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ABSTRACT
The capability of the Event Horizon Telescope (EHT) to image the nearest supermassive
black hole candidates at horizon-scale resolutions offers a novel means to study gravity in
its strongest regimes and to test different models for these objects. Here, we study the obser-
vational appearance at 230 GHz of a surfaceless black hole mimicker, namely a non-rotating
boson star, in a scenario consistent with the properties of the accretion flow onto Sgr A*.
To this end, we perform general relativistic magnetohydrodynamic simulations followed by
general relativistic radiative transfer calculations in the boson star space-time. Synthetic re-
constructed images considering realistic astronomical observing conditions show that, despite
qualitative similarities, the differences in the appearance of a black hole – either rotating or
not – and a boson star of the type considered here are large enough to be detectable. These
differences arise from dynamical effects directly related to the absence of an event horizon,
in particular, the accumulation of matter in the form of a small torus or a spheroidal cloud
in the interior of the boson star, and the absence of an evacuated high-magnetization funnel
in the polar regions. The mechanism behind these effects is general enough to apply to other
horizonless and surfaceless black hole mimickers, strengthening confidence in the ability of
the EHT to identify such objects via radio observations.

Key words: accretion, accretion discs – black hole physics – gravitation – methods: numeri-
cal

1 INTRODUCTION

Observations of the Galactic Centre have confirmed the existence
of a supermassive compact object at the radio source Sgr A*. Stel-
lar motions have constrained its mass to ≈ 4 × 106 M� (Ghez
et al. 2008; Gillessen et al. 2009; Chatzopoulos et al. 2015; Boehle
et al. 2016; Abuter et al. 2018a, 2020) and its density to ≈ 6 ×
1015 M� pc−3 (Ghez et al. 2008), favouring the hypothesis of a sin-
gle massive object. Moreover, its low luminosity combined with its
estimated accretion rate indicates the absence of an emitting hard
surface (Marrone et al. 2007; Broderick et al. 2009). All of these
features are consistent with a supermassive black hole (SMBH) as
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those believed to exist at the centres of most galaxies. Furthermore,
flaring activity observed by the GRAVITY-Very Large Telescope
Interferometer has been shown to be consistent with orbital mo-
tions near Sgr A*’s last stable circular orbit (Abuter et al. 2018b).
International efforts from the Event Horizon Telescope Collabora-
tion (EHTC; Doeleman et al. 2008; Akiyama et al. 2015; Fish et al.
2016) and BlackHoleCam (Goddi et al. 2017) successfully applied
very-long-baseline interferometry (VLBI) techniques to obtain the
first ever images of the SMBH candidate in the nearby galaxy M87
at a resolution comparable to the size of its event horizon (EHTC
2019a,b,c,d,e,f), and data are currently being processed to obtain

analogous images for Sgr A*. The M87 observations are consis-
tent with the expectations for a Kerr black hole (EHTC 2019a,e,f),
namely, a “crescent” or ring-like feature, consisting of a dark re-
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gion (associated with the “shadow” of the black hole) obscuring the
lensed image of a bright accretion flow (Cunningham & Bardeen
1973; Falcke et al. 2000; Grenzebach 2016). The shape of this dark
region can be exploited either to determine the properties of the
black hole within the Kerr assumption (EHTC 2019e,f), or to per-
form tests of general relativity (Abdujabbarov et al. 2015; Psaltis
et al. 2015b; Younsi et al. 2016; Psaltis et al. 2016), a possibility
assessed for Sgr A* by Mizuno et al. (2018) in a realistic scenario
for the 2017 EHTC campaign and for near-future observations.

Even though the observations of the EHTC are consistent with
the image expected from an accreting Kerr black hole, it is impor-
tant to consider whether qualitatively similar images can be asso-
ciated with other kinds of compact objects, and if so, how they
could be distinguished from a Kerr black hole. Black holes are
not the only objects predicted by general relativity that satisfy the
constraints given by the aforementioned properties of Sgr A*, i.e.,
(1) being able to grow to millions of solar masses, (2) being ex-
tremely compact, and (3) lacking a hard surface. Some examples
include: geons (Wheeler 1955; Brill & Hartle 1964; Anderson &
Brill 1997), oscillatons (Seidel & Suen 1991; Ureña-López 2002),
Q-balls (Kleihaus et al. 2005) and compact configurations of self-
interacting dark matter (Saxton et al. 2016). Allowing for the pres-
ence of a surface, the list of plausible compact objects can be ex-
panded to include ultracompact objects with exotic surface prop-
erties, such as gravastars (Mazur & Mottola 2004; Cattoen et al.
2005; Chirenti & Rezzolla 2008, 2016). While for black holes the
photon ring plays an important role in the formation of the shadow,
it has been shown that horizonless objects that are compact enough
to produce photon rings are unstable on short time-scales and under
very general conditions, and are thus not viable as alternatives to
SMBHs (Cunha et al. 2017b). Nevertheless, there is room for com-
pact objects other than black holes to produce dark regions that
effectively appear as shadows, as shown for example by Vincent
et al. (2016) for the case of boson stars.

Boson stars are compact objects resulting from self-
gravitating scalar fields, and are a very interesting case due to the
ubiquity of scalar fields in cosmology (Albrecht & Steinhardt 1982;
Linde 1982; Preskill et al. 1983; Matos & Guzman 2000; Hui et al.
2017), string theory (Arvanitaki et al. 2010), and extensions of gen-
eral relativity such as scalar-tensor theories (Fujii & ichi Maeda
2003). Several authors have explored the possibility that supermas-
sive boson stars could exist at the centres of galaxies or act as black
hole mimickers (see e.g., Schunck & Liddle 1997; Schunck &
Mielke 1999; Capozziello et al. 2000; Schunck & Torres 2000; Tor-
res et al. 2000; Guzmán 2005; Vincent et al. 2016). Consequently, a
number of studies have investigated the signatures of such objects,
which include the dynamics of accreted particles (Schunck & Tor-
res 2000), the gravitational redshift (Schunck & Liddle 1997), and
lensing (Virbhadra et al. 1998; Dabrowski & Schunck 2000; Virb-
hadra & Ellis 2000; Cunha et al. 2015, 2017a) of radiation emitted
within the boson star, and the stellar orbits around them (Grould
et al. 2017). Guzmán (2006, 2011) studied spectra of alpha-discs
(Shakura & Sunyaev 1973) around boson stars, reporting the ab-
sence of a clear signature distinguishing them from black holes.
Motivated by the then forthcoming observations of the EHTC, Vin-
cent et al. (2016) reached similar conclusions by comparing strong-
field images of stationary tori in equilibrium around a Kerr black
hole and several boson stars. Specifically, they found that a central
dark region that mimics the shape and size of a black hole shadow
may appear for boson stars as a result of lensing of the empty space
around which the torus orbits. On the basis of this set-up, it was
concluded that boson stars would be very difficult to distinguish

from black holes by means of strong field images. While these con-
siderations are correct given the physical scenario considered, it is
clear that the latter does not account for the dynamics of the mat-
ter that from the torus will accrete towards the centre of the boson
star. Indeed, uncountable astronomical observations – and numer-
ous numerical simulations – clearly indicate that quasi-stationary
accretion process accompany the dynamics of tori around compact
objects. Furthermore, the existence of stable circular orbits at all
radii, at least for spherically symmetric boson stars (Guzmán 2006),
makes the choice of the inner radius of the equilibrium torus arbi-
trary, whereas in a realistic situation the accreted plasma is able to
reach all regions within the boson star interior.

