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Abstract
We present the �rst event-horizon-scale images and spatiotemporal analysis of Sgr A* taken with the Event
Horizon Telescope in 2017 April at a wavelength of 1.3 mm. Imaging of Sgr A* has been conducted through
surveys over a wide range of imaging assumptions using the classical CLEAN algorithm, regularized maximum
likelihood methods, and a Bayesian posterior sampling method. Different prescriptions have been used to account
for scattering effects by the interstellar medium toward the Galactic center. Mitigation of the rapid intraday
variability that characterizes Sgr A* has been carried out through the addition of a “variability noise budget” in the
observed visibilities, facilitating the reconstruction of static full-track images. Our static reconstructions of Sgr A*

can be clustered into four representative morphologies that correspond to ring images with three different
azimuthal brightness distributions and a small cluster that contains diverse nonring morphologies. Based on our
extensive analysis of the effects of sparse (u, v)-coverage, source variability, and interstellar scattering, as well as
studies of simulated visibility data, we conclude that the Event Horizon Telescope Sgr A* data show compelling
evidence for an image that is dominated by a bright ring of emission with a ring diameter of �50 �as, consistent
with the expected “shadow” of a 4 × 106 Me black hole in the Galactic center located at a distance of 8 kpc.
Uni�ed Astronomy Thesaurus concepts: Synthesis imaging (53); Black Holes (162); Galactic center (565); Radio
astronomy (1338); Very long baseline interferometry (1769); High angular resolution (2167)

1. Introduction

At the center of our Galaxy is the nearest candidate
supermassive black hole (SMBH), Sagittarius A* (Sgr A*).
We present here the �rst horizon-scale images of it. Compared
with M87*, Sgr A* is more challenging to image, mainly due to
its rapid variability and the distortions of the intervening
scattering medium. We develop methods to characterize and
mitigate these two factors in order to reconstruct images that
take us a step closer to establishing that Sgr A* is a black hole.
This paper is the third in the Event Horizon Telescope�s (EHT)
series of six Sgr A* articles (Event Horizon Telescope
Collaboration et al. 2022a, 2022b, 2022c, 2022d, and 2022e,
hereafter Papers I, II, IV, V, and VI).

Since the �rst discovery of Sgr A* as a compact radio source
with interferometric observations at centimeter (cm) wavelengths
(Balick & Brown 1974), there have been many studies of this
closest SMBH to Earth. Of particular importance is the study of
stellar dynamics showing that the position of Sgr A* in the
Galactic center coincides with the center of gravity of a dense
cluster of young and old stars (Eckart & Genzel 1997; Menten
et al. 1997; Ghez et al. 1998; Reid & Brunthaler 2004; Reid 2009).
Moreover, the gravitational potential is dominated by a compact
object of mass of 4 × 106 Me contained within 120 au of Sgr A*,
at a distance of 8 kpc from Earth (Ghez et al. 2008; Gillessen et al.
2009, 2017; Gravity Collaboration et al. 2018a; Do et al. 2019;
Gravity Collaboration et al. 2019). Based on these facts, together
with the continuous variability on characteristic timescales from
minutes to hours, especially at near-infrared (NIR) wavelengths on

angular scales of typically 150 �as (Gravity Collaboration et al.
2018b, 2020), the likely scenario of Sgr A* is that this compact
object is an SMBH. The combination of mass and proximity
makes Sgr A* the black hole subtending the largest angle on the
sky with a Schwarzschild radius of 0.08 au � 10 �as and an
expected “shadow” angular size of �50 �as. Sgr A* was thus
identi�ed early on as a primary target for imaging a black hole
“shadow” (Falcke et al. 2000), predicted by Einstein’s theory of
general relativity (Hilbert 1917; von Laue 1921; Bardeen 1973;
Luminet 1979). Similar calculations put the shadow angular size
of M87* at �40 �as (6.5 × 109 Me, 16.4 Mpc from Earth),
con�rmed by the EHT through imaging and analysis (Event
Horizon Telescope Collaboration et al. 2019a, 2019b, 2019c,
2019d, 2019e, 2019f, hereafter M87* Papers I–VI).

