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Disk

Carter & Luminet (1978)

The black hole shadow

Hilbert 1917, von Laue 1921, Bardeen 1973
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The black hole shadow
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FIG. 1. The trajectories of photons approaching a non-spinning black hole in plane parallel rays from the far infinity (from the right side

of the figure). The upper left panel shows the trajectories around an unperturbed Schwarzschild black hole. The other panels correspond

to di↵erent phases of a black hole with a single, spherically symmetric metric perturbation (see text for details). In all panels, photon

trajectories are colored blue if (in the absence of any perturbations) they would have crossed the event horizon and are colored red, if they

would have escaped to infinity. As expected, metric perturbations cause some of the blue trajectories to escape to inifnity and some of the

red trajectories to cross the event horizon, at di↵erent phases of the perturbation.
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FIG. 2. Same as in Figure 1 but for two phases of an l = m = 2 perturbation mode. All other parameters remain the same.
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The black hole shadow

▸ Kerr: shadow depends on  
▸ Inclination 
▸ Spin 
▸ cross-section changes only by ~4%

Measuring the shadow size is a 
robust null-test of GR
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Fig. 7. Collection of BH shadow boundary curves. From left to right and top to bottom: Kerr
BH with varying spin parameter (as reference), Kerr-Taub-NUT BH, Kerr-Newman-NUT BH,
Kerr-Sen BH, Einstein dilaton Gauss-Bonet BH and Johannsen-Psaltis metric,92 respectively.
Adapted from Ref. 171 (panel 3 is from Ref. 79). In all panels the inclination angle (i) is fixed as
90�, except for the third panel where it is 60�. The text in each panel details the specific BH spin
and deformation parameters used in the shadow calculation.

test di↵erent theories of gravity, is its mathematical description. For example, in the
case of a Kerr BH, the shadow is approximated as a circle, and then its deformation
is measured by taking the ratio of the size of the dent to the radius of the circle.
While this approach works well for Kerr BHs, it may not work equally well for BH
spacetimes in generic metric theories of gravity, such as those described in §3.1.4.
This requires a general mathematical description of the shadow. In this direction,
Ref. 3 developed a new general formalism to describe the shadow as an arbitrary
polar curve expressed in terms of a Legendre expansion, which does not require any
knowledge of the properties of the shadow (like its center or a primary shape), and
allows one to introduce the various distortion parameters of the curve with respect to
reference circles. These distortions can be implemented in a coordinate-independent
manner while analysing the observational data. Moreover, this approach provides
an accurate and robust method to measure the distortion of di↵erent parameters
in the realistic case of a noisy shadow. In Fig. 8 we show a schematic picture that
describes the distortions through various geometrical quantities.3

The idea behind this method is to develop a general description in terms of di-
mensionless parameters, translating the observations into a measure of the deviation
from a given candidate theory of gravity, and subsequently defining confidence areas
in the parameter space. This approach can be used in the analysis of mm-VLBI

“Shadow	Industry”	from	Goddi	et	al.	(2017)The black hole shadow

Mapping out the photon ring will allow to test different theories of gravity
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Global Structure of M87

Conical 
streamline 
(unconfined, 
free expansion)

Parabolic streamline 
(confined by ISM?)

Over-collimation at 
HST-1 stationary knot 
(recollimation shock?)

• Parabolic (z ∝ r1.7) over 105 rs 
• Above bondi sale: conical streamlines 

z ∝ r 
•  Stationary feature HST-1 due to jet 

recollimation?

Asada & Nakamura 
(2012),  
Hada et al. (2013)

Jet power1:
 1042 erg/s - 1045 erg/s
BH-mass:
3.45 109 Msun (Walsh et al., 2013)
6.14 109 Msun (Gebhard et al. 2011)
Distance:
 16.8 Mpc (Bird+, 2010, Blakeslee+ 2009, Cantiello 2018)

1Reynolds et al. (1996), Li et al. (2009), de Gasperin et al. (2012), Broderick et al. (2015), Prieto et al. (2016)
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EHT 2017 M87 data look consistent with an 
asymmetric ring (“crescent”)
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Quantify M87 source properties

Fit geometric models Fit GRMHD models Extract image parameters
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Geometric model fitting: crescents overwhelmingly 
preferred over other simple shapes
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‣ Global General Relativistic Magnetohydrodynamic 
(GRMHD) and radiative transfer (GRRT) simulations  

‣ End-to-end modelling pipeline:  

‣ from picking the spacetime, atmospheric effects to 
parameter estimation 

‣ Dominating uncertainties: 

‣ stochastic nature of the turbulent flows 

‣ plasma physics: electron heating, radiation reaction and 
particle acceleration

Theoretical models
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Simulation Library:  43 GRMHD numerical simulations

8 GRMHD community and the EHTC

Figure 1. Views of the radiatively ine�cient turbulent black hole accretion problem at tKS = 10 000M against the Kerr-Schild
coordinates (subscript KS). Left: logarithmic rest-frame density (hue) and rendering of the magnetic field structure using line-
integral convolution (luminance), showing ordered field in the funnel region and turbulence in the disk. Center: the logarithm of
the magnetization with colored contours indicating characteristics of the flow. The magnetized funnel is demarcated by � = 1,
(red), the disk is indicated by � = 1 (green) and the geometric Bernoulli criterion (ut = �1) is given as blue solid line in the
region outside of the funnel. Right: schematic of the main components. In these plots, the black hole horizon is the black disk
and the ergosphere is shown as black contour. The snapshot was obtained from a simulation with BHAC.

Turning back to the morphology of the RIAF accretion, Figure 1, one can see that between evacuated funnel
demarcated by the funnel wall (red) and bound disk material (blue), there is a strip of outflowing material often also
referred to as the jet sheath (Dexter et al. 2012; Mościbrodzka & Falcke 2013; Mościbrodzka et al. 2016a; Davelaar
et al. 2018). As argued by Hawley & Krolik (2006), this flow emerges as plasma from the disk is driven against the
centrifugal barrier by magnetic and thermal pressure (which coined the alternative term funnel wall jet for this region).
In current GRMHD based radiation models as utilized e.g. in EHT Collaboration (2019b), as the density in the funnel
region is dominated by the artificial floor model, the funnel is typically excised from the radiation transport. The
denser region outside the funnel wall remains which naturally leads to a limb-brightened structure of the observed
M87 “jet” at radio frequencies (e.g. Mościbrodzka et al. 2016a; Chael et al. 2018; Davelaar et al. 2019 in prep.). In the
mm-band (EHT Collaboration 2019a), the horizon scale emission originates either from the body of the disk or from
the region close to the funnel wall, depending on the assumptions on the electron temperatures (EHT Collaboration
2019b).
In RIAF accretion, a special role is played by the horizon penetrating magnetic flux �BH: normalized by the accretion

rate � := �BH/
p
Ṁ , it was shown that a maximum for the magnetic flux �max ⇡ 15 (in our system of units) exists

which depends only mildly on black hole spin, but somewhat on the disk scale height (with taller disks being able to
hold more magnetic flux, Tchekhovskoy et al. 2012). Once the magnetic flux reaches �max, accretion is brought to a
near-stop by the accumulation of magnetic field near the black hole (Tchekhovskoy et al. 2011; McKinney et al. 2012)
leading to a fundamentally di↵erent dynamic of the accretion flow and maximal energy extraction via the Blandford &
Znajek (1977) process. This state is commonly referred to as Magnetically Arrested Disk (MAD, Bisnovatyi-Kogan &
Ruzmaikin 1976; Narayan et al. 2003) to contrast with the Standard and Normal Evolution (SANE) where accretion
is largely una↵ected by the black hole magnetosphere (here � ⇠ few). While the MAD case is certainly of great
scientific interest, in this initial code comparison we focus on the SANE case for two reasons: i) the SANE case is
already extensively discussed in the literature and hence provides the natural starting point ii) the MAD dynamics
poses additional numerical challenges (and remedies) which render it ill-suited to establish a baseline agreement of
GMRHD accretion simulations.