Numerical simulations of unmagnetized zero angular momen-
tum accretion flows onto boson stars were carried out by Meliani
et al. (2016), finding a significantly different behaviour with re-
spect to black holes as a result of the absence of an event horizon.
Specifically, they observed a polar outflow produced by the colli-
sion of matter infalling radially from the disc. However, this study
did not include a systematic investigation of the discernibility of
the emission from the two compact objects via ray-traced images.
Moreover, accretion onto astrophysical compact objects is believed
to occur as a result of a gradual loss of angular momentum from
orbiting matter driven by the magnetorotational instability (MRI;
Balbus & Hawley 1991), and radiation at the observing frequencies
of VLBI experiments is mainly produced by synchrotron emission.
Therefore, the inclusion of magnetic fields is essential to realisti-
cally simulate VLBI observations.

We revisit the question of the observational appearance at 230
GHz of a boson star at the Galactic Centre, and of its distinguisha-
bility from an SMBH. To this end, we produce strong-field syn-
thetic EHTC images of accreting black holes and of an accreting
boson star, modelling the accretion flow by means of fully dynamic
general relativistic ideal magnetohydrodynamic (GRMHD) simu-
lations. Together with considering the plasma configurations that
arise from the same turbulent processes believed to occur in nature,
these simulations allow us to understand the dynamics of accre-
tion flows onto horizonless and surfaceless compact objects, and to
identify those features that could appear in situations that are more
general than the particular boson star case considered here.

Using the results of these simulations, we also perform general
relativistic radiative transfer calculations and produce synthetic im-
ages accounting for realistic EHTC observations. As we will high-
light in what follows, we conclude that under these conditions, it
is possible to discriminate between an accreting black hole and the
boson star considered in this study by means of VLBI observations.
In particular, we show that this distinction is possible because ac-
cretion onto the boson stars considered here leads to the accumu-
lation of matter down the innermost regions of the compact object.
Indeed, because matter can even reach the centre of the boson star,
emission will be present at all radii and dark regions in the image –
if they exist at all – are much smaller than those coming from black
holes having the same mass. On the basis of these considerations it
is possible to state quite generically that although horizonless and
surfaceless objects can form dark regions that are qualitatively sim-
ilar to the shadow of a black hole, these will be smaller than that
expected size of the shadow of a black hole of the same mass under
very general circumstances.

MNRAS 000, 1–16 (2020)
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2 INITIAL DATA AND NUMERICAL SET-UP

We simulate numerically in three spatial dimensions (3D) the ac-
cretion from a magnetized torus onto a Kerr black hole with total
angular momentum J, a Schwarzschild black hole, and two cases of
non-rotating boson stars, all with the same mass M . The Kerr black
hole has a dimensionless spin parameter a := J/M2 = 0.9375
(we use units with G = c = 1). Although results relative to the
Schwarzschild black hole case will also be presented, we first focus
our discussion on the comparison between the non-rotating boson
star and the Kerr black hole.

There are two reasons behind this choice. First, rotating bo-
son stars are computationally more difficult to generate, requir-
ing the solution of a system of elliptic partial differential equa-
tions instead of the ordinary differential equations that describe
non-rotating models. Being this is the first self-consistent study of
the observational properties of accreting boson stars, we decided
to start with the simplest configuration – a non-rotating boson star
with a simple quadratic potential, i.e., a “mini boson star” – and to
leave others for future work. As will be explained below, this has
lead us to results that are applicable to some extent to more general
situations. In addition, this approximation might not be so severe
in light of the fact that very compact horizonless objects, includ-
ing boson stars, cannot be rapid rotators since they are subject to
a dynamical instability when rotating fast enough to produce er-
goregions (Comins & Schutz 1978; Yoshida & Eriguchi 1996; Car-
doso et al. 2008; Chirenti & Rezzolla 2008). The more compact the
boson star, the smaller the spin parameter required to produce an
ergoregion and hence an instability. Furthermore, recent numerical
studies suggest that even slowly rotating configurations collapse ei-
ther to Kerr black holes or to non-rotating boson stars, due to a fast
instability possibly related to their topology1 (Sanchis-Gual et al.
2019). The existence of this instability in the non-linear regime is
supported by the fact that rapidly rotating boson stars are not found
as endpoints in the evolution of merging binaries (Bezares et al.
2017; Palenzuela et al. 2017). Second, for non-rotating mini boson
stars, the absence of a surface or a capture cross section permits
stable circular orbits for massive particles down to the centre of the
boson star. From an observational point of view, this is expected to
lead to smaller source sizes, with emission concentrated near the
center. On the other hand, the size of a black hole image is closely
related to that of its shadow, which, in turn, is smaller for rapidly
spinning black holes. Hence, the image of a rapidly rotating black
hole will be closer in size to that of a non-rotating boson star hav-
ing the same mass, making the issue of the distinguishability much
more relevant. In addition, it is possible that the complex lens-
ing patterns that can be generated by rotating boson stars (Cunha
et al. 2015, 2017a; Vincent et al. 2016) would produce images that
are more easily distinguishable from those of black holes. Overall,
these considerations all suggest that interpreting strong field images

1 In the rotating boson star models simulated by Sanchis-Gual et al. (2019),
an instability develops on timescales . 104 M , where M is the mass of the
boson star. This corresponds to approximately 2.3 days for Sgr A*, and 10
years for M87. The study shows the existence of a fast instability for rotat-
ing boson stars that is not associated to an ergoregion, but it does not derive
general instability conditions or timescales applicable to other cases. As a
result, this does not prevent the existence of stable regions of the parame-
ter space. Even if rotating boson stars were unstable in general, they still
could be used as proxies for unknown solutions of the Einstein equations
for horizonless, surfaceless, rotating objects with longer lifetimes, which
makes future studies of their astrophysical appearance still relevant.

is most challenging when comparing a non-rotating boson star and
a rapidly rotating black hole.

As mentioned above, the two boson star space-times consid-
ered here are solutions of the Einstein–Klein–Gordon system in
spherical symmetry for the potential of a mini boson star (Kaup
1968) (more information on the methods used to obtain these so-
lutions is given in Appendix A). For the first of these two mod-
els, which hereafter we will refer to as “model A”, the 99 per cent
compactness is C99 B M99/R99 = 0.098, where R99 is the radius
within which 99% of the mass (M99) is contained. On the other
hand, the second model, which we will refer to as “model B”, has a
compactness C99 = 0.075. While these compactnesses are not the
largest that can be achieved for boson stars2, they are among the
most compact boson stars with a quadratic potential, for which the
maximum limit is ≈ 0.11, or ≈ 0.08 for stable configurations.

It is worth mentioning that although C99 is widely used to have
a rough idea of how compact and hence “relativistic” a compact
object is, for objects with large variations in density such as boson
stars, its value could vary considerably if a different percentage of
the mass is considered. Overall, and as it will be shown in section 3
and in Appendix B, the two boson star models considered here are
useful and representative cases of the two distinct behaviours of the
accretion flow that are possible for a surfaceless compact object.

