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The Event Horizon Telescope is a global very-long baseline interferometer capable of probing
potential deviations from the Kerr metric, which is believed to provide the unique description of
astrophysical black holes. Here we report an updated constraint on the quadrupolar deviation of
Sagittarius A* within the context of a radiatively inefficient accretion flow model in a quasi-Kerr
background. We also simulate near-future constraints obtainable by the forthcoming eight-station
array and show that in this model already a one-day observation can measure the spin magnitude to
within 0.005, the inclination to within 0.09°, the position angle to within 0.04°, and the quadrupolar
deviation to within 0.005 at 30 confidence. Thus, we are entering an era of high-precision strong

gravity measurements.

PACS numbers: 04.50.Kd,04.70.-s

The supermassive black holes Sgr A* and in M87
are the prime targets of the Event Horizon Telescope
(EHT). These sources have already been observed with
a three-station array, comprised by the James Clerk
Maxwell Telescope and the Sub-Millimeter Array in
Hawaii (Hawaii), the Submillimeter Telescope Observa-
tory in Arizona (SMT), and several dishes of the Com-
bined Array for Research in Millimeter-wave Astronomy
(CARMA) in California, which has resolved structures
on scales of only 4rg in Sagittarius A* (Sgr A*) [1] and
5.5rg in M8T [2], respectively. Here, rg = 2ry, = 2GM/c?
is the Schwarzschild radius of a black hole with mass M,
and 74 is its gravitational radius [3].

According to the general-relativistic no-hair theorem,
stationary, electrically neutral black holes in vacuum only
depend on their masses M and spins J and are uniquely
described by the Kerr metric [4]. Mass and spin are the
first two multipole moments of the Kerr metric, and all
higher-order moments can be expressed in terms of them
by the relation M; +iS; = M (ia)', where M; and S; are
the mass and current multipole moments, respectively,
and a = J/M is the spin parameter (see, e.g., Ref. [5]).

General relativity has been well confirmed in the
regime of weak gravitational fields [6], but still remains
practically untested in the strong-field regime found
around compact objects [7]. It is possible to test the
no-hair theorem using parametrically deformed Kerr-like
spacetimes that depend on one or more free parameters
in addition to mass and spin. Observations may then be
used to measure the deviations. If none are detected, the
compact object is consistent with a Kerr black hole. If,
however, nonzero deviations are measured, there are two
possible interpretations. If general relativity still holds,

the object is not a black hole but, instead, another stable
stellar configuration or some exotic object. Otherwise,
the no-hair theorem would be falsified.

By design, parametric Kerr-like spacetimes encompass
many theories of gravity at once and generally do not
derive from the action of any particular theory. It is
assumed, however, that particles move along geodesics.
Tests of the no-hair theorem in a Kerr-like spacetime
have been suggested for gravitational-wave observations
of extreme mass-ratio inspirals [8] and electromagnetic
observations of accretion flows surrounding black holes
(e.g., [9, 10]). Other tests of the no-hair theorem include
electromagnetic observations of pulsar black hole bina-
ries [11, 12] and stars on orbits around Sgr A* [12, 13],
though these constitute weak-field probes.

Here we employ a quasi-Kerr metric [14], which mod-
ifies the quadrupole moment Qx = My = —Ma? of the
Kerr metric according to the equation Qqx = —M (a? +
eM?), where € is a dimensionless parameter that mea-
sures potential deviations from the Kerr metric. The
quasi-Kerr metric is of the form gglf{ = gffl, +¢ehy, where
gffl, is the Kerr metric and h,, is diagonal. An explicit
expression of this metric is given in Ref. [14]. Note that
the expression for the quadrupole moment is exact for
sufficiently small values of the spin and the parameter ¢,
but it may only be approximate otherwise [15].

A key objective of the EHT is to produce the first di-
rect image of a black hole. These typically reveal a dark
region at the center, the so-called shadow [21]. The shape
of this shadow is exactly circular for a Schwarzschild
black hole and nearly circular for a Kerr black hole unless
its spin is very large and the inclination is high. How-
ever, the shape of the shadow becomes asymmetric if the



no-hair theorem is violated, e.g., for nonzero values of
the parameter € in the quasi-Kerr metric [9].

Sgr A* is the black hole with the largest angular cross-
section in the sky. While several models for its ac-
cretion flow exist [22], these typically fall within the
radiatively inefficient accretion flow paradigm (RIAF).
A recent analysis within the context of RIAFs found
that images of accretion flows in the quasi-Kerr space-
time differ significantly from those in a Kerr background
and, already, these may be grossly distinguished by early
EHT data. Furthermore, measurements of the inclina-
tion and spin position angle are robust to the inclusion
of a quadrupolar deviation from the Kerr metric [23]. In
particular, Ref. [23] obtained the 1o constraints on the
spin magnitude a, = 0707 inclination § = 6501'121100, and
orientation & = 127°717 (up to a 180° degeneracy), while
the deviation parameter ¢ remained unconstrained.