3. CODE DESCRIPTIONS

Event Horizon Code Comparison 5

gravitational field, it is necessary to develop models of the accretion flow, associated winds and relativistic jets, and
the emission properties in each of the components.
Earlier semi-analytic works (Narayan & Yi 1995; Narayan et al. 1998; Yuan et al. 2002) have provided with the general

parameter regime of the galactic center by exploiting spectral information. For example, Mahadevan & Quataert (1997)
demonstrated that the electrons and ions are only weakly collisionally coupled and unlikely in thermal equilibrium.
Also key parameters like the accretion rate are typically estimated based on simple one-dimensional models (Marrone
et al. 2007). They have solidified the notion that the accretion rate in Sgr A* is far below the Eddington limit
ṀEdd = LEdd/(0.1c2) ' 2M/(108M�)M�yr�1 where LEdd = 4⇡GMc/�T is the Eddington luminosity (with �T being
the Thomson electron cross section). New observational capabilities like mm- and IR- interferometry, as provided by
the EHT and GRAVITY (Gravity Collaboration et al. 2018) collaborations now allow to go much closer to the source
which requires a description of general relativistic and dynamical (hence time-dependent) e↵ects.
The most common approach to dynamical relativistic source modeling uses the ideal general relativistic magneto-

hydrodynamic (GRMHD) approximation. It is worth reviewing the nature and quality of the two approximations
inherent in the GRMHD model. First, the plasma is treated as a fluid rather than a collisionless plasma. Second, the
exchange of energy between the plasma and the radiation field is neglected.
The primary EHT sources Sgr A* and M87* fall in the class of low-luminosity active galactive nuclei (AGN) and

accrete with Ṁ/ṀEdd . 10�6 (Marrone et al. 2007) and Ṁ/ṀEdd . 10�5 (Kuo et al. 2014) far below the Eddington
limit. In both cases the accretion flow is believed to form an optically thin disk that is geometrically thick and therefore
has temperature comparable to the virial temperature (see Yuan & Narayan 2014 for a review). The plasma is at
su�ciently high temperature and low density that it is collisionless: ions and electrons can travel � GM/c2 along
magnetic field lines before being significantly deflected by Coulomb scattering, while the e↵ective mean free path
perpendicular to field lines is the gyroradius, which is typically ⌧ GM/c2. A rigorous description of the accreting
plasma would thus naively require integrating the Boltzmann equation at far greater expense than integrating the fluid
equations. Full Boltzmann treatments of accretion flows are so far limited to the study of localized regions within the
source (e.g. Hoshino 2015; Kunz et al. 2016). Global models that incorporate nonideal e↵ects using PIC-inspired closure
models suggest, however, that the e↵ects of thermal conduction and pressure anisotropy (viscosity) are small (Chandra
et al. 2015, 2017; Foucart et al. 2017), and thus that one would not do too badly with an ideal fluid prescription.
For Sgr A*, radiative cooling is negligible (Dibi et al. 2012). For M87 radiative cooling is likely important (e.g.

Mościbrodzka et al. 2011; Ryan et al. 2018; Chael et al. 2018). Cooling through the synchrotron process and via
inverse Compton scattering primarily a↵ects the electrons, which are weakly coupled to the ions and therefore need
not be in thermal equilibrium with them. To properly treat the radiation field for the non-local process of Compton
scattering requires solving the Boltzmann equation for photons (the radiative transport equation) in full (e.g. Ryan
et al. 2015) or in truncated form with “closure”. A commonly employed closure is to assume the existence of a frame in
which the radiation field can be considered isotropic, yielding the “M1” closure (Levermore 1984) for which a general
relativistic derivation is shown for example in Sa̧dowski et al. (2013). As expected, the computational demands imposed
by the additional “radiation fluid” are considerable. It may however be possible to approximate the e↵ects of cooling
by using a suitable model to assign an energy density (or temperature) to the electrons (Mościbrodzka et al. 2016b).
Again an ideal fluid description, which automatically satisfies energy, momentum, and particle number conservation
laws is not a bad place to start.
It is possible to write the GRMHD equations in conservation form. This enables one to evolve the GRMHD

equations using techniques developed to evolve other conservation laws such as those describing nonrelativistic fluids
and magnetized fluids. Over the last decades, a number of GRMHD codes have been developed, most using conservation
form, and applied to a large variety of astrophysical scenarios (Hawley et al. 1984; Koide et al. 1999; De Villiers &
Hawley 2003; Gammie et al. 2003; Baiotti et al. 2005; Duez et al. 2005; Anninos et al. 2005; Antón et al. 2006; Mizuno
et al. 2006; Del Zanna et al. 2007; Giacomazzo & Rezzolla 2007; Tchekhovskoy et al. 2011; Radice & Rezzolla 2013;
Radice et al. 2014; Sa̧dowski et al. 2014; McKinney et al. 2014; Etienne et al. 2015; White et al. 2016; Zanotti &
Dumbser 2015; Meliani et al. 2016; Liska et al. 2018a).
Despite the conceptual simplicity of the MHD equations, the non-linear properties which allow for shocks and

turbulence render their treatment di�cult. This is particularly true for the case study considered here: in state-of-the-
art simulations of black hole accretion, angular momentum transport is provided by Maxwell- and Reynolds- stresses
of the orbiting plasma. MHD turbulence is seeded by the magnetorotational instability (MRI) in the di↵erentially
rotating disk (Balbus & Hawley 1991, 1998) and gives rise to chaotic behavior which hinders strict convergence of

▸ 																																				:	Radia@vely	inefficient	(RIAF),	no	cooling	and	radia@ve	feedback	
▸ 3D	GRMHD	simula@ons	from:	BHAC, iharm3d, KORAL, H-AMR  

▸ Two	accre@on	states:			
▸ SANE	(Standard	and	Normal	Evolu@on)	
▸ MAD	(Magne@cally	Arrested	Disk)  

▸ Spin	parameter:		
▸ SANE:	-0.94,	-0.5,	0,	0.5,	0.75, 

	0.88,	0.94,	0.97,	0.98	
▸ MAD:	-0.94,	-0.5,	0,	0.5,	0.75, 

	0.94		

SANE morphology (OP, …Bugli… et al. 2019)
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OP, …Bugli… et al. (arXiv: 1904.04923)