To simulate the accretion flow we use the publicly available
code BHAC (Porth et al. 2017; Olivares et al. 2019, www.bhac.
science), which solves the equations of GRMHD in arbitrary
stationary space-times using state-of-the-art numerical methods.
The plasma follows an ideal-fluid equation of state with adiabatic
index γ̂ = 4/3 (Rezzolla & Zanotti 2013). Random perturbations
are added to the initial equilibrium torus to trigger the MRI and
allow accretion. Details on the construction of the tori, and the
choices made in order to perform a fair comparison and to ensure a
proper resolution of the MRI are provided in Appendix C. Finally,
since the mass of the accretion disc is negligible when compared
to that of the compact object (test fluid approximation), the space-
time can be considered fixed and the scalar field has no interaction
with the fluid or the electromagnetic field besides the gravitational
one.

3 NUMERICAL RESULTS

As mentioned in section 2, from now on we will focus on the com-
parison between the Kerr black hole case and that of the two non-
rotating boson stars. Fig. 1 reports in arbitrary units the evolution
of the mass accretion rate ÛM (panel a) and of the absolute magnetic
flux ΦB threading a surface at r = r0 (panel b):

ÛM := −
∫
r0
ρur
√−g dθdφ, (1)

ΦB :=
1
2

∫
r0
|Br |√−g dθdφ, (2)

2 Quartic potentials can achieve a higher upper limit of C99 = 0.16
(Amaro-Seoane et al. 2010), while boson stars with sextic potentials (also
known as “Q-balls”) can approach the black hole limit of C99 = 0.5 (Klei-
haus et al. 2012); more complicated potentials can go arbitrarily close to
it (Cardoso et al. 2016). However, boson stars compact enough to produce
photon rings are also known to suffer from fast instabilities (Cunha et al.
2017a).

MNRAS 000, 1–16 (2020)
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Figure 1. Evolution of the mass accretion rate (a) and the absolute mag-
netic flux (b) through the outer event horizon for the Kerr black hole and
through a spherical shell at r = 2 M for the two boson stars, in dimen-
sionless units. The inset in panel (a) reports the mass accretion rate in the
time window between t = 8900 M and 9100 M . Note that mass accretion
rate becomes quasi-stationary after t ' 6000 M and that the accretion rate
can also be negative for the boson stars. The drop in magnetic flux between
t/M ∈ [8000, 10000] for boson star model B is due to a rearrangement of
the internal magnetic field of the boson star and is discussed in more detail
in Appendix B3.

where g is the metric determinant, ρ is the rest-mass density of
the fluid, ur is the radial component of its four-velocity, and Br is
the radial component of the magnetic field in the Eulerian frame.
In the case of the black hole, we take r0 to be the radial coordi-
nate of the outer horizon, while r0 = 2M for the boson stars. After
the initial growth and saturation of the MRI at t ' 1000 M , the
mass accretion rate for each of the objects becomes quasi-stationary
for t & 6000 M , oscillating around a small positive value. After
t = 8000 M , a series of changes in the magnetic field structure of
boson star model B reduce significantly the amount of magnetic
flux crossing the detector shell. Although the state of the magnetic
field cannot be described as quasi-stationary, total intensity images
calculated before, during and after this event can be still considered
representative, as it is discussed in Appendix B3. Comparing the
behaviour of mass accretion rate for the different objects it is pos-
sible to appreciate that while the black hole always has a positive
ÛM , a boson star can also attain negative values. This is permitted at

all radii due to the absence of an event horizon.
As we will discuss below, this outflow is due to oscillations

of an internal configuration of matter accumulating within the bo-
son star, whose geometric distribution can take either the shape of a
mini torus (as in the case of model A) or of a mini cloud (for model
B), depending on the properties of the space-time (see Appendix
B for details). A magnified view of ÛM during the quasi-stationary
stage of the accretion is shown in the inset of Fig. 1 (a), highlight-
ing these quasi-periodic inflows and outflows. For the case in which
the stalled accretion is in the form of a mini torus (model A), we
have found the typical frequency associated with the quasi-periodic
oscillations in ÛM to be very close to the epicyclic frequency at the
inner edge of the mini torus. This is unsurprising since matter ac-
cumulates in this region and small perturbations there will trigger

trapped p-mode oscillations that induce large excursions, both pos-
itive and negative, in the accretion rate (Rezzolla et al. 2003b,a).
On the other hand, in the case in which the stalled accreting matter
is in the form of a mini (spheroidal) cloud (model B), the oscilla-
tions in the accretion rate originate from the response of the central
cloud when compressed by the accreting matter.

Figure 2 shows a snapshot at t = 9500 M and on the merid-
ional plane, of rest-mass density ρ (panels a, b and c) and plasma
magnetization σ := b2/ρ (panels d, e and f), where b is the mag-
nitude of the magnetic field in the fluid frame. In each panel we
contrast the behaviour of these quantities in the case of the Kerr
black hole (panels a and d) with that of boson stars A (panels b
and e) and B (panels c and f). As anticipated, a peculiar feature of
the accretion onto the boson star of model A is the formation of a
smaller torus, which is most clearly visible in the inset of panel (b)
of Fig. 2. This small torus, which essentially represents a stalled
portion of the accretion flow, is produced by the presence of both
a steep centrifugal barrier and by the suppression of the MRI. In
fact, we observe that for small radii, the orbital angular velocity
decreases towards the centre, violating the criterion for the occur-
rence of the MRI and stalling matter at the radius where the angu-
lar velocity profile reaches a maximum (Balbus & Hawley 1991).
In Appendix B, we show that the formation of this structure can
be related to the angular velocity profile of circular geodesics in
the boson star space-time, which enables one to predict its size for
other horizonless objects beyond mini boson stars.

On the other hand, in the case of the accretion onto the boson
star of model B, this inversion in the rotation velocity profile does
not occur, and MRI continues to drive accretion at all radii up to the
origin, resulting in the accumulation of fluid at the centre, as can
be seen in the inset of panel (c) in the same figure. An interesting
question is how long it would take for these boson stars to accrete
enough matter to form an SMBH. Although it is not possible to give
an answer solely from a GRMHD simulation under the test fluid
approximation, a very rough estimate will be given in Appendix B
using the physical mass accretion rate, calculated in section 4.

As will be shown in section 4, in both of the boson star cases
the accumulation of matter inside the would-be horizon, i.e., the re-
gion of space-time with r < 2M , produces an emitting region with
an intrinsic source size smaller than that expected for a black hole.
Such smaller source-sizes can be expected to be produced under
very general circumstances and would therefore provide a signa-
ture for distinguishing surfaceless black hole mimickers. As shown
in Appendix B, this is the case for a large portion of the param-
eter space of mini boson stars, which includes the most compact
and most relativistic stable configurations. In fact, although the im-
ages of model-A boson stars could be qualitatively similar to those
of black holes, i.e., by showing ring-like structures in some situa-
tions, the dark region will be smaller than the shadow of a black
hole with the same mass. However, for model-B boson stars, the
effective absence of such dark regions would make their images
even more strikingly different from those of black holes. In general
therefore horizon and surfaceless compact objects are characterised
by accretion flows reaching very small radii, so that the resulting
electromagnetic emission will lead to very small source sizes and
thus very compact dark regions.

