction of GR, but a specific prediction of a
specific class of source models.

On general grounds, this means that no analysis using
the scaling relation can be considered a test of GR. The
gastrophysical assumptions underlying the scaling rela-
tion (Sec. II B) are far less well-established than general
relativity. Alternative scaling relations are conceivable
and indeed have been considered in the past by some
of the authors of [9] (Sec. IV). Given the overwhelming
evidence for GR and the much more limited evidence
for astrophysical assumptions used in deriving any given
scaling relation, null-hypothesis testing can only probe
astrophysics, not gravity.

Beyond the null-hypothesis idea, the recent paper [9]
attempts to place constraints on alternative metrics. The
assumption is that, when these alternative metrics are
considered, the new scaling relation will be determined
by identifying the observed ring with the critical curve
of that new metric. This assumption is valid in GR only
in special cases, and no justification for it holding in al-
ternative theories is given in Ref. [9]. Even if an MHD+
analysis were performed with an alternative metric to de-
termine an alternative scaling relation, there would be no
way to distinguish a failure of the gravity theory from a
failure of the astrophysical assumptions.

In conclusion, the diameter of the observed ring in
M87*, as determined by the present EHT observations
and analysis, cannot be used to test GR.
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boils down to “just adding one” (Sec. III E).
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