In very long baseline interferometry (VLBI) observations at cm
wavelengths, the structure of Sgr A* is unresolved and dominated
by scatter broadening caused by the ionized interstellar medium
(ISM; see, e.g., Rickett 1990; Narayan 1992). As a result, the
measured sizes are proportional to �2, where � is the observing
wavelength (Davies et al. 1976), with an asymmetric Gaussian
shape elongated toward the east–west direction (i.e., stronger
angular broadening; Lo et al. 1985; Alberdi et al. 1993;
Krichbaum et al. 1993; Frail et al. 1994; Bower & Backer 1998;
Lo et al. 1998). For several decades, many VLBI observations
have attempted to reach smaller angular (and spatial) scales. These
studies found that the observed size at millimeter (mm)
wavelengths deviates from the �2-relation, indicating a larger
intrinsic size than expected from scatter broadening of an
intrinsically unresolved source (e.g., Krichbaum et al. 1998; Lo
et al. 1998; Doeleman et al. 2008; Falcke et al. 2009).

After constraining the scattering effects (see Section 3.1), the
intrinsic structure of Sgr A* at long radio wavelengths can be
modeled with a single, nearly isotropic Gaussian source
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(Bower et al. 2004; Shen et al. 2005; Lu et al. 2011; Bower
et al. 2014; Johnson et al. 2018; Issaoun et al. 2021; Cho et al.
2022). Its size and orientation on the sky have remained fairly
constant over timescales of days to years (e.g., Alberdi et al.
1993; Marcaide et al. 1999; Lu et al. 2011), but a marginal
variation has also been suggested (Bower et al. 2004; Akiyama
et al. 2013). At observing wavelengths >1 mm, some evidence
for structure beyond a single Gaussian model has also been
reported. While this is likely attributed to refractive scattering
substructure (i.e., not intrinsic) at cm wavelengths (e.g., Gwinn
et al. 2014), its cause is still unclear at mm wavelengths. For
instance, at 7 mm, Rauch et al. (2016) reported a short-lived
secondary component that could possibly be related to a
preceding NIR �are. However, the detection of nonzero closure
phases was only marginal and does not exclude a realization of
thermal or other systematic errors. At 3.5 mm, several studies
have found slight nonzero closure phases (Brinkerink et al.
2016; Ortiz-León et al. 2016) and asymmetric non-Gaussian
structure along the minor axis (Issaoun et al. 2019, 2021), but
its physical origin remained nonconclusive: it could be due to
either scattering or an intrinsic asymmetry of Sgr A*.

Multiwavelength observations of Sgr A* show an inverted
spectral energy distribution rising with frequency in the radio
owing to synchrotron emission, with spectral break at THz
frequencies (submillimeter wavelengths), where the accretion
�ow becomes optically thin (Falcke et al. 1998; Bower et al.
2015, 2019). Its bolometric luminosity was measured to
be � 5 × 1035 erg s�1, or 10�9LEdd (Genzel et al. 2010; Bower
et al. 2019). A more detailed description of the spectral
properties of Sgr A* is presented in Paper II. At an observing
frequency of 230 GHz (1.3 mm wavelength), the accretion �ow
is expected to be suf�ciently optically thin to detect the black
hole shadow in Sgr A* with an Earth-sized interferometric
array, such as the EHT (Falcke et al. 2000; Doeleman et al.
2009; Broderick et al. 2016; M87* Paper II).