In April 2009 and in March/April 2011-2013, addi-
tional observations of Sgr A* were carried out at 230 GHz
using the same three-station telescope array [24, 25].
A comprehensive analysis of these observations together
with updated parameter estimates for Sgr A* assuming
a Kerr background can be found in Ref. [26]. Here, we
focus on the constraints on the quadrupolar deviation pa-
rameter. Following the procedure described in Ref. [23]
and allowing for closure phase shifts as in Ref. [26], we
produced an updated set of parameter estimates within
the same parameter space [15] using the image library of
Ref. [23] refined by an additional 12,501 images.

Figure 1 shows the spin magnitude—inclination and the
spin magnitude—quadrupolar deviation posterior proba-
bility distributions, each marginalized over all other pa-
rameters (spin orientation angle and, respectively, devi-
ation parameter and inclination). As in Ref. [23], the
spin magnitude correlates with both the inclination and
the deviation parameter, although it is unclear whether
the latter correlation is still primarily determined by the
location of the innermost stable circular orbit (ISCO).

We obtain new constraints on the spin magni-
tude a, = 07999 inclination 6 = 57.0°730 orienta-
tion & = 156°*3, , and deviation parameter € = 1.0079:99,
where we quote 1o errors on the respective posterior
probability densities marginalized over all other param-
eters [15, 27]. Formally this implies that Sgr A* is
consistent with a Kerr black hole only at the 3o level.
However, this constraint on the parameter € is substan-
tially biased by the restricted range of values of the spin
and the quadrupolar deviation we consider affecting the
marginalization process and, therefore, overestimating
the magnitude of the deviation. A better measure is the
2D probability distribution shown in Fig. 1, from which
it is clear that Sgr A* is consistent with a Kerr black
hole well within the 20 level. Even though the maximum
of this distribution is located at the edge of the parame-
ter space, the confirmation of the Kerr nature of Sgr A*
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FIG. 1. 1o, 20, and 30 confidence contours of the poste-
rior probability density as a function of (top) the spin mag-
nitude a. and inclination 6 and (bottom) the spin magnitude
and quadrupolar deviation parameter €, marginalized over all
other quantities. The red dot in each panel denotes the max-
imum of the respective 2D probability density and dashed
white lines correspond to constant ISCO radii of (top) r = 6rg
and (bottom) r = 5ry. The gray region is excluded.

at this level should be unaffected by the considered val-
ues of the spin and the deviation parameter, because the
lo and 20 regions are very large. Therefore, we expect
that Sgr A* remains consistent with a Kerr black hole
at the 20 level even for larger values of the parameter
€. However, the quoted confidence intervals should be
viewed with caution. Although our result implies that
Sgr A* is in mild tension with being a Kerr black hole, it
is most likely dominated by systematic model uncertain-



ties, which do not incorporate other effects such as the
vertical structure and variability of the accretion disk,
the plasma density and magnetic field strength in and
above the disk, and the presence of outflows.

Our constraints on the parameters of Sgr A* are
broadly consistent with the values given in Ref. [26] and
improve upon the constraints on the inclination and spin
orientation of Ref. [23] by roughly a factor of four. In
addition, the 180° degeneracy of the spin orientation is
removed. However, the constraint on the spin magnitude
is about 30% weaker than the constraint of Ref. [23] and
the spin magnitude is now unconstrained. This is in ac-
cordance with the results of Refs. [28, 29] which found
that the inclination and spin orientation can be inferred
much more precisely from the visibility magnitudes and
closure phase data than the spin magnitude.

In 2015, the three-station array Hawaii-SMT—
CARMA has been expanded to include the Atacama
Large Millimeter /submillimeter Array (ALMA) in Chile,
the Large Millimeter Telescope in Mexico, the South
Pole Telescope (SPT), the Plateau de Bure interferome-
ter in France, and the Pico Veleta Observatory in Spain.
Thus, we also assess the prospects of measuring the spin
magnitude and position angle, the inclination, and the
quadrupolar deviation parameter of Sgr A* with an eight-
station array in the near future. The sensitivity and res-
olution of this enlarged array will be greatly increased,
caused primarily by ALMA which will have a sensitivity
that is about 50 times greater than the sensitivity of the
current stations and the long baselines from the stations
in the Northern hemisphere to the SPT. In addition, this
array allows for the measurement of closure phases along
many different telescope triangles, some of which depend
very sensitively on the parameters of Sgr A* [30].

To do this we simulate a single 24 hr observing run at
230 GHz using a library image with a, = 0.15, § = 60°,
& =160°, and € = 0, motivated by the results of Ref. [26].
Simulated visibilities and closure phases are computed
every 10 minutes for all baselines comprised of telescopes
for which Sgr A* is above a zenith angle of 70°. Typi-
cal long baseline observing periods are 2-4 hrs. For each
station, we use the system equivalent flux density at this
frequency listed in Ref. [31]. We assume a 4 GHz record-
ing bandwidth and a 10s atmospheric correlation time
for all measurements. We further assume that the radio
emission experiences electron scatter broadening accord-
ing to the scattering law by Ref. [33].