It can also be noticed that though still orders of magnitude less
dense than the rest of the simulation, the polar region in the boson
star is much less clean than that of the black hole (Figs. 2a, b, and
c). In fact, while the black hole’s gravity is able to evacuate the po-
lar regions and capture matter, the hot plasma that has reached the
inner regions of the boson star can become gravitationally unbound

MNRAS 000, 1–16 (2020)
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Figure 2. Rest-mass density in the fluid frame (panels a, b and c) and logarithmic plasma magnetization σ = b2/ρ (panels d, e and f) at t = 9500 M , for the
Kerr black hole (a and d), and boson star models A (b and e) and B (c and f). The black hole horizon is marked by a white line and its excised interior is shown
in solid black.

due to its thermal energy and flow out through the polar regions as
a slowly moving wind with Lorentz factors Γ . 1.05. This outflow,
however, is of a fundamentally different nature to that observed
by Meliani et al. (2016), which – in a scenario with no magnetic
fields or angular momentum – was instead caused by the pressure

increase at the stellar centre due to matter accreted radially from
the equatorial regions.

Another obvious property of the accretion flow onto our non-
rotating boson stars is the very low magnetization present along
the polar regions and that is more than two orders of magnitude
smaller than in the corresponding black hole simulations. As a re-

MNRAS 000, 1–16 (2020)
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Table 1. Physical mass accretion rates (in units of 10−10M� yr−1), obtained
after rescaling the dimensionless accretion rates of Fig. 1 to give an ' 3.4 Jy
flux at 230 GHz for the Kerr black hole and the two boson star models.

Object θobs = 15◦ θobs = 60◦

Kerr BH 34.40 8.19
BS model A 8.07 6.40
BS model B 1.40 1.46

sult, no significant jet is produced in both of our accreting boson
star models. While this may be the result, in part, of the choice of
non-rotating models, the mass-loss we measure is mostly due to the
combination of the steep centrifugal barrier and of the large internal
energy and the magnetic energies, rather than by a genuine MHD
acceleration process, such as the one behind the Blandford–Znajek
mechanism in rotating black holes (Blandford & Znajek 1977).

On the other hand, the lack of clear signatures for the presence
of a powerful relativistic jet in Sgr A* does still allow us to consider
non-rotating boson stars as viable models to describe the compact
object at the centre of our Galaxy. New GRMHD simulations are
evidently needed in order to determine whether relativistic jets can
be produced by rotating boson star models. We plan to investigate
these scenarios in future works.

4 RAY-TRACED AND SYNTHETIC IMAGES

We next discuss how to use the results of the GRMHD simulations
to produce ray-traced and synthetic images at the EHTC observ-
ing frequency of 230 GHz, assuming a population of relativistic
thermal electrons at temperature Te, which emit synchrotron ra-
diation and are also self-absorbed. Several parameters need to be
fixed when converting the dimensionless quantities evolved numer-
ically to produce physical images. We fix the compact object mass
as M = 4.02×106 M� ' 0.04 AU and the distance from the source
as 7.86 kpc (Boehle et al. 2016). This sets the length and time scal-
ings of the general relativistic radiative transfer calculations (see
e.g., Younsi et al. 2012; Mizuno et al. 2018) and yields the ap-
propriate flux scaling. Finally, we set the ion-to-electron temper-
ature ratio Ti/Te = 3 (Mościbrodzka et al. 2009), and choose the
compact object mass accretion rate ÛM such that, at a resolution
of 1024 × 1024 pixels, the total integrated flux of the image repro-
duces Sgr A*’s observed flux of ' 3.4 Jy at 230 GHz (Marrone et al.
2006). The mass accretion rates obtained after rescaling for each of
the compact objects are displayed in Table 1. These values were
computed as averages over the time interval t/M ∈ [8900, 10000],
which, for Sgr A*, corresponds to an observing time of ∼ 6 h. At
these times and over these timescales, the GRMHD simulations
have reached a state that can be considered representative (cf. Fig. 1
and discussion at the beginning of Section 3).

In this way, using the radiative transfer code BHOSS (Younsi
et al. 2020), and using the same time interval mentioned above, we
produce images at several observing angles, but present here those
at θobs = 60◦ (Fig. 3), consistent with the observational constraints
found by (Psaltis et al. 2015a), and θobs = 15◦ (Fig. 4), which
is within the constraint θobs ≤ 27◦ given by hotspots models of
GRAVITY observations (Abuter et al. 2018b).

We follow the same procedure to produce images for both a
Kerr and a Schwarzschild black hole. The latter is used to highlight
the fact that they differ more from those of the boson star, despite
the closer similarities of the space-time. We note, however, that the

larger image size caused by the more extended emitting region near
the ISCO makes the images produced by a Schwarzschild black
hole incompatible with present constraints on the source size of
Sgr A*, i.e., 120 ± 34 µas (Issaoun et al. 2019).

More specifically, the various rows of Fig. 3 show the ray-
traced and synthetic images at 230 GHz and inclination angle of
θobs = 60◦ of the Schwarzschild black hole (first row), the Kerr
black hole (second row), and boson stars models A (third row) and
B (fourth row). The different images can also be compared across
columns. From left to right, in fact, we show the average of the ray-
traced images in the interval t/M ∈ [8900, 10 000] (first column),
the same ray-traced images convolved with 50% (red shaded el-
lipse) of the EHTC beam (grey shaded ellipse; second column), the
reconstructed images including interstellar scattering, convolved
with 50% (red shaded ellipse) of the EHTC beam (grey shaded el-
lipse; third column) and indicating the value of the DSSIM metric.
In a very similar fashion, Fig. 4 shows the equivalent images when
an inclination angle of θobs = 15◦ is considered.

The synthetic radio images have been generated using the
EHTIM software package (Chael et al. 2016) and after selecting as
an observing array the configuration of the EHTC 2017 observ-
ing campaign (EHTC 2019b), consisting of eight radio telescopes
in North America, Europe, South America and the South Pole. To
mimic realistic radio images, we follow closely the 2017 observing
schedule, using an integration time of 12 s, an on-source scan length
of 7 − 10 min calibration, and pointing gaps between the on-source
scans and a bandwidth of 4 GHz. Within these constraints, we per-
form the synthetic observations of the Galactic Center on 2017
April 8th from 08:30 to 14:30 UT. The visibilities are computed
by Fourier-transforming the general relativistic radiative transfer
images and sampling them with the projected baselines of the ar-
ray (Chael et al. 2016). During this calculation, we include thermal
noise and 10% gain variations, as well as interstellar scattering by
a refracting screen (Johnson & Gwinn 2015), as expected for the
physical condition around Sgr A*. We reconstruct the final images
using a maximum entropy method (MEM), provided with ehtim. In
addition to the calculation of the synthetic images, we convolve the
general relativistic radiative transfer images with 50% of the EHTC
beam (second column in Fig. 3). These images can be used to ex-
amine the influence of the sparse sampling of the Fourier space and
interstellar scattering on the reconstructed images (third column in
Fig. 3).

Overall, the visual inspection of the reconstructed images
(third columns in Figs. 3 and 4) shows clear differences between
the four compact objects that can be summarised as follows. First,
the black hole images – either from a Schwarzschild or a Kerr black
hole – exhibit a “crescent” structure, i.e., a very asymmetric ring
structure that is not present in the case of the boson stars, whose
emission tends to be either of a quasi-uniform ring or of a uniform
circle.

Second, the boson stars exhibit a smaller source size as a re-
sult of the emission from the small torus in its interior and thus at
radii comparable or smaller than the black hole horizon. As men-
tioned in section 3, the location of the mini torus in the case of
model-A boson stars is determined by the radius at which the an-
gular velocity profile reaches a maximum. Therefore, and also for
more compact boson stars for which the exterior space-time is in-
creasingly similar to that of a black hole, the mini torus will be
located at radii smaller than that of the event horizon, consistently
yielding a smaller source size and a correspondingly smaller dark
region as distinguishing image features.