Sgr A* additionally exhibits variability across the entire
electromagnetic spectrum (Genzel et al. 2003; Ghez et al. 2004;
Neilsen et al. 2013; Bower et al. 2015; Neilsen et al. 2015;
Boyce et al. 2019), with frequent �aring in the radio, infrared,
and X-ray regimes. Variability and motion can be observed
within a single observing night, with variability timescales of
the order of seconds to hours, characteristic dynamic timescales
for a 4 × 106 Me black hole (Baganoff et al. 2003; Marrone
et al. 2006; Meyer et al. 2008; Dexter et al. 2014; Hora et al.
2014; Bower et al. 2018; Witzel et al. 2018; Bower et al. 2019).
In the radio and submillimeter, Sgr A* is constantly varying,
with a variability level of <10% during quiescence (Macquart
& Bower 2006; Paper II; Wielgus et al. 2022). A detailed
description of the multiwavelength properties of Sgr A* is
presented in Paper II.

At 1.3 mm, Sgr A* was detected for the �rst time with VLBI
on a single baseline with the IRAM 30 m telescope and the
Plateau de Bure Interferometer in 1995 (Krichbaum et al.
1998). In 2007, the �rst successful observations with the early
EHT array, consisting of the Arizona Radio Observatory
Submillimeter Telescope (SMT) in Arizona, the James Clerk
Maxwell Telescope (JCMT) in Hawai’i, and the Combined
Array for Research in Millimeter-wave Astronomy (CARMA)
in California, offered the �rst line of evidence that the source
size at 1.3 mm is comparable to the expected size of the shadow
of an SMBH with the mass and position of Sgr A* (Doeleman
et al. 2008; Fish et al. 2011). In 2013, 1.3 mm observations

were carried out with an early subset of the present EHT array:
�ve stations at four geographical sites (Arizona, California,
Hawai’i, and Chile). An early processing of the US-only data
resulted in a �rst measurement of relatively high linear
polarization on the 50–100 �as scale by Johnson et al. (2015)
and the detection of nonzero closure phases by Fish et al.
(2016), indicative of asymmetric source structure on the
Arizona–California–Hawai’i triangle. A �nal processing of
the data with the addition of the Atacama Path�nder
Experiment telescope (APEX) in Chile by Lu et al. (2018),
which provides a resolution of �30 �as (3 Schwarzschild radii
for the estimated black hole mass) in the north–south direction,
revealed the presence of compact structure residing within the
scale of 50 �as and con�rmed the previously reported
asymmetry (nonzero closure phase) by Fish et al. (2016). A
subsequent expansion effort of the EHT to increase array
sensitivity and imaging ability culminated in the 2017 April
EHT observing campaign (M87* Paper II).

The 2017 EHT observing campaign was scheduled over a
12-day time window in 2017 April, to minimize weather
impact. The two primary targets, M87* (at the center of the
giant elliptical galaxy M87) and Sgr A*, were observed for four
and �ve nights, respectively. With a similar mass-to-distance
ratio, the two targets are expected to exhibit similar angular
sizes on the sky. Because M87* is about three orders of
magnitude more massive compared to Sgr A*, its dynamical
timescale is much longer, allowing for the straightforward use
of standard aperture synthesis VLBI techniques over each
observing night. The effects of scattering toward the M87
galaxy are also minimal. These factors render M87* the optimal
�rst imaging target for the EHT. Based on the observations of
M87*, the EHT Collaboration presented �rst direct images of
an SMBH, showing a bright ring-like structure surrounding a
central dark circular area (M87* Papers I–VI). Under the stellar
dynamics mass measurement prior (Gebhardt et al. 2011) and
with a scaling based on numerical simulations of the accretion
�ow (M87* Paper V), these images con�rm the predictions of
general relativity about the diameter of a black hole shadow
(M87* Paper VI). Following these results, the analysis of the
linear polarization observations of M87* produced the �rst
polarized images of the M87* black hole and inferred a
magnetic �eld strength and geometry in the immediate vicinity
of the SMBH (Event Horizon Telescope Collaboration et al.
2021a, 2021b, hereafter M87* Papers VII and VIII). The
technique and work�ow developments for the analysis of M87*

data serve as the basis for Sgr A* analysis, although new
signi�cant developments were introduced to address the
challenges of interstellar scattering and short-timescale
variability.