Event Horizon GRMHD Code Comparison Project

▸ Assess systematics: 
▸ Algorithms  
▸ grids  
▸ boundary conditions

sufficient  
resolution Codes can be used 

interchangeably once sufficient 
resolution is employed 

Typically:
1923, PPM reconstruction, 
100K cpu hours (500EUR)



Behind the image: first EHT results - Oliver Porth. Saclay SAp seminar, May 21st 2019

The hair of accreting black holes: magnetic flux

SANE MAD

� =

R
BrdAHorizonp

Ṁ
<latexit sha1_base64="/QvjhgCRuVrIWUrNQ0QdZf1zRvg="></latexit><latexit sha1_base64="/QvjhgCRuVrIWUrNQ0QdZf1zRvg="></latexit><latexit sha1_base64="/QvjhgCRuVrIWUrNQ0QdZf1zRvg="></latexit>

Maximum BH magnetic flux: ɸmax=15 

ɸ=2 ɸ=15

Tchekhovskoy et al. 2011, McKinney et al. 2012
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Image Library: > 60,000 images

▸ 1.3mm	modeled	images	from:	ipole, 
RAPTOR, BHOSS

▸ 100-500	samples	per	GRMHD	simula@on	

▸ Observer	inclina@on	angles:	 
i=12,	17,	22,	158,	163,	168	deg  

▸ Thermal	electrons	(Moscibrodzka+,	2016):	

▸ Electrons	colder	at	high	plasma	beta	(disk),	warmer		
in	low	plasma	beta	(jet)	

▸

Ti

Te
= Rhigh

�2
p

1 + �2
p

+
1

1 + �2
p
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Ion/electron	temperature	ra@o	depends	on	 
Rhigh=(1,	10,	20,	40,	80,160),	plasma	beta	
βp	≡	Pg/Pmag.	

GRRT code comparison: Gold et al. in prep
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Single snapshot model: fitting GRMHD data

GRMHD fitting to mm-VLBI data of Sgr A* (e.g., Dexter et al.
2010; Kim et al. 2016). We further develop and apply a method
for testing the consistency of the M87 data with the simulation
models (Section 6.4) and find that the majority of the simulation
library models is consistent with the data. We use the results to
estimate physical parameters, including the black hole angular
radius GM Dc2 (Section 6.5). The implications of our results
for the physical properties of the emission region are discussed
in more detail in Paper V. From EHT data alone it is difficult to
rule out many of the broad range of possible models for the
black hole and plasma properties. However, in combination
with other data (especially the observed jet power), ultimately
more than half of the models can be excluded.

6.1. Summary of Simulations

As described in detail in Paper V, we have constructed a
large image library of horizon-scale synchrotron emission
images at 230 GHz computed from GRMHD simulations. We
summarize the broad features of this library here and direct the
reader to Paper V for more information. The GRMHD
simulations cover a wide range of black hole spins as well as
initial magnetic field geometries and fluxes. These result in
images associated with a variety of accretion flow morpholo-
gies and degrees of variability. The magnetic flux controls the
structure of the accretion flow near the black hole. Low
magnetic fluxes produce the standard and normal evolution
(SANE) disks characterized by low-efficiency jet production.
In contrast, magnetically arrested disks (MAD) are character-
ized by large magnetic fluxes, set by the ram pressure of the
confining accretion flow.

From these models, families of between 100 and 500
snapshot images were produced assuming synchrotron emis-
sion from an underlying thermal electron population (see
Section 3.2 of Paper V). The snapshot image generation
introduces additional astrophysical parameters associated with
the intrinsic scales in the radiative transfer. These parameters
include the black hole mass, the viewing inclination, i, and
a model for the electron thermodynamics: Ti/Te≈Rhigh in
gas-pressure dominated regions and is unity otherwise
(Mościbrodzka et al. 2016), where Ti and Te are the ion and
electron temperatures.

The number density of emitting electrons is scaled
independently for each simulation such that the typical

230 GHz flux density is ∼0.5Jy. The temporal separation
between snapshots is selected such that adjacent snapshots are
weakly correlated.

6.2. Single Snapshot Model (SSM)

Each snapshot image generates a three-parameter SSM
defined by the total compact flux (CF), angular scale (θg), and
orientation (defined to be the position angle of the forward jet
measured east of north, PAFJ). Variations in these parameters
approximately correspond to variations in the accretion rate,
black hole mass, and orientation of the black hole spin,
respectively. Variations in mass are associated with changes in
the diameter of the photon ring, a generic feature found across
all of the images in the GRMHD image library.
Each snapshot image is characterized by a nominally scaled,

normalized intensity map of the image, ˆ ( )I x y, , with a
corresponding nominal total intensity ĈF, gravitational radius
q̂g, and forward jet position angle PAFJ=0°; associated with
the intensity map are complex visibilities ˆ ( )V u v, . The SSM is
then generated by rescaling, stretching, and rotating ˆ ( )V u v, :

I Im m m= ¢ ¢( ) ˆ ( ) ( )V u v V u v, ; , , PA , 28SSM FJ

whereI º ˆCF CF, m q qº ˆ
g g, and (u′, v′) are counter-rotated

from (u, v) by the angle PAFJ. This procedure is illustrated in
Figure 9.
We show in Paper V that these approximations generally

hold for flux and mass for rescalings by factors of 2 from
their fiducial values.

6.3. Fitting Single Snapshots to EHT Data

For both model selection and parameter estimation, the first
step is fitting an SSM model to the EHT data set described in
detail in Section 2.1. The only difference here is that intra-site
baselines are excluded. These probe angular scales between
0 1 and 10″, at which unmodeled large-scale features, e.g.,
HST-1, contribute substantially (see Section4 of Paper IV). We
verify after the fact that the reconstructed compact flux
estimates are consistent with the upper limits necessarily
implied by these baselines. The fitting process is complicated
by large structural variations between snapshots resulting from
turbulence in the simulations (see Section 6.4).

Figure 9. Illustration of the parameters of the SSM described in Section 6.2. Both the original GRMHD simulation (left) and the corresponding SSM for an arbitrary
set of parameter values, (flux rescaling, stretching of the image, and rotation; right) are shown. In both panels, the gray arrow indicates the orientation of the
forward jet.
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Figure 27. Illustration of “good” (top panels) and two “bad” (middle and bottom panels) models following the THEMIS-AIS procedure. Closure phases are shown for
three triangles at 5 UTC for April 5 as proxies for the χ2. Blue dots indicate the closure phases for the best-fit SSM associated with each simulation snapshot image.
The red diamond shows the same for the average snapshot image. The green triangle shows the observed values on April 5, high-band, near 5 UTC. The manner in
which the two models shown in the middle and bottom rows are excluded differs: in the middle case the reduced χ2 is too large, while in the bottom case the χ2 is too
small to be consistent with that anticipated by the individual GRMHD model snapshots.
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Appendix G
GRMHD Model Parameter Estimation

The presence of a significant stochastic component in the
snapshot images from GRMHD models complicates the
interpretation of posterior distributions of the SSM parameters.
This is exacerbated by the very incomplete coverage of the
turbulent realizations by the simulation snapshots (relative to
the observational noise) in a way similar to that found during
model selection (Appendix F). Here we explicitly describe how
we address this.