Third, it is possible to use the phenomenology observed in the
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Figure 3. From top to bottom: ray-traced and synthetic images at 230 GHz and inclination angle of θobs = 60◦ of the Schwarzschild black hole (first row), the
Kerr black hole (second row), and boson star models A (third row) and B (fourth row). From left to right, first column: ray-traced images averaged over the
interval t/M ∈ [8900, 10 000], second column: ray-traced images convolved with 50 per cent (red shaded ellipse) of the EHTC beam (grey shaded ellipse),
third column: reconstructed images including interstellar scattering, convolved with 50% (red shaded ellipse) of the EHTC beam (grey shaded ellipse) and
indicating the value of the DSSIM metric.

simulations involving boson star models A and B to calculate, in
a general way, the size of the central dark region of the class of
mini boson stars considered in this study (cf. Eq. B5). In this way,
we find that for all the models considered it is significantly smaller
than for black holes. Indeed, for some modes, such as the boson

star model B, the dark region is even absent (see Appendix B for
details).

Fourth, the boson stars generally yield a more symmetric im-
age due to the absence of frame dragging, which significantly re-
duces Doppler boosting and consequently the sharp contrast in
emission between material approaching and receding from the ob-
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Figure 4. Same as Fig. 3 for an inclination angle of θobs = 15◦.

server. Given that boson stars which are both compact and rapidly
spinning are believed to be unstable, a higher symmetry is likely to
be a common property of boson star images.

Finally, although less likely to be noticed by near-future
observations and likely requiring space-based missions (see
e.g., Roelofs et al. 2019), the boson star images lack a sharp
transition between the middle dark region and its bright surround-
ings, which is a fundamental property of a black hole shadow and
the narrow photon ring. In fact, due to the absence of a photon-
capture cross-section, the central dark region in the case of boson

star model A is simply a lensed image of the central low-density
region.

A more quantitative assessment of the degree of similarity
among the various images considered can be made by computing
image-comparison metrics, such as the structural dissimilarity in-
dex (DSSIM; Wang et al. 2004). The DSSIM is computed between
the convolved general relativistic radiative transfer images and the
reconstructed ones and, to guarantee that we compare similar struc-
tures within both images, we perform an image alignment prior to
its calculation and restrict to a field of view of 110 µas. For an
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Table 2. DSSIM metric for the comparison between the convolved
and reconstructed images at an observer inclination angle of 60◦. Self-
comparisons produce significantly smaller values than cross-comparisons,
showing that images are distinguishable.

Convolved image BH BH BS BS
(a = 0) (a = 0.9375) model A model B

BH (a = 0) 0.34 1.03 0.73 1.04
BH (a = 0.9375) 0.97 0.18 0.31 0.50
BS model A 1.21 0.61 0.03 0.25
BS model B 1.96 0.87 0.13 0.24

Table 3. Same as Table 2. for an inclination angle of 15◦.

Convolved image BH BH BS BS
(a = 0) (a = 0.9375) model A model B

BH (a = 0) 0.34 0.82 1.22 1.01
BH (a = 0.9375) 0.87 0.10 0.34 0.12
BS model A 1.16 0.26 0.10 0.28
BS model B 1.12 0.38 0.14 0.13

inclination of 60◦, comparing the convolved Kerr image with the
reconstructed image leads to a DSSIM of 0.18 and in the case of
the boson star model A we obtain a DSSIM of 0.03. The inter-
model comparison, i.e., Kerr–model A and model A–Kerr, reveals
DSSIMs of 0.31 and 0.63, respectively. Unsurprisingly, compar-
isons with the Schwarzschild black hole and with boson star model
B produce significantly higher DSSIM values, as reported in Tables
2 and 3. Given these values, we conclude that the models could be
distinguishable with current EHTC observations of Sgr A*.

Although we plan to address this issue in more detail in a
future work, it may be interesting to briefly discuss what are the
consequences of our study regarding the EHT 2017 observations
of M87. The absence of a powerful jet immediately rules out the
static boson star models considered here as feasible models for this
source. However, focusing only on the strong-field imaging, we
may contrast the EHT observations with the properties of boson
star images predicted by our simulations. Boson stars of model B,
namely those for which the images do not display a central dark
region, and which comprises all of those in the stable branch, are
in clear contrast with the EHT observations, which instead show a
ring-like feature. On the other hand, boson stars of model A pro-
duce images with ring-like structures, but the size of the dark re-
gion would correspond to a much larger mass of the central object
than for the case of black holes. According to the estimations given
in Fig. B2 (see Appendix B1), assuming the object is a boson star
would yield a mass estimate that is 70−150 % larger than for a Kerr
black hole, causing tension with the value obtained from stellar dy-
namics, which is in agreement with the Kerr hypothesis (EHTC
2019a,e).

As a concluding remark we note that an additional tool to dis-
criminate between the two objects comes from the variability of the
emission (see Appendix B for details). Given the qualitative differ-
ences in the accretion rate, we also expect different properties in
the energy spectra, as well as different closure-phase variabilities
for the two objects. These differences will be particularly promi-
nent in large antenna triangles, which probe the innermost regions
currently accessible by the EHTC.

5 CONCLUSIONS

We have carried out the first 3D GRMHD simulations of disc ac-
cretion onto boson stars and combined them with general rela-
tivistic radiative transfer calculations, with the goal of determining
whether, under realistic observing conditions such as those of the
EHTC, an accreting non-rotating boson star can be distinguished
from a black hole of the same mass. For the latter, we have con-
sidered both non-rotating and rotating black holes, focusing on the
second ones as they provide more images that are more compact
and hence closer to those produced by boson stars.

By comparing the images produced for the two compact ob-
jects using very similar set-ups, we found important differences,
both in the plasma dynamics and in the general relativistic radia-
tive transfer images. Indeed, the absence of a capturing surface in
the case of boson stars, introduces important and fundamental dif-
ferences in the flow dynamics. More specifically, matter accreting
onto the boson stars can reach their innermost regions, attaining
quasi-stationary configurations with either distributions that are ei-
ther toroidal (i.e., a mini torus) or quasi-spheroidal (i.e., a mini
cloud). This behaviour, which has not been reported before, is sim-
ply the result of the existence of stable orbits at all radii and to
the suppression of the accretion process due to the suppression of
the MRI and to the presence of a steep centrifugal barrier. In turn,
this matter behaviour leads to the absence of an evacuated high-
magnetization funnel in the polar regions and to images that show a
markedly smaller source size and a more symmetric emission struc-
ture, in stark contrast to the characteristic crescent of the images
resulting from the accretion onto black holes. As a result of these
differences in the plasma dynamics and emission, we conclude that
it is possible to distinguish the images of the accreting mini bo-
son star models considered here from the corresponding images of
accreting black holes having the same mass.