In this paper, we present the �rst imaging results of Sgr A*

with the EHT for the 2017 April 6 and 7 observations. In
Section 2, we describe the EHT observations of Sgr A* in 2017
and their properties. In Section 3, we estimate additional
properties of two major effects anticipated for Sgr A*,
interstellar scattering and intrinsic intraday brightness varia-
tions, from nonimaging analysis to aid the imaging process. In
Section 4, we provide a brief review of the employed imaging
techniques. In Section 5, we describe the process for synthetic
data generation for the imaging parameter surveys outlined in
Section 6. These surveys provide a set of imaging parameters
that are used to produce Sgr A* images. In Section 7, we
describe the resulting Sgr A* images for four different imaging
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pipelines and assess their properties and uncertainties. In
Section 8, we extract source parameters from Sgr A* images via
ring parameter �tting. In Section 9, we utilize dynamical
imaging and geometric modeling techniques to explore and
characterize potential azimuthal time variations in the data. We
summarize our results in Section 10.

2. Observations and Data Processing

In this section we describe the EHT observations of Sgr A*

performed in 2017 April (Section 2.1), the data reduction
(Section 2.2), and overall data properties (Section 2.3). A
description of interferometric measurements and associated
data products is provided in M87* Paper IV for reference.

2.1. EHT Observations

The EHT observed Sgr A* with eight stations at six
geographic sites on 2017 April 5, 6, 7, 10, and 11. The
participating radio observatories are the phased Atacama Large
Millimeter/submillimeter Array (ALMA) and APEX in the
Atacama Desert in Chile, the JCMT and the phased
Submillimeter Array (SMA) on Maunakea in Hawai’i, the
SMT on Mt. Graham in Arizona, the IRAM 30 m (PV)
telescope on Pico Veleta in Spain, the Large Millimeter
Telescope Alfonso Serrano (LMT) on the Sierra Negra in
Mexico, and the South Pole Telescope (SPT) in Antarctica. The
observations of Sgr A* were interleaved with two AGN
calibrator sources, the quasars NRAO 530 and J1924–2914.
Scienti�c analysis of the observations of calibrators will
be presented in future publications (Issaoun et al. 2022;
S. Jorstad et al. 2022, in preparation). The geocentric
coordinates for each of the telescopes are presented in Table
2 of M87* Paper II.

The 2017 VLBI data were recorded in two polarizations and
two frequency bands at a total data rate of 32 Gbps (for 2-bit
sampling). All sites recorded two 2 GHz wide frequency
windows centered at 227.1 and 229.1 GHz (low and high band,
respectively). An extensive description of the EHT array setup,
equipment, and station upgrades leading up to the 2017
observations is provided in M87* Paper II. All sites except
ALMA and JCMT recorded dual circular polarization (RCP
and LCP). ALMA recorded dual linear polarization, subse-
quently converted to a circular basis via the CASA-based
software package PolConvert (Martí-Vidal et al. 2016;
Matthews et al. 2018; Goddi et al. 2019), and JCMT recorded a
single circular polarization (the recorded polarization comp-
onent varied from day to day). Since JCMT recorded a single
circular polarization, baselines to JCMT use the available
parallel-hand component (RR or LL) visibilities to approximate
Stokes �! (“pseudo �! ,” �! � w � wRR LL). This is consistent with
the Stokes �. �w0 assumption taken for the data calibration,
justi�ed by the expected � � � �� ! � .�� relation (Muñoz et al. 2012;
Goddi et al. 2021). A small but detectable amount of intrinsic
circular source polarization is present in our observations,
which we account for in the systematic error analysis (Paper II).