G.1. Ensemble-based Posterior Construction

The GRMHD models effectively comprise an ensemble of
snapshot images, which simultaneously identify a “typical”
image and the statistical distribution of the stochastic features
within the image. In principle, this stochasticity can be
addressed by introducing hyper-parameters associated with
this additional image structure, subject to priors obtained from
the statistics of the fluctuations within the snapshot ensemble,
and subsequently marginalizing over them. In practice, we
approximate this procedure by instead fitting and marginalizing
over each snapshot image independently. Thus, we formally
define the joint model-parameter posterior distributions for the
SSM model, following Bayes’ theorem, by
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where !Q( ∣ )DP , is formally the likelihood, ! refers to a
particular snapshot image from % obtained with probability
! %( ∣ )P , and p Q( ) and %p ( ) are the priors on parameters Q

and the model%, respectively. We now discuss each of these
terms separately.

The prior on a given model is obtained from the THEMIS-AIS
procedure combined with theoretical priors based on X-ray
luminosity, jet power, and radiative efficiency (see Table2 of
Paper V). Because the probability of finding a snapshot image
within the ensemble generated for a particular GRMHD model
that fits the EHT observations well when only observational

errors are considered is small, we do not make significant
distinctions between values of %( ∣ )DpAIS above some thresh-
old, pAIS,0 (see Appendix F). Thus, we set

% %p » Q -( ) [ ( ∣ ) ] ( )Dp p , 63AIS AIS,0

where Θ(x) is the Heaviside function. The priors on the SSM
parameters, p Q( ), are described in Section 6.3.
The interpretation of the likelihood, !Q( ∣ )DP , , is again

complicated by the substantial stochastic image components. In
the presence of only data-based uncertainties, this likelihood is
formally no different from that described in Section 4.1. In
practice, we find that the spread in “best-fit” !Qp; across
different snapshots within a single GRMHD model is much
larger than the distribution of the likelihood function for each
individual snapshot (see Figure 29).
The value of !!Q( ∣ )DP ,p; is misleading due to the

sparse sampling of the stochastic image components within
the snapshot ensembles. That is, for models deemed acceptable
by the AIS procedure, even large reduced χ2 (defined relative
to the observational noise estimates) may be “high quality” in
that they are well within the range anticipated by the stochastic
variability. For the best of these, the expectation is that a
realization of the turbulence close to that in the relevant
snapshot image would constitute a “good” fit in the normal
sense, i.e., a reduced χ2 of unity; that such a fit was not found is
a consequence only of the necessarily sparse nature of the
snapshot image ensemble. Therefore, these “high-quality” fits
are indicative of parameters for which a realization of the
stochastic component could adequately explain the EHT
observations.
We address this in two steps. First, by specifying “high

quality” within a particular model by ranking the fits relative to
the likelihood (THEMIS) or χ2 (GENA) and placing a cut at
some fractional level, e.g., for the THEMIS pipeline cutting on
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Fits with ! %q , above some cutoff q0 are assumed to be
sufficiently close to a formally acceptable fit in that a nearby
realization of the stochastic image features could be found.
Second, by making use of the comparatively narrow nature for
the high-quality SSM posteriors

! ! ! %dQ Q Q» - Q -( ∣ ) ( ) ( ) ( )DP q q, . 65p
3

; , 0

Combining these, the estimated posteriors on the SSM
parameters after marginalizing over all models and images is
then
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Key meta-parameters in this estimate are the quality cuts on
models, pAIS,0, and on snapshot images within a model, q0. In
the following, we note that the posteriors are only weak
functions of pAIS,0, and are converged for q0<0.5, i.e.,
accepting snapshots with fit qualities above the median.
This procedure, while credible, does require a number of

assumptions about the utility of what are ultimately low

Figure 28. Anticipated cumulative distribution function of reduced χ2 for the
SSM for the same three representative models shown in Figure 27 for the April
5 high-band data. For comparison, the measured reduced χ2 is indicated by the
vertical blue line for each model.
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Average Image Scoring Summary

▸Compare:																																					
data	-	⟨model⟩																							
model	-	⟨model⟩	

			using	Themis-AIS	

▸Rejects	a	=	-0.94	MAD	models	

▸This	model	exhibit	highest	
morphological	variability
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	BH	spin	vector	poin@ng	away	from	Earth	

	BH	spin	vector	poin@ng	toward	Earth	

▸ Large	scale	jet	orienta@on	lies	on	the	
shoulder	of	the	spin-away	models	
(⟨PA⟩	∼	200	deg,	𝜎PA	∼	55	deg) 

▸ Large	scale	jet	orienta@on	lies	off	the	
shoulder	of	the	spin-toward	models 

▸ BH	spin-away	models	are	favoured		

▸ Width	of	distribu@ons	arises	from	
brightness	fluctua@ons	in	the	ring
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Further constraints 1 - 3:

▸ Calculate	radia@ve	efficiency,	
▸ Reject	model	if	ε	>	ε(classical	thin	disk	model);	inconsistent;	would	cool	quickly	
▸ Rejects	MAD	models	with	a	≥	0	and	Rhigh	=	1	(hot	midplane	electrons)	

✏ ⌘ L
bol

/(Ṁc2)
<latexit sha1_base64="vFW1yJ2aq5sa9K2JyRZ2p/+j1bg="></latexit>

1. Radiative Equilibrium:

2. X-ray constraint
▸ X-ray	data:	simultaneously	Chandra,	NuSTAR	observa@ons	during	EHT2017	Campaign	
▸ 2-10	keV	luminosity:	Lx=	4.4	±	0.1	x	1040	erg/s	
▸ Reject	models	that	consistently	overproduce	X-ray	
▸ Overluminous	model:	rejects	SANE	with	Rhigh	<=	20.

3. Jet power
▸ Constraint	Pjet	>	Pjet,min	=	1042	erg/s	rejects	all	a=0	models	
▸ Most	|a|	>	0	MAD	models	acceptable	
▸ Pjet	dominated	by	extracFon	of	black	hole	spin	energy	through	Blandford-Znajek	process
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SANE MADConstraint Summary

▸ Applied	AIS,	consistency	of	
radia@ve	equilibrium,	max	X-ray	
luminosity,	and	minimum	jet	
power	

▸ Most	SANE	models	fail,	except					
a	=	-0.94	and	a	=	0.94	models	
with	large	Rhigh	

▸ Large	frac@on	of	MAD	model	
pass,	except	a	=	0	models	and	
small	Rhigh	models



Behind the image: first EHT results - Oliver Porth. Saclay SAp seminar, May 21st 2019

From diameter to black hole mass
▸ Observed diameter should scale with               :  

▸ Naive approach: assume measured diameter corresponds to photon ring  
alpha = 9.6-10.4 (Johannsen & Psaltis 2010)

▸ Calibrate alpha by fitting geometric models to a set of GRMHD models where Θg is 
known: α = 11.5 +/- 10%

the angular size corresponding to one gravitational radius,

q = ( )GM
c D

. 26g 2

The gravitational radius sets the physical length scale of the
emission region. Most of the observed 230 GHz emission is

expected to originate near the photon ring (see, e.g., Dexter
et al. 2012), whose scaling with θg is known for a given black
hole mass and spin a* (Bardeen 1973; Chandrasekhar 1983).
The crescent component in the GC models does not necessarily
correspond to the photon ring itself. If, however, the crescent
component is formed by lensed emission near the horizon, then