The results presented have been obtained for two represen-
tative cases of mini boson stars that are non-rotating and do not
have a photon orbit. While other boson star models could be in-
vestigated – for instance, by considering more complex potentials
leading to more compact solutions and even to the appearance of an
unstable photon orbit – we believe that the results found here will
continue to apply and be a generic property also as for other sur-
faceless and horizonless compact objects. This rationale is based
on three important properties shared by these objects. First, hori-
zonless and surfaceless objects permit the accumulation of matter
within their interior. For monotonically decreasing angular veloc-
ity profiles, this accumulation will occur at the centre, while for
angular velocity profiles having a maximum, this will occur at this
maximum in the form of a stalled mini torus. As discussed in Ap-
pendix B1, for very compact objects that have exterior space-times
similar to those of black holes, this feature will generally occur at
radii smaller than that of the event horizon of the corresponding
black hole space-time, inevitably resulting in a smaller observed
image size. Second, because horizonless compact objects rotating
sufficiently fast to produce ergospheres are unstable, the asymme-
try produced by Doppler boosting and related to the frame dragging
in black hole images is likely to be less pronounced for horizonless
objects. Finally, the central dark region that can be produced by
these objects does not result from a photon capture cross-section as
is the case for a black hole. Rather, it represents the lensed image
of the central low-density region, which has a diffused boundary.
As a result, the corresponding shadow can be expected to have a
much reduced brightness contrast and a sharper edge, which can
be properly revealed by imaging at increased resolutions. All of
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these considerations need to be corroborated by additional simula-
tions, which we plan to perform in the near future. In particular,
it would be very interesting to verify whether the complex lensing
patterns produced by rotating boson stars – as those found by Vin-
cent et al. (2016) and Cunha et al. (2017a) – do indeed facilitate
distinguishing them from black holes, when produced in a realistic
observational scenario.

Finally, we note that ongoing pulsar searches around Sgr A*
(Kramer et al. 2004), when successful, could provide additional im-
portant information to the experiment outlined here. A suitable pul-
sar orbiting a rotating boson star would enable a precise determina-
tion of its spin and possibly even its quadrupole moment, providing
valuable input for interpretation of the image and complementary
tests (Wex & Kopeikin 1999; Liu et al. 2012; Psaltis et al. 2016).
Details on this will be part of future work. Overall, our results and
the ability to distinguish between these compact objects underline
the potential of EHTC observations to extend our understanding of
gravity in its strongest regimes and to potentially probe the exis-
tence of self-gravitating scalar fields in astrophysical scenarios.
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APPENDIX A: THE BOSON STAR SPACE-TIME

As mentioned in section 2, to obtain the boson star space-time we
solve in spherical symmetry the Einstein–Klein–Gordon system of
equations for a complex scalar field Φ with the potential of a mini
boson star (Kaup 1968)

V(|Φ|) = 1
2

m2

M4
Pl

|Φ|2 , (A1)

where MPl is the Planck mass. The method for computing these
configurations is presented in a number of works (see e.g., Kaup
1968; Ruffini & Bonazzola 1969; Liebling & Palenzuela 2012). In
brief, we start from the Ansatz

Φ = φ(r)e−iωt , (A2)

for the scalar field, and

ds2 = −α2dt2 + γrr dr2 + r2dΩ2 , (A3)

for the metric, where φ, α and γrr are real functions of the radial
coordinate r only. The line element in equation (A3) is a special
case that follows from the general 3+1 metric

gµν = γµν − nµnν , (A4)

when the four-velocity of Eulerian observers nµ = (1/α,−βi/α)
has zero shift (βi = 0), and after a particular choice of spherical
coordinates (see Rezzolla & Zanotti 2013).

Upon substitution of Eqs. (A2) and (A3) in the Einstein–
Klein–Gordon system, we obtain a system of four ordinary differ-
ential equations, which we integrate by means of the fourth-order
Runge–Kutta method, enforcing asymptotic flatness with a shoot-
ing method. Of the models considered here, boson star model A
has an oscillation frequency ω M ≈ 0.32 and a scalar particle
mass of m ≈ 0.410 (MPl/M)MPl , while boson star model B has
an oscillation frequency ω M ≈ 0.54 and a scalar particle mass of
m ≈ 0.632 (MPl/M)MPl . A comparison between their metric func-
tions and those of a Schwarzschild black hole is shown in Fig. A1.
For the measured mass of Sgr A*, M ' 4.02 × 106 M� (Boehle
et al. 2016), both cases correspond to m ≈ 10−17 eV/c2, which
is within the range allowed by astronomical observations (Amaro-
Seoane et al. 2010).

If parametrized by the central amplitude of the scalar field,
the parameter space of mini boson stars consists of a stable and
an unstable branch, which are separated by the maximum possi-
ble mass, M ≈ 0.633 (MPl/m)MPl (see e.g., Amaro-Seoane et al.
2010). A larger amplitude is associated with a higher gravitational
redshift, and therefore boson stars on the unstable branch might
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Figure A1. Comparison between the metric functions of the boson star
models used in this work and those of a Schwarzschild black hole in Boyer–
Lindquist coordinates. The vertical dashed line shows the position of the
black hole event horizon.

be considered more relativistic than those on the stable one, de-
spite not possessing a higher compactness in the traditional sense.
Boson star model A sits on the unstable branch, while boson star
model B is on the stable branch. Numerical simulations (Seidel &
Suen 1990; Guzmán 2004) show that perturbed boson stars in the
unstable branch either collapse into black holes or decay to lower
mass stable boson stars in a time-scale of a few tens of oscilla-
tion periods, which for boson star model A corresponds to less than
one hour for Sgr A* and nearly a month for M87. Despite these
differences, the use of the two models considered here is made in-
dependently of their stability properties and only with the goal of
exploring the two possible behaviours of the accretion flow that
can take place for a horizonless and surfaceless compact object,
and that would lead to the formation of either a mini torus or a mini
cloud at the boson star centre.

As discussed in more detail in Appendix B, we find that these
different behaviours depend in a simple way on the space-time
properties, and therefore it is possible to predict what kind of ac-
cretion flow will appear in other such objects besides mini boson
stars. In this sense, it is possible that the behavior of the accretion
flow that we observe here for the unstable boson star (i.e., the for-
mation of the mini torus) may appear in horizonless and surfaceless
compact objects that are stable.

APPENDIX B: PLASMA DYNAMICS IN THE BOSON
STAR INTERIOR

B1 Origin of the stalled mini torus

Without an event horizon or a hard surface, a boson star also lacks a
capture cross-section. As a consequence, steep centrifugal barriers
appear for all angular momenta (except exactly zero) and it is pos-
sible to find stable circular orbits at all radii. Indeed, as discussed in
the main text, our simulation of accretion onto boson star model A
lead to the formation of a “hole”, that is, a spatial region at the cen-
tre of the boson star with very low density material and surrounded
by a dense accumulation of matter in a toroidal distribution, i.e., a
mini torus.