2.2. Data Reduction

Following the correlation of the data recorded at different
sites, instrumental bandpass effects and phase turbulence
introduced by Earth’s atmosphere were corrected using
established fringe-�tting algorithms (M87* Paper III). We use
two independent software packages, the CASA-based

(McMullin et al. 2007) rPICARD pipeline (Janssen et al.
2019) and the HOPS-based (Whitney et al. 2004) EHT-HOPS
pipeline (Blackburn et al. 2019). The mitigation of the
atmospheric phase variation allows for coherent averaging of
the data in order to build up signal-to-noise ratio (S/N) without
substantial losses from decoherence. Instrumental RCP/LCP
phase and delay offsets were corrected by referencing fringe
solutions to ALMA, calibrated with PolConvert (Martí-
Vidal et al. 2016). The assumption of Stokes �. �� 0 on VLBI
baselines is taken for the RCP/LCP gain calibration. Following
the band averaging in frequency, data were amplitude-
calibrated using station-speci�c measurements of the system
equivalent �ux density and time-averaged in 10 s segments.
Stations with an intrasite partner (i.e., ALMA, APEX, SMA,
and JCMT) were subsequently “network-calibrated” (M87*

Paper III; Blackburn et al. 2019) to further improve the
amplitude calibration accuracy and stability via constraints
among redundant baselines. Polarimetric leakage is not
corrected for this Stokes �! analysis, but rather included as a
source of systematic uncertainty in the parallel-hand visibilities
(Paper II).

The data processing pipeline has been slightly updated with
respect to the one described in M87* Paper III. Some notable
changes include a recorrelation of the data following setting
changes at ALMA and more accurate sky coordinates of Sgr A*;
updated amplitude calibration (most notably for LMT and SMA)
using more accurate measurements of the telescope aperture
ef�ciency, found to be variable across the campaign; stronger
polarimetric calibration assumptions (�. �� 0); time-variable net-
work calibration of Sgr A* using ALMA and SMA connected-
element light curves (Wielgus et al. 2022); and a time-dependent
transfer of the antenna gains to the visibility amplitudes,
following the analysis of the data from the calibrators.

After the calibration using data reduction pipelines described
by M87* Paper III and Paper II, additional steps were taken to
mitigate speci�c data issues related to poorly constrained LMT
gains and JCMT coherence losses. Following the source size
constraints derived in Section 5.1.5 of Paper II, LMT amplitude
gains have been pre-corrected assuming the 60 �as source size
seen by the baselines shorter than 2 G� (only SMT–LMT).
Visibility phases on JCMT baselines were stabilized by
calibrating phase on an intrasite JCMT–SMA baseline to zero
degrees, in agreement with the unresolved point-source
visibility phases seen, for similar baseline lengths, in the
intra-ALMA observations. A detailed description of the
theoretical background from visibilities to images is presented
in Thompson et al. (2017), M87* Paper IV, and Blackburn
et al. (2020), as well as in the Appendix of Paper IV.

2.3. Data Properties

2.3.1. General Aspects of Sgr A* Data

The highly sensitive phased-ALMA array participated in
three of the �ve observing days, 2017 April 6, 7, and 11. April
7 is the only day that additionally includes PV observations of
Sgr A* and is therefore the day with the longest observation
duration, the largest number of detections, and the best overall
(u, v)-coverage, as shown in Figure 1. On April 11 an X-ray
�are was reported shortly before the start of the EHT
observations (Paper II). Strongly enhanced �ux density
variability is seen in the light curves on that day (Wielgus
et al. 2022), possibly posing dif�culties for the static imaging
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of the April 11 data set. These constraints motivate utilizing the
less variable 2017 April 7 data as the primary data set for static
image reconstruction, with the April 6 observations as a
secondary validation data set. Analysis of the remaining 2017
EHT observations of Sgr A* will be presented elsewhere.