Figure 7. Posterior medians and 68% confidence intervals for selected parameters derived from GC model fitting for all observing days and bands. Blue circular points
indicate xs‐ring fits using the dynesty-based fitting scheme applied to individual data sets (i.e., a single band on a single day). Red square points indicate xs‐ringauss
fits using THEMIS applied to individual data sets, while orange square points show THEMIS-based xs‐ringauss fits to data sets that have been band-combined. All
plotted error bars include the systematic “observational uncertainties” estimated from simulated data in Appendix D; these uncertainties are listed in the bottom row of
Table 3. Note that recovery of the total compact flux density ĈF is not possible for the dynesty-based fits, which use only closure quantities. The light purple band in
the lower-right panel is the range inferred in Paper IV.
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its size should obey a similar scaling with θg,

aq=ˆ ( )d . 27g

For emission at the photon ring, α;9.6–10.4 depending on
the black hole spin parameter. For a realistic source model, the
emission is not restricted to lie exactly at the photon ring. The
value of this scaling factor α and its uncertainty are therefore
unknown a priori.

We have measured α and its uncertainty for both GC models
using a suite of synthetic data sets generated from snapshots of
GRMHD simulations from the GRMHD image library
(Paper V). The full calibration procedure, including properties
of the selected GRMHD simulations, the synthetic data
generation process, and the calibration uncertainty quantifica-
tion, is detailed in Appendix D. By fitting each calibration
image with a GC model, and then comparing the corresponding
d̂ measurement to the input value of θg for the simulation that
produced the image, we determine the value of α for that
image. Combining the results of such fits from a large number
of GRMHD simulations yields a calibration (and uncertainty)
for α. For the xs‐ring model we find a mean value of
a = 11.55, while for the xs‐ringauss model we find a nearly
identical a = 11.50. Both of these values are somewhat larger
than the a » 10 expected for the photon ring itself, indicating
that the GC models are accounting for emission in the GRMHD
model images that preferentially falls outside of the
photon ring.

Figure 8 shows the θg values obtained as a result of applying
our calibrated scaling factor to the crescent diameter values
measured for each day and band, and Table 4 lists the results
from combining the measurements from all data sets. There is
excellent agreement between the two GC models, resulting in
an averaged value of q m= -

+3.77 asg 0.40
0.45 . We note that the 12%

uncertainty in the θg measurement is dominated by the diversity
of GRMHD models used in the primary calibration; the
quantification of this “theoretical” uncertainty component from
the GRMHD simulations is described in Appendix D.2.

6. Direct Comparison with GRMHD Models

EHT data have the power to directly constrain GRMHD
simulation based models of M87 and to estimate the physical
properties of the black hole and emitting plasma. Such a direct
comparison is challenging due to stochastic structure in the
models.

The EHT 2017 data span a very short time frame for the M87
source structure. Its characteristic variability timescale at
230 GHz is ;50 days (Bower et al. 2015), much longer than
our observing run. Thus, although the entire ensemble of model
snapshots taken from a given simulation captures both the
persistent structure as well as the statistics of the stochastic
components, we do not yet have enough time coverage for M87
itself to measure its structural variations.
Model images from GRMHD simulations show a dominant,

compact, asymmetric ring structure resulting from strong
gravitational lensing and relativistic gas motions (Paper V).
Hence, they capture the qualitative features found by image
reconstructions in Paper IV and by geometric crescent models
in Section 5. This motivates a direct comparison of the
GRMHD model images with the EHT data.
In this section we summarize the GRMHD image library

(Section 6.1) and fit individual simulation snapshot images
(Sections 6.2 and 6.3) in a similar fashion to past work on

Figure 8. Constraints on θg arising from the GRMHD simulation calibrated GC
model fits, by day and band. Solid error bars indicate 68% confidence intervals,
while dashed error bars indicate the systematic uncertainty in the calibration
procedure. Circular blue points indicate independent analyses for each band
and on each day in the context of the xs‐ring GC model fit using the dynesty-
based method. Square points indicate independent analyses for each band (red)
and band-combined analyses (orange) for each day using the xs‐ringauss GC
model with THEMIS. Colored bands around dashed lines (right) indicate the
combined constraint across both bands and all days, neglecting the systematic
uncertainty in the calibration procedure.

Table 4
Calibrated Scaling Factors, α, and Corresponding θg Measurements

Model d̂ (μas) Calibration α θg (μas) sstat (μas) sobs (μas) sthy (μas)

xs‐ring 43.2 MAD+SANE 11.56 3.74 (+0.064, −0.063) (+0.064, −0.069) (+0.42, −0.43)
MAD only 11.13 3.88 (+0.057, −0.055) (+0.050, −0.060) (+0.32, −0.25)
SANE only 12.06 3.58 (+0.073, −0.073) (+0.089, −0.096) (+0.44, −0.51)

xs‐ringauss 43.4 MAD+SANE 11.35 3.82 (+0.038, −0.038) (+0.078, −0.077) (+0.44, −0.36)
MAD only 11.01 3.94 (+0.040, −0.039) (+0.092, −0.10) (+0.25, −0.20)
SANE only 11.93 3.64 (+0.036, −0.036) (+0.061, −0.050) (+0.54, −0.55)

Note. We use the angular diameter measurements (d̂ ) from Section 5.2 and combine them with the calibrated scaling factors (α) from Section 5.3 to arrive at our
measurements of θg. We list scaling factors calibrated using both magnetically arrested disks (MAD) and standard and normal evolution (SANE) GRMHD simulations
(see Section 6.1), as well as ones calibrated using only MAD and only SANE simulations; for the final measurement presented in the text we have used the MAD
+SANE calibration. The various uncertainty components are described in Appendix D.2. We quote median values for all measurements and the associated 68%
confidence intervals for the different categories of uncertainty.
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• Convert Θg to M using D = 16.8 +/- 0.7 
Mpc

• M = 6.5 +/- 0.7 x 109 Msun

• Three methods in excellent agreement

• Systematic error in calibration of alpha 
dominates in all cases

• Excellent agreement with stellar 
dynamics mass estimate  
(Gebhardt+2011)

The black hole mass of M87
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▸ Consistency of the mass estimate 
with stellar dynamics means our 
results are completely consistent with 
general relativity

Towards tests of GR: null hypothesis test
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Conclusions first analysis

▸ M87 at 1mm: Crescent-like structure with diameter 
42 +/- 3 μas 

▸ Black hole mass 6.5 +/- 0.2|stat +/- 0.7|sys 109 Msun 
(Consistent with stellar mass estimate) 

▸ Image consistent with strongly lensed emission at 
the photon-orbit 

▸ Models show that the jet forms due to extraction of 
spin-energy from the black hole (Blandford Znajek 
mechanism) 

▸ Emission co-rotates with spin: Spin points away from 
earth  

▸ Non-spinning models ruled out 
▸ So far all points towards a Kerr- black hole.