To investigate the origin of this feature, we recall that the
plasma obeys the equations for local conservation of rest mass, en-
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Figure B1. Top: Different contributions to the conservation equation of ra-
dial momentum (see Eq. B4) for the accretion flow onto boson star model
A. Bottom: Orbital (Ω) and radial epicyclic (κ) frequencies of the fluid in
the boson star interior. Both plots consider time and φ-averages of quanti-
ties at the equatorial plane, over the interval t = 8900 − 10 000 M . The
vertical dashed line marks the position of the turning point of the angular
velocity, rturn, so that on the left of the dashed line the flow is stable to the
MRI, while on the right it is MRI unstable.

ergy, and momentum

∇µ
(
ρuµ

)
= 0 , (B1)

∇µTµν = 0 , (B2)

where ∇µ denotes the covariant derivative, and Tµν is the energy–
momentum tensor of the fluid and the magnetic field

Tµν =
(
ρh + b2

)
uµuν +

(
p + b2/2

)
gµν − bµbν . (B3)

Here, ρ is the rest-mass density, h the fluid specific enthalpy, p the
thermal pressure and bµ the components of the magnetic field, all
measured in the fluid frame (see Porth et al. 2017). After adopting
the 3 + 1 decomposition of the space-time described by equation
(A4), it is possible to obtain an evolution equation for each com-
ponent of the covariant three-momentum Si B γ

µ
i

nνTµν . Since
accretion is best captured by the conservation of radial momentum,
it is useful to group the various terms appearing in the conservation
equation of Sr and to associate with each term the corresponding
physical origin. More specifically, after assuming symmetry in the
φ direction and with respect to the equatorial plane, the different
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contributions to the evolution of Sr can be listed as

∂tSr = (B4)

Thermal pressure: − ∂r
√
γαp

Dynamic pressure: − ∂r
√
γ(αvr − βr )ρhΓ2vr

Magnetic forces: − ∂r
√
γ{

(αvr − βr )[B2vr − (B jvj )Br ]
− αBr [(B jvj )vr + Br/Γ2]
+ αb2/2}

Centrifugal in θ : +
√
γ

1
2
αWθθ∂rγθθ

Centrifugal in φ : +
√
γ

1
2
αWφφ∂rγφφ

Shift: +
√
γSi∂r βi

Gravity: +
1
2
αW ik∂rγik −U∂rα

−Wθθ∂rγθθ −Wφφ∂rγφφ ,

where
√
γ is the square root of the three-metric determinant, Bi

and vi are the components of the magnetic field and the fluid three-
velocity, Wi j B γiµγjνTµν those of the covariant stress tensor and
U := nµnνTµν the total energy density, all defined in the Eulerian
frame. In Eq. (B4), both magnetic pressure and tension are consid-
ered under the label “magnetic forces“.

The upper panel of Fig. B1, reports the numerical values of
the various contributions to the conservation equation of radial mo-
mentum in Eq. B4 after averaging in time and in the φ-direction.
Comparing these contributions it becomes clear that the dominant
term balancing gravity is the centrifugal force in φ, while the evo-
lution of radial momentum towards the equilibrium state is guided
by dynamic pressure. The contribution labelled as “shift”, which
results from the movement of Eulerian observers with respect to
the coordinate system, is zero for the case considered here and is
therefore omitted in Fig. B1.

The bottom panel of Fig. B1 shows instead the orbital (Ω)
and radial epicyclic (κ) frequencies – after averages in time and φ-
direction – of the fluid in the boson star interior. Note that while
the orbital frequency is monotonically decreasing outwards in the
outer parts of the flow, where it follows an essentially Keplerian
fall-off, it also exhibits a local maximum and a decreasing branch
as it tends to r → 0. This behaviour is due to the decrease in the
gravitational forces in the innermost regions of the boson star and
hence to a decrease in the angular momentum needed to maintain
a circular orbit. As a result, the stability criterion against the MRI,
which is given by dΩ2/dR > 0, where R := r sin θ (Balbus &
Hawley 1991), is fulfilled in the innermost regions of the boson star,
where the MRI is essentially quenched. Under these conditions,
the matter in the mini torus is unable to lose angular momentum
and will be repelled by the centrifugal barrier at the radius where
dΩ2/dR = 0 and forced to move along the polar directions, where
the fluid density is lower. The bottom panel of Fig. B1 also shows
that this radial location coincides with the inner edge of the torus
in the equatorial plane.

It is interesting to note that the conditions discussed above
for the formation of the stalled torus are not met for all mini boson
stars. Indeed, for a large part of the parameter space, which includes
the most compact, or more relativistic, stable configurations such
as the boson star model B, the rotation velocity profile of circular
geodesics has no local maxima for r > 0. As a result, the MRI is

active at all radii and the plasma continues accreting down to the
centre of the boson star.

Computing the angular velocity corresponding to a circu-
lar time-like geodesic for a massive particle as Ω := uφ/ut =
[(α/r) dα/dr]1/2 (see e.g., Rezzolla & Zanotti 2013), we can esti-
mate the location of the edge of the mini torus with the correspond-
ing turning point rturn in the two branches for r → 0 and r → ∞3.
Similarly, we can compute the corresponding photon impact pa-
rameter at rturn as

b (rturn) =
rturn

α (rturn)
, (B5)

and use b (rturn) to estimate the radial size of the “dark region” in
an accreting boson star of model A. Figure B2 shows the radius
rturn and the impact parameter b for photons reaching this radius
(dashed and continuous lines) for different mini boson stars, as a
function of compactness (top panel) and central amplitudes of the
scalar field (bottom panel). As a reference, a shadowed gray region
shows the possible minimal widths for a Kerr black hole shadow,
from a = 0 to a = 1. Also as a reference, the right axis shows the
corresponding size of the dark region associated with b in µas and
for the case of Sgr A*. The dashed blue line corresponds to the un-
stable branch and the red continuous line to the stable branch of the
boson star family, with the markers indicating the boson star mod-
els considered here. Overall, Fig. B2 underlines that while strong
field images of boson stars with rturn = 0, and hence with no cen-
tral dark region, are obviously going to be drastically different from
those of black holes, none of the boson stars considered here pro-
duces a dark region with size comparable to that of the black hole
shadow with the same mass.

An interesting question is how general this property is
amongst surfaceless and horizonless black-hole mimickers. In the
discussion above, we showed that a necessary condition for the for-
mation of the stalled mini torus, and hence of a central dark region,
is the existence of a maximum in the angular velocity profile of
the fluid, which – after the re-distribution of angular momentum
by turbulence – follows approximately that of time-like equatorial
circular geodesics. Black-hole space–times do not have maxima in
such rotation profiles outside the event horizon; therefore, if the ex-
terior space-time of the black hole mimicker is similar to that of a
black hole, any maximum should occur in the interior of the object.
For very compact objects with most of their mass-energy enclosed
in a radius comparable to their Schwarzschild radius, the inner edge
of the mini torus would then be located at an even smaller radius. In
the case of slowly rotating compact objects, the (Jebsen)-Birkhoff
theorem makes the above reasoning particularly relevant (Rezzolla
& Zanotti 2013).