For our analysis, we created a new library of RIAF
images which consists of a total of 50,061 images with
values of the spin magnitude 0.14 < a, < 0.16, in-
clination 59.8° < # < 60.2°, and deviation parameter
—0.0108 < € < 0.0108, varied with the respective step
sizes Aa, = 0.0005, Af = 0.0125°, and Ae = 0.0006.
Subsequently, each image was rotated by a set of spin
position angles £ in the range 159.88° < ¢ < 160.12°
in steps of A¢ = 0.005°. All images were generated us-
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FIG. 2. Simulated posterior probability density as a function
of (top) the spin magnitude a. and inclination 6 and (bottom)
the spin magnitude and deviation parameter e, marginalized
over all other quantities. Solid, dashed, and dotted white lines
show the 1o, 20, and 30 confidence contours, respectively.
The dashed magenta line denotes the location of the ISCO
with constant radius r = 5.57.

ing the coeflicients of the density and temperature of the
thermal and nonthermal distribution of electrons from
fits of the radio spectral energy distribution of Sgr A*
obtained in Ref. [23]. For each library image, an associ-
ated likelihood was constructed using the simulated data
following the procedure in Ref. [23].

Figure 2 shows the spin magnitude—inclination and the
spin magnitude—quadrupolar deviation posterior prob-
ability distributions, respectively marginalized over all
other quantities. The spin magnitude remains strongly
correlated with the inclination, while the deviation pa-
rameter € is weakly correlated with the inclination. Nei-



ther are correlated with the spin position angle. All
parameters in our simulation are tightly constrained:
a = 0.15019:99 9 — 60.01°7009., € = 159.99° + 0.04°,
and € = 0 £ 0.005, where we quote 30 errors [15]. As we
show in the bottom panel of Fig. 2, the contours in the
(a«, €) plane are not exactly aligned with lines of constant
ISCO radius which suggests that this is not a fundamen-
tal degeneracy (c.f., the discussion in Ref. [32]).

The reconstructed spacetime parameters are highly
precise, despite adopting realistic station performance es-
timates, and indicate the forthcoming capability of the
EHT to probe deviations from general relativity. How-
ever, these have been obtained within the context of a
specific astrophysical paradigm, placing an as yet poorly
understood prior on the analysis which will be investi-
gated elsewhere. The effects of the chosen model and the
variability of the accretion flow are difficult to estimate
quantitatively at this point, but these will most likely
be the dominant source of uncertainty. Such an assess-
ment will require either increasingly parameterized mod-
els or further theoretical development of geometrically
thick accretion flows in order to account for the astro-
physical effects neglected here. Nonetheless, our analysis
demonstrates the expected dramatic improvement of the
constraints based on observations with a large EHT array
given one particular model.

We have also neglected potential systematic errors as-
sociated with the uncertain gain calibrations between
long and short baselines, estimated in currently reported
visibility magnitudes to produce systematic variations of
up to 5% [24]. However, observations with the larger ar-
ray will be able to mitigate these through substantially
increased sensitivity, redundant baselines, and the con-
struction of closure amplitudes, defined for station quad-
rangles, which are independent of station-specific gain
estimates. Similarly, closure phases are by construction
independent of station-specific phase errors, and will ben-
efit from redundant triangles. Likewise, a scheduled in-
crease of recording bandwidth will further increase the
array sensitivity by a factor v/8. At present, there also
exist substantial uncertainties in our knowledge of the
interstellar scattering law of Ref. [33], which, however,
can be rectified by additional observations and refined
modelling [34]. Finally, refractive substructure along the
line of sight can cause stochastic variations of the im-
age [35] which will average out if its blurring effect is suf-
ficiently small [36] (c.f., Ref. [28]). Therefore, we expect
the overall impact of these uncertainties on the simulated
constraints to be relatively small.

Our results for the spin magnitude and deviation pa-
rameter also depend on the mass and distance of Sgr A*
which affect the overall scale of the images and the spec-
tral fits for the electron density and temperature. Cur-
rent measurements of the mass and distance of Sgr A*
from near-infrared monitoring of stellar orbits close to the
black hole have relative errors on the order of 3% and 1%,

respectively, which are, however, strongly correlated [37].
These uncertainties will be further reduced by continued
monitoring, by the expected improvement in astrometry
with the instrument GRAVITY for the Very Large Tele-
scope Interferometer [38], in combination with EHT mea-
surements of the shadow size of Sgr A* [34, 39, 40], and
could reach a precision of ~0.1% with a 30m class tele-
scope [41]. Recently, Ref. [42] independently measured
the distance to Sgr A* to within 2%.
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