42 ± 3 μas

M=6.5 ± 0.9 x 109 Msun

25 μas



Behind the image: first EHT results - Oliver Porth. Saclay SAp seminar, May 21st 2019

Mass and distance of SgrA* known 
accurately from Gravity measurements

EHT Science in the pipeline (2017 & 2018 campaigns)

▸ M87*  

▸ Polarisation: Jet launching, breaking 
degeneracies 

▸ Multi-wavelength: jet dynamics 

▸ SgrA*  

▸ Variability requires more complex analysis 

▸ Interstellar scattering seems OK 

▸ Better constrained test of General Relativity 

▸ Jet launching in other targets
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Further	targets: 
Cen	A,	3C273,	OJ287,	NGC1052

▸ More science applications: 

▸ Dynamical imaging 

▸ Variability, IR- and X-ray flares 

▸ Other AGN 

▸ Galactic Centre pulsars, masers

Upcoming EHT science, near future

▸ Technical improvements 

▸ Sensitivity, Polarisation,  

▸ Observe at 345 GHz 

▸  Additional telescopes 

▸ Greenland, Llama, AMT
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Further	targets: 
Cen	A,	3C273,	OJ287,	NGC1052

▸ More science applications: 

▸ Dynamical imaging 

▸ Variability, IR- and X-ray flares 

▸ Other AGN 

▸ Galactic Centre pulsars, masers

Upcoming EHT science, near future

▸ Technical improvements 

▸ Sensitivity, Polarisation,  

▸ Observe at 345 GHz 

▸  Additional telescopes 

▸ Greenland, Llama, AMT



non-GRMHD case: Dilaton BH

• 3D GRMHD simulations of magnetized 
torus accreting with a weak poloidal 
magnetic field loop onto Kerr BH (a=0.6) & 
ISCO-matched dilaton BH (b=0.5) by 
BHAC

• Azimuthal & time-averaged density (left) 
and magnetization (right) 

• Overall plasma behaviour is very similar in both cases but high magnetized 
jet spine region is different (dilaton BH is weaker than Kerr BH).

density magnetization

Dilaton Kerr Dilaton Kerr

Mizuno et al. (2018)



Dilaton-BH Shadow Images

• Emission model (fixed                                          ) 
• BH shadow image is quite similar… 
• Pixel-by-pixel difference shows smaller shadow size in dilaton BH (blue ring), and offset & 

asymmetry of shadow in Kerr (red ring) 
• Differences small even in “infinite-resolution images”
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m ' 10�17eV/c2
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“Boson stars are macroscopic quantum states which 
are prevented from undergoing complete gravitational 
collapse by Heisenberg uncertainty principle “
Cardoso, Pani, Cadoni and Cavaglia (2008)

Olivares	et	al.	(2019)

• Non-rotating	Boson	star,	minimally	
coupled	self-gravitating	scalar	field	

Feinblum	&	McKinley	(1968);	Kaup	(1968);	Ruffini	&	Bonazzola	(1969),	Cardoso,	Pani	et	al.	(2008)		
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
unambiguously differentiate a black hole from a boson star.
Such configurations, however, do not allow matter to enter
the region where the presence/absence of an event horizon is
most relevant, as would happen in realistic accretion. As men-
tioned above, Non-magnetized accretion onto boson stars has
been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
accretion processes as a means for angular momentum trans-
port and jet production, it is essential to extend the study to
produce ray-traced images of fully dynamical accretion in the
presence of magnetic fields.

It is important to state that the purpose of this paper is not
to argue against the existence of black holes. We are only
concerned with the qualitative features of accretion onto com-
pact horizonless and surfaceless objects that could make them
potentially distinguishable from SMBHs by the EHTC obser-
vations. A mini boson star with the scalar field mass tuned
to match the mass and compactness of Sgr A* estimated from
stellar motions serves this purpose and at the same time pro-
vides one of the most interesting cases from the point of view
of fundamental physics. In the next section we show how to
build the spacetime of a spherically symmetric boson star and
describe the physical scenario of accretion onto this object.

II. PHYSICAL SCENARIO

A. Scalar field configuration

The general action for a complex scalar field ' minimally
coupled to gravity is4

A =

Z
d

4

x

p
�g


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16⇡

� 1

2

rµ'rµ
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�
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where g is the determinant of the metric, R is the Ricci scalar
and V (|'|) is the potential associated to the scalar field [68,
69].

4 We use geometrised units, where the Planck’s constant, the gravitational
constant GN and and the speed of light c are set to unity: ~ = GN = c =
1 therefore the Planck mass is MP =

p
~. We use also the convention

(�,+,+,+) for the spacetime metric signature. Latin letters (i.e., i, j.. =
1, 2, 3) are used for spacial indices, while Greek indices ↵,�.. take the
values 0, ..., 3.

Varying the action with respect to the metric tensor gµ⌫ one
obtains the field equations
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is the stress-energy tensor containing the kinetic terms and the
potential of the scalar field [22]. Furthermore, by varying with
respect to ', we get the Klein–Gordon equation [70]
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0
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where the prime indicates derivation with respect to ' and
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t is the d’Alembert operator or the so
called wave operator.

The difference between boson, mini-boson, and soliton
stars is given by the form of the potential. As mentioned
before, we restrict ourselves to study accretion onto a mini-
boson star, for which the potential is

V (|'|) =

1

2

m

2

M

4

P

|'|2 . (6)

Although this term is used in practically all the literature, it is
misleading, since the maximum mass of these objects depends
on the mass of the scalar particle as M ⇠ 0.633(GNm)

�1,
and very large masses can be reached by using small values of
m.

We shall now briefly explain how these configurations can
be obtained [50, 51, 71–73]. Since we expect a spherically
symmetric, stationary energy density distribution, we can do
the ansatz

' =  (r)e

�i!t
, (7)

where  is a real function and r is a radial coordinate. For the
metric, we can assume a spherically symmetric line element
with zero shift
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
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Such configurations, however, do not allow matter to enter
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been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
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“mini-boson	star”

• So	far:	static	configuration	(e.g.	Vincent	et	al.,	2016) 
=>	dynamical	GRMHD	simulations	+	GRRT		

Boson Stars: GRMHD
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
unambiguously differentiate a black hole from a boson star.
Such configurations, however, do not allow matter to enter
the region where the presence/absence of an event horizon is
most relevant, as would happen in realistic accretion. As men-
tioned above, Non-magnetized accretion onto boson stars has
been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
accretion processes as a means for angular momentum trans-
port and jet production, it is essential to extend the study to
produce ray-traced images of fully dynamical accretion in the
presence of magnetic fields.

It is important to state that the purpose of this paper is not
to argue against the existence of black holes. We are only
concerned with the qualitative features of accretion onto com-
pact horizonless and surfaceless objects that could make them
potentially distinguishable from SMBHs by the EHTC obser-
vations. A mini boson star with the scalar field mass tuned
to match the mass and compactness of Sgr A* estimated from
stellar motions serves this purpose and at the same time pro-
vides one of the most interesting cases from the point of view
of fundamental physics. In the next section we show how to
build the spacetime of a spherically symmetric boson star and
describe the physical scenario of accretion onto this object.