In Figure 1, the (u, v)-coverage on 2017 April 7 is shown to
be asymmetric, with the longest baselines along the north–
south direction. The shortest baselines in the EHT are intrasite
and sensitive to arcsecond-scale structure (i.e., the SMA and
JCMT are separated by 0.16 km; ALMA and APEX are
separated by 2.6 km). In contrast, the longest baselines are
sensitive to microarcsecond-scale structure (see Table 1). The
�8.7 G� detections on PV–SPT and SMT–SPT baselines are
among the longest published projected baseline lengths
obtained with ground-based VLBI, alongside the recent EHT
3C 279 results of Kim et al. (2020), slightly longer than the
longest baselines in the EHT observations of M87* (8.3 G�;
M87* Paper IV). Sgr A* was detected on all baselines between

stations with mutual visibility, leading to the April 7 (u, v)-
coverage approaching the best one theoretically possible with
the EHT 2017 array. Table 1 shows the angular resolutions
derived from (u, v)-coverage on both April 6 and 7 data.

In the top panel of Figure 2 we show the S/N of the Sgr A*

observations as a function of projected baseline length, for the
coherent averaging time of 120 s. The split in S/N distributions at
various projected baseline lengths is due to the difference in
sensitivity for the colocated Chile sites ALMA and APEX, with
ALMA baselines yielding detections stronger by about an order of
magnitude. In the bottom panel, we show the visibility amplitude
(correlated �ux density in units of Jy) for Sgr A* as a function of
projected baseline length after applying full data calibration.

The fully calibrated visibility amplitudes exhibit a prominent
secondary peak between two local minima. The �rst minimum
is located at �3.0 G� and is probed by the Chile–LMT north–
south baselines on 2017 April 7. On April 6 recording started
about 2 hr later, thus missing the relevant detections, as shown
in Figure 3. The second minimum appears at �6.5 G�, probed
by the Chile–Hawai’i baselines on both 2017 April 6 and 7.
Overall amplitude structure of the source appears to be
consistent across both days, which is particularly well visible
in the fully calibrated, light-curve-normalized data sets
shown in Figure 3, as the light-curve normalization procedure
strongly suppresses the large-scale source intrinsic variability
(Broderick et al., 2022). The observed local visibility amplitude
minima can be associated with the nulls of the Bessel function
J0, corresponding to the Fourier transform of an in�nitely thin
ring. For a ring that is 54 �as in diameter we would obtain local
amplitude minima at 2.92 and 6.71 G�. This is illustrated in the
bottom panel of Figure 2, where an analytic Fourier transform
of an in�nitely thin ring blurred with a 23 �as FWHM Gaussian
kernel is shown with dashed lines.149 While a blurred ring

Figure 1. (u, v)-coverage of the EHT observations of Sgr A* on 2017 April 6 and 7, from the HOPS data set. Each point represents scan-averaged data; both bands are
shown. “Chile” represents the stations ALMA and APEX. “Hawai’i” represents the stations SMA and JCMT. Dashed circles indicate the fringe spacing of 50 and
25 �as.

Table 1
Metrics of EHT Angular Resolution for the 2017 Observations of Sgr A* for

the 229.1 GHz Band

FWHMmaj FWHMmin P.A.
(�as) (�as) (deg)

Minimum Fringe Spacing � �u1 max (All Baselines)
Apr. 6 24.2 L L
Apr. 7 23.7 L L
Minimum Fringe Spacing (ALMA Baselines)
Apr. 6–7 28.6 L L
CLEAN Beam (Uniform Weighting)
Apr. 6 24.8 15.3 67.0
Apr. 7 23.0 15.3 66.6
CLEAN Restoring Beam (Used in This Paper)
Apr. 6–7 20 20 L

Note. In order to avoid asymmetries introduced by restoring beams, and to
homogenize the images among epochs, we adopt a circular Gaussian restoring
beam with 20 �as FWHM for all CLEAN reconstructions.

149 We note that plotting the visibilities from a thin ring over the measured
visibility amplitudes is meant only to guide the eye in observing the double-
null structure. Other geometries, such as a disk model, can also align with the
double-null structure seen in visibility amplitudes (see Figure 7). Detailed
�tting of different simple geometries to the visibilities is performed in
Paper IV.
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