B2 Quasi-periodic oscillations

As anticipated in section 3, another peculiarity of accretion onto
the boson stars is the presence of strong quasi-periodic oscilla-
tions in the mass inflow. It has been shown that for the case of
black holes accreting at rates similar to those of Sgr A* and M87,
the time series of the accretion rate can be used as a proxy to
study the variability at the typical observing frequencies of the
EHT (Porth et al. 2017). By calculating the power spectral den-
sity (PSD) of the these time series (Fig. B3), it can be observed

3 In reality, the motion at the inner edge of the mini torus is expected to be
non-Keplerian, but as shown in the bottom panel of Fig. B1, rturn is expected
to provide a rather accurate approximation.
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Figure B2. Radial position rturn at which the MRI is suppressed (dotted
line), and the impact parameter b for photons at this radius (dashed and con-
tinuous lines) for different mini boson stars, as a function of compactness
(top panel) and central amplitudes of the scalar field (bottom panel). As a
reference, the shadowed gray region shows the possible minimal widths for
Kerr black hole shadows. Note that all boson star models of the type con-
sidered here have dark regions that are smaller than those associated with
black holes. The right axis shows the corresponding size of the dark region
associated with b in µas and for the case of Sgr A*. The dashed blue line
corresponds to the unstable branch and the red continuous line to the stable
branch of the mini boson star family. The boson star models considered in
this work are indicated by markers.

that for the case of boson star model A the frequency peaks around
f ≈ 0.04 M−1 = 0.002 Hz, which closely corresponds to the ra-
dial epicyclic frequency κ/2π at the location of the inner edge of
the torus (cf. Fig. B1). The PSD reported in Fig. B3 was obtained
by averaging that of 10 not overlapping time windows in the in-
terval 5000 − 10 000 M . The large amplitude of these oscillations
is caused by the high density in the mini torus, which results in
the displacement of a large amount of mass with every cycle. As
mentioned in the main text, QPOs near the epicyclic frequency are
expected from trapped p-mode oscillations that induce large excur-
sions, both positive and negative, in the accretion rate (Rezzolla
et al. 2003a,b).

Hence, a possible detection of QPOs in the mass accretion rate
could provide additional means for distinguishing accreting black
holes from boson stars, as we could expect the latter to show quasi-
periodic oscillations at higher frequencies. In fact, for circular or-
bits around black holes, the epicyclic frequency decreases to zero
at the innermost stable circular orbit and becomes imaginary closer
to the black hole (Kato & Fukue 1980; Abramowicz & Kluźniak
2003).
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Figure B3. Power spectral density of the mass accretion rate at r = 2 M

for boson star model A. A peak can be observed at f = 0.002 Hz, which
corresponds to the radial epicyclic frequency at the inner edge of the mini
torus (black dashed line).
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Figure B4. Isocontours of the rest-mass density for boson star model B
at different times before, during, and after the absorption of the cloud dis-
cussed in Appendix B3. The red cross marks the centre of the boson star.

B3 Variability in the images of boson star model B

Between t = 8000 M and t = 10 000 M , a series of changes in the
magnetic field structure produces a drop in the absolute magnetic
flux threading boson star model B (cf. Figure 1). These are caused
by the absorption of an orbiting dense cloud by the central fluid
structure located inside the boson star. This cloud arises from the
random perturbations added to the initial condition, and it survives
and grows due to non-linear interactions with the oscillating fluid
structure inside the boson star. In order to ensure that the images
of boson star model B obtained in the time range reported in Sec-
tion 4 are representative despite this changes, we ran the simulation
further until t = 13 000 M . We found that after t = 10000 M , the
system reaches a new long-lived state in which ΦB does not have
rapid changes. Figures B4 and B5 show, respectively, density iso-
contours and time series of the mass and magnetic flux threading
the boson star before, during and after the absorption of the cloud.
The images computed during the long-lived states before and after
the transition, and averaged over a time window corresponding to
the EHT observing time, share the features of Figures 4 and 3 that
allow them to be distinguished from black hole images, namely a
smaller source size and the absence of a dark region at the centre.
Figure B6 shows images at the same inclinations as in Figures 4
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Figure B5. Same as Figure 1, showing time series of the mass and abso-
lute magnetic flux onto boson star model B before and after the changes
mentioned in Appendix B3.

Figure B6. Ray-traced images at the same inclinations of Figures 4 (first
row) and 3 (second row), averaged over the intervals t/M ∈ [7900, 9000]
(left column) and t/M ∈ [9900, 11 000] (right column).

and 3, computed over the time windows t ∈ [7900 M, 9000 M] and
t ∈ [9900 M, 11 000 M], indicating that these image properties can
indeed be considered representative of this boson star model.

B4 Time-scale for collapse

Since our simulations show that matter accreted onto the boson star
keeps accumulating at its interior, a natural question that arises is
for how long accretion can continue at the same rate before the
accreting material reaches the critical mass to collapse to a black
hole. Although an accurate answer to this question needs to take
into account the non-linearity of the system, a rough estimate can
be made using the accretion rate calculated in section 4 from the
observed flux of Sgr A*. This calculation also ignores the effect
of radiation pressure, which could contribute to slow down the
accretion flow (see Zanotti et al. 2011, for the case of a Bondi–
Hoyle–Littleton accretion). Assuming an upper limit on the accre-
tion rate within a 2-sphere of radius r = 2M that is of the order of
10−6 M� yr−1 ∼ 10−12 M yr−1, where the second estimate refers
to Sgr A*, whose mass is M ∼ 106 M� . Considering that the scalar
field in the boson stars already accounts for ∼ 90% of the mass-
energy contained within a radius r = 2M , it would take ∼ 1011yr
to accrete a sufficient amount of mass to induce a collapse to a black
hole.

Clearly, such a large time-scale, which corresponds to nearly
seven times the age of the Universe, suggests that the accumulation
of matter in the interior of an accreting boson star, either in the
form of a mini torus or of a mini cloud, may lead to the collapse to
a black hole only on cosmological time-scales.

APPENDIX C: INITIAL TORUS AND DEVELOPMENT OF
MRI

The torus around the boson star was built according to the prescrip-
tion by Abramowicz et al. (1978), which was derived for general
axisymmetric metrics and is frequently employed for building tori
around black holes. For the boson star case, the metric functions
of the Kerr space-time were replaced by those correspondent to
that of the boson star. Inside the torus, we set up a poloidal mag-
netic loop from a vector potential following density isosurfaces,
Aφ ∝ max((ρ/ρmax − 0.2), 0). We adopted the following actions
in order to make the comparison between the simulated accretion
flows as close as possible:

(i) Using the bisection method, the value of the constant angular
momentum of the tori was set in such way that they shared the same
inner (outer) radius of 6 (42)M .

(ii) We normalized the rest-mass density such that in each case
it took the maximum value ρmax = 1.

(iii) We rescaled the magnetic field so that the ratio of gas to
magnetic pressure had a minimum of βmin = 11.2.

The simulations were performed in polar coordinates on a grid
logarithmically spaced in the radial direction. We employed three
levels of adaptive mesh refinement triggered by the Löhner scheme
(Löhner 1987), to give an effective resolution of {Nr, Nθ, Nφ} '
{512, 128, 128}, and with the outer boundary placed at 1000 M ,
thus with a radial-grid spacing of 0.19 M at the inner edge of the
torus. The accretion torus was perturbed to trigger the MRI, caus-
ing turbulent transport of angular momentum and driving the ac-
cretion (Balbus & Hawley 1991). To ensure the ability to resolve
the MRI, the resolution employed is comparable to those encoun-
tered in the literature for simulations of accretion onto black holes
(see e.g., Narayan et al. 2012; Mościbrodzka et al. 2016; Mizuno
et al. 2018). As customary, we have computed the MRI quality fac-
tor QMRI (see Sano et al. 2004; Noble et al. 2010; McKinney
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Figure C1. MRI quality factor QMRI for boson star model B at t = 1000 M ,
when the instability is developing. The red contour indicates the edges of
the torus, approximated as the contour in which density falls to 1% of the
maximum density of the original torus. It can be seen that QMRI & 6 where
the instability is developing.

et al. 2012), making sure that QMRI & 6 in the relevant regions
(Fig. C1), which ensures that the correct saturation values of the
shear stress and the ratio between magnetic and fluid pressure are
achieved (Sano et al. 2004).
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