II. PHYSICAL SCENARIO

A. Scalar field configuration

The general action for a complex scalar field ' minimally
coupled to gravity is4

A =
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where g is the determinant of the metric, R is the Ricci scalar
and V (|'|) is the potential associated to the scalar field [68,
69].

4 We use geometrised units, where the Planck’s constant, the gravitational
constant GN and and the speed of light c are set to unity: ~ = GN = c =
1 therefore the Planck mass is MP =

p
~. We use also the convention

(�,+,+,+) for the spacetime metric signature. Latin letters (i.e., i, j.. =
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is the stress-energy tensor containing the kinetic terms and the
potential of the scalar field [22]. Furthermore, by varying with
respect to ', we get the Klein–Gordon equation [70]
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t is the d’Alembert operator or the so
called wave operator.

The difference between boson, mini-boson, and soliton
stars is given by the form of the potential. As mentioned
before, we restrict ourselves to study accretion onto a mini-
boson star, for which the potential is
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Although this term is used in practically all the literature, it is
misleading, since the maximum mass of these objects depends
on the mass of the scalar particle as M ⇠ 0.633(GNm)

�1,
and very large masses can be reached by using small values of
m.

We shall now briefly explain how these configurations can
be obtained [50, 51, 71–73]. Since we expect a spherically
symmetric, stationary energy density distribution, we can do
the ansatz

' =  (r)e
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where  is a real function and r is a radial coordinate. For the
metric, we can assume a spherically symmetric line element
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Upon substitution of eqs. (7) and (8) in the field equations
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
unambiguously differentiate a black hole from a boson star.
Such configurations, however, do not allow matter to enter
the region where the presence/absence of an event horizon is
most relevant, as would happen in realistic accretion. As men-
tioned above, Non-magnetized accretion onto boson stars has
been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
accretion processes as a means for angular momentum trans-
port and jet production, it is essential to extend the study to
produce ray-traced images of fully dynamical accretion in the
presence of magnetic fields.

It is important to state that the purpose of this paper is not
to argue against the existence of black holes. We are only
concerned with the qualitative features of accretion onto com-
pact horizonless and surfaceless objects that could make them
potentially distinguishable from SMBHs by the EHTC obser-
vations. A mini boson star with the scalar field mass tuned
to match the mass and compactness of Sgr A* estimated from
stellar motions serves this purpose and at the same time pro-
vides one of the most interesting cases from the point of view
of fundamental physics. In the next section we show how to
build the spacetime of a spherically symmetric boson star and
describe the physical scenario of accretion onto this object.

II. PHYSICAL SCENARIO
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The general action for a complex scalar field ' minimally
coupled to gravity is4
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where g is the determinant of the metric, R is the Ricci scalar
and V (|'|) is the potential associated to the scalar field [68,
69].

4 We use geometrised units, where the Planck’s constant, the gravitational
constant GN and and the speed of light c are set to unity: ~ = GN = c =
1 therefore the Planck mass is MP =
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~. We use also the convention

(�,+,+,+) for the spacetime metric signature. Latin letters (i.e., i, j.. =
1, 2, 3) are used for spacial indices, while Greek indices ↵,�.. take the
values 0, ..., 3.

Varying the action with respect to the metric tensor gµ⌫ one
obtains the field equations

Gµ⌫ = T
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where
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is the stress-energy tensor containing the kinetic terms and the
potential of the scalar field [22]. Furthermore, by varying with
respect to ', we get the Klein–Gordon equation [70]

⇤'+ V

0
(') = 0 , (5)

where the prime indicates derivation with respect to ' and
⇤ = @⇢@

⇢
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2

t is the d’Alembert operator or the so
called wave operator.

The difference between boson, mini-boson, and soliton
stars is given by the form of the potential. As mentioned
before, we restrict ourselves to study accretion onto a mini-
boson star, for which the potential is

V (|'|) =

1

2
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4

P

|'|2 . (6)

Although this term is used in practically all the literature, it is
misleading, since the maximum mass of these objects depends
on the mass of the scalar particle as M ⇠ 0.633(GNm)

�1,
and very large masses can be reached by using small values of
m.

We shall now briefly explain how these configurations can
be obtained [50, 51, 71–73]. Since we expect a spherically
symmetric, stationary energy density distribution, we can do
the ansatz

' =  (r)e

�i!t
, (7)

where  is a real function and r is a radial coordinate. For the
metric, we can assume a spherically symmetric line element
with zero shift

ds

2

= �↵2

dt

2
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Upon substitution of eqs. (7) and (8) in the field equations
(2) and the Klein-Gordon equations (5), we obtain a system
of four ordinary differential equations:
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
unambiguously differentiate a black hole from a boson star.
Such configurations, however, do not allow matter to enter
the region where the presence/absence of an event horizon is
most relevant, as would happen in realistic accretion. As men-
tioned above, Non-magnetized accretion onto boson stars has
been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
accretion processes as a means for angular momentum trans-
port and jet production, it is essential to extend the study to
produce ray-traced images of fully dynamical accretion in the
presence of magnetic fields.

It is important to state that the purpose of this paper is not
to argue against the existence of black holes. We are only
concerned with the qualitative features of accretion onto com-
pact horizonless and surfaceless objects that could make them
potentially distinguishable from SMBHs by the EHTC obser-
vations. A mini boson star with the scalar field mass tuned
to match the mass and compactness of Sgr A* estimated from
stellar motions serves this purpose and at the same time pro-
vides one of the most interesting cases from the point of view
of fundamental physics. In the next section we show how to
build the spacetime of a spherically symmetric boson star and
describe the physical scenario of accretion onto this object.

II. PHYSICAL SCENARIO

A. Scalar field configuration

The general action for a complex scalar field ' minimally
coupled to gravity is4

A =

Z
d

4

x

p
�g


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2

rµ'rµ
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⇤
+ V (|'|)

�
, (1)

where g is the determinant of the metric, R is the Ricci scalar
and V (|'|) is the potential associated to the scalar field [68,
69].

4 We use geometrised units, where the Planck’s constant, the gravitational
constant GN and and the speed of light c are set to unity: ~ = GN = c =
1 therefore the Planck mass is MP =

p
~. We use also the convention

(�,+,+,+) for the spacetime metric signature. Latin letters (i.e., i, j.. =
1, 2, 3) are used for spacial indices, while Greek indices ↵,�.. take the
values 0, ..., 3.

Varying the action with respect to the metric tensor gµ⌫ one
obtains the field equations

Gµ⌫ = T

(')

µ⌫ , (2)

where

Gµ⌫ = Rµ⌫ � 1

2
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(4)

is the stress-energy tensor containing the kinetic terms and the
potential of the scalar field [22]. Furthermore, by varying with
respect to ', we get the Klein–Gordon equation [70]

⇤'+ V

0
(') = 0 , (5)

where the prime indicates derivation with respect to ' and
⇤ = @⇢@

⇢
= r2 � @

2

t is the d’Alembert operator or the so
called wave operator.

The difference between boson, mini-boson, and soliton
stars is given by the form of the potential. As mentioned
before, we restrict ourselves to study accretion onto a mini-
boson star, for which the potential is

V (|'|) =

1

2

m

2

M

4

P

|'|2 . (6)

Although this term is used in practically all the literature, it is
misleading, since the maximum mass of these objects depends
on the mass of the scalar particle as M ⇠ 0.633(GNm)

�1,
and very large masses can be reached by using small values of
m.

We shall now briefly explain how these configurations can
be obtained [50, 51, 71–73]. Since we expect a spherically
symmetric, stationary energy density distribution, we can do
the ansatz

' =  (r)e

�i!t
, (7)

where  is a real function and r is a radial coordinate. For the
metric, we can assume a spherically symmetric line element
with zero shift
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Upon substitution of eqs. (7) and (8) in the field equations
(2) and the Klein-Gordon equations (5), we obtain a system
of four ordinary differential equations:
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
unambiguously differentiate a black hole from a boson star.
Such configurations, however, do not allow matter to enter
the region where the presence/absence of an event horizon is
most relevant, as would happen in realistic accretion. As men-
tioned above, Non-magnetized accretion onto boson stars has
been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
accretion processes as a means for angular momentum trans-
port and jet production, it is essential to extend the study to
produce ray-traced images of fully dynamical accretion in the
presence of magnetic fields.

It is important to state that the purpose of this paper is not
to argue against the existence of black holes. We are only
concerned with the qualitative features of accretion onto com-
pact horizonless and surfaceless objects that could make them
potentially distinguishable from SMBHs by the EHTC obser-
vations. A mini boson star with the scalar field mass tuned
to match the mass and compactness of Sgr A* estimated from
stellar motions serves this purpose and at the same time pro-
vides one of the most interesting cases from the point of view
of fundamental physics. In the next section we show how to
build the spacetime of a spherically symmetric boson star and
describe the physical scenario of accretion onto this object.

II. PHYSICAL SCENARIO

A. Scalar field configuration

The general action for a complex scalar field ' minimally
coupled to gravity is4

A =
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where g is the determinant of the metric, R is the Ricci scalar
and V (|'|) is the potential associated to the scalar field [68,
69].

4 We use geometrised units, where the Planck’s constant, the gravitational
constant GN and and the speed of light c are set to unity: ~ = GN = c =
1 therefore the Planck mass is MP =

p
~. We use also the convention

(�,+,+,+) for the spacetime metric signature. Latin letters (i.e., i, j.. =
1, 2, 3) are used for spacial indices, while Greek indices ↵,�.. take the
values 0, ..., 3.

Varying the action with respect to the metric tensor gµ⌫ one
obtains the field equations

Gµ⌫ = T
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µ⌫ , (2)

where

Gµ⌫ = Rµ⌫ � 1

2

gµ⌫R , (3)

is the Einstein tensor, while

T

(')

µ⌫ =

1

2

[rµ'r⌫'
⇤

+ rµ'
⇤r⌫']

� 1

2

gµ⌫ [r↵
'

⇤r↵'� V (|'|)] ,

(4)

is the stress-energy tensor containing the kinetic terms and the
potential of the scalar field [22]. Furthermore, by varying with
respect to ', we get the Klein–Gordon equation [70]

⇤'+ V

0
(') = 0 , (5)

where the prime indicates derivation with respect to ' and
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t is the d’Alembert operator or the so
called wave operator.

The difference between boson, mini-boson, and soliton
stars is given by the form of the potential. As mentioned
before, we restrict ourselves to study accretion onto a mini-
boson star, for which the potential is

V (|'|) =

1
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Although this term is used in practically all the literature, it is
misleading, since the maximum mass of these objects depends
on the mass of the scalar particle as M ⇠ 0.633(GNm)

�1,
and very large masses can be reached by using small values of
m.

We shall now briefly explain how these configurations can
be obtained [50, 51, 71–73]. Since we expect a spherically
symmetric, stationary energy density distribution, we can do
the ansatz

' =  (r)e

�i!t
, (7)

where  is a real function and r is a radial coordinate. For the
metric, we can assume a spherically symmetric line element
with zero shift
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Upon substitution of eqs. (7) and (8) in the field equations
(2) and the Klein-Gordon equations (5), we obtain a system
of four ordinary differential equations:
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considered to evaluate a possible detection of a boson star,
including the rotation curves of accreted particles on the sur-
face [61], the gravitational redshift of the radiation emitted
inside a boson star potential [60], stellar orbits around them
[63] and the spectrum of the emission from a surrounding ac-
cretion disc [64]. Furthermore, boson stars as gravitational
lenses have been considered in Refs. [65–67]. In particular,
Ref. [26] studied strong-field images of stationary tori around
boson stars, and concluded that it would be very difficult to
unambiguously differentiate a black hole from a boson star.
Such configurations, however, do not allow matter to enter
the region where the presence/absence of an event horizon is
most relevant, as would happen in realistic accretion. As men-
tioned above, Non-magnetized accretion onto boson stars has
been considered in [27] without an attempt to calculate ray-
traced images; nevertheless, considering the ubiquity of mag-
netic fields in astrophysical situations and their importance for
accretion processes as a means for angular momentum trans-
port and jet production, it is essential to extend the study to
produce ray-traced images of fully dynamical accretion in the
presence of magnetic fields.

It is important to state that the purpose of this paper is not
to argue against the existence of black holes. We are only
concerned with the qualitative features of accretion onto com-
pact horizonless and surfaceless objects that could make them
potentially distinguishable from SMBHs by the EHTC obser-
vations. A mini boson star with the scalar field mass tuned
to match the mass and compactness of Sgr A* estimated from
stellar motions serves this purpose and at the same time pro-
vides one of the most interesting cases from the point of view
of fundamental physics. In the next section we show how to
build the spacetime of a spherically symmetric boson star and
describe the physical scenario of accretion onto this object.
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is the stress-energy tensor containing the kinetic terms and the
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We shall now briefly explain how these configurations can
be obtained [50, 51, 71–73]. Since we expect a spherically
symmetric, stationary energy density distribution, we can do
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“mini-boson	star”

• Non-rotating	Boson	star,	minimally	
coupled	self-gravitating	scalar	field	

Boson Stars: GRMHD
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• Formation	of	“mini-torus”	inside	of	star	due	to	centrifugal	barrier	
• No	evacuated	funnel	in	Boson	star,	slowly	flowing	out	from	the	hotter	and	denser	
interior	(W	<	1.05)	=>	low	magnetisation		

density magnetisation

Olivares	et	al.	(2019)
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d⌦/dr > 0
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• MRI	stable	in	mini-torus	interior:		
• QPO	mini-torus	oscillations	with	epicyclic	frequency	

d⌦/dr > 0
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Kerr	BH	  
(a=0.6)

Kerr	BH	
(a=0.9375)

Dilation	BH	
(b=0.5)

Boson	star	

GRRT EHT	24h

• It is presently difficult to distinguish 
between a Kerr BH and a dilaton BH on 
the basis of BH shadow images alone.


• Dynamics matters:

• Absence of an event horizon in a Boson 

star leads to significant differences in 
the dynamics of accretion

• no magnetised funnel

• development a dense mini-torus


Accre@on	onto	strange	objects
Mizuno et al. (2018), Olivares et al. (2019)

• With SgrA* observations, we will likely rule out 
many non-BH objects:

• Boson stars, naked singularities, Gravastars
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