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A B S T R A C T 

We propose that the ring structure found by the Event Horizon Telescope Collaboration (EHTC) as the black hole shadow of 
Sgr A 

∗ is an artefact caused by the bumpy point spread function (PSF) of the EHT 2017 data. The imaging using sparse u-v data 
requires detailed scrutiny of the PSF. The estimated shadow diameter ( 48 . 7 ± 7 μas ) is equal to the spacing between the main 

beam and the first sidelobe of the PSF ( 49 . 09 μas ), which immediately suggests a potential problem in the deconvolution of the 
PSF . W e show that the ring image can be derived from non-ring simulated data sets (noise only; point source) with a narrow 

field-of-view (FOV) and an assumed self-calibration, suggesting that the EHT 2017 u-v co v erage is insufficient for reliable 
imaging. The EHTC analysis, based on calibrations with assumptions about the source’s size and properties, selected the final 
image by prioritizing the appearance rate of a similar structure from a large imaging parameter space o v er data consistenc y. 
Our independent analysis with conventional hybrid mapping reveals an elongated east–west structure, consistent with previous 
observ ations. We belie ve it to be more reliable than the EHTC image, owing to half the residuals in normalized visibility 

amplitude. The eastern half is brighter, possibly due to a Doppler boost from the rapidly rotating disc. We hypothesize that our 
image shows a portion of the accretion disc from about 2 to a few R S (where R S is the Schwarzschild radius) away from the 
black hole, rotating with nearly 60 per cent of the speed of light and viewed from an angle of 40 

◦−45 

◦. 

Key words: accretion, accretion discs – techniques: high angular resolution – techniques: image processing – techniques: 
interferometric – Galaxy: centre – quasars: supermassive black holes. 
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 I N T RO D U C T I O N  

.1 Study o v er view 

Our independent analysis of the EHT 2017 observational data of 
gr A 

∗, the same data set as used by the EHTC, shows an east–
est elongated shape (Fig. 2 ), which is consistent with previous 
illimetre-wave observations but distinctly different from the EHTC 

ing-like structure. The structure we obtained is more reliable 
han the EHTC ring image, on the basis that the residuals in the
ormalized visibility amplitude are half the size of those in the 
HTC ring image (Section 4.2.1 ), although the residuals in closure 
uantities show comparable levels (Sections 4.2.2 and 4.2.3 ). We 
ypothesize that our image indicates that the black hole shadow of
gr A 

∗ reported by the EHTC is an artefact caused by imperfect
econvolution of the bumpy point spread function (PSF) of the EHT
017 observations (Fig. 9 ). This data set is likely to produce spurious
0 - μas interval structures in the imaging results. The PSF structure
as the first sidelobes, with a height comparable in intensity to the
ain beam ( ∼ 49 per cent level), separated from the main beam by 
 E-mail: makoto.miyoshi@nao.ac.jp (MM); yoshi kato@met.kishou.go.jp 
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9 . 09 μas . There is a very deep negative minimum ( −89 per cent
evel of the main beam) at the midpoint between them. We found
hat this data sampling can plausibly produce a ring structure with a
iameter of ∼ 50 μas, even in cases where the data set contains point
r noise information. 

The EHTC-estimated shadow diameter is exactly the same as 
he spacing between the main beam and the first sidelobes in the
SF. The substructures in the EHTC ring are also similar to the PSF
tructure. The configuration of the three prominent bright spots on 
he EHTC ring is comparable to that of the positions of the main
eam, the northern first sidelobe, and the eastern sidelobe in the PSF
tructure (Fig. 9 ). The shadow in the centre of the EHTC ring has
he same shape and size as the default restoring beam obtained by
aussian fitting to the main beam in the PSF, even though the EHTC

mage is produced with a 20 - μas circular restoring beam (Fig. 8 ).
he similarities between the EHTC ring and PSF structures described 
bo v e suggest potential problems in the deconvolution of the PSF
uring the EHTC imaging process. In the analysis of the EHTC data,
he amplitude calibration is performed with an observed source-size 
ssumption of 60 μas , although partially applied. To mitigate the 
ime variability in the Sgr A 

∗structure, data weighting strategies de-
ived from general relativistic magnetohydrodynamical (GRMHD) 
imulations with the source-size assumption are used. In addition, the 
HTC analysis uses a unique criterion for selecting the final image.
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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t is not based on consistency with the observed data, but rather
n the highest rate of appearance of the image morphology from a
ide imaging parameter space. Our concern is that these methods
ay interfere with the PSF deconvolution and cause the resulting

mage to reflect more structural features of the PSF than of the actual
ntrinsic source. 

On the other hand, our independent analysis used traditional
ery long baseline interferometry (VLBI) imaging techniques to
erive our final image. We used the hybrid mapping method, which
s widely accepted as the standard approach, namely iterations
etween imaging by the CLEAN algorithm and calibrating the data by
elf-calibration, following well-established precautions. In addition,
e performed a comparison with the PSF structure, noting the

bsence of distinct PSF features in the resulting images. Finally, we
elected the image with the highest degree of consistency with the
bservational data. 
Our final image shows that the eastern half of this structure is

righter, which may be due to a Doppler boost from the rapid rotation
f the accretion disc. We hypothesize that our image indicates that
 portion of the accretion disc, located approximately 2 to several
 S (where R S is the Schw arzschild radius) aw ay from the black hole,

s rotating at nearly 60 per cent of the speed of light and is seen at
n angle of 40 ◦−45 ◦ (Section 4 ). 

In this paper we report the results of our analysis of the public
HT data of Sgr A 

∗. Immediately below, as part of the Introduction,
n o v ervie w of pre vious Sgr A 

∗ studies based on radio observ a-
ions (Section 1.2 ) and a summary of EHTC 2022 papers (Section 1.3 )
re given. We describe the observational data released by the EHTC
n Section 2 , our data calibration and imaging process in Section 3
nd Appendix D , and our imaging results in Section 4 . We then
xamine how the EHTC ring of Sgr A 

∗ was found in Section 5 . In
ection 6 , we discuss our results and the future black hole imaging,
nd our conclusion is given in Section 7 . In Appendix E , we show
he u-v co v erage and the corresponding PSF structure of the 2017
pril 6 data. We explain the difference from those of the 2017 April
 data and show why the EHTC had more difficulty in finding
he 50 - μas ring shape from the April 6 data. In Appendix G , we
how the differences in closure phase and amplitude between the
wo simultaneously recorded channels of all EHTC public data of
gr A 

∗ observations. There seems to be an inconsistency in the
losure amounts between channels, and there is a possibility that the
bserved source information is not being accurately stored in the data.

.2 Prior radio r esear ch of Sgr A 

∗

gr A 

∗ is a supermassive black hole (SMBH) at the centre of
he Milky Way, first detected through radio observations. It was
isco v ered in 1974 by the National Radio Astronomy Observatory
NRAO) radio interferometer (S-X bands) as a compact radio source
n the Sgr A region, a complex radio source at the Galactic Centre.
 constant visibility amplitude indicated that its apparent size was

ess than 0.1 arcsec (corresponding to a real size of 800 au), and its
bserved brightness temperature exceeded 10 7 K , suggesting that it
s a black hole (Balick & Brown 1974 ). 

Since the 1990s, advances in infrared observational techniques
ave enabled the observation of star motions around Sgr A 

∗, from
hich the mass of Sgr A 

∗ has been accurately calculated. The high
ass density of its inner volume has led scientists to conclude that it is
 black hole (Eckart & Genzel 1996 ; Ghez et al. 2000 ; Munyaneza &
iollier 2002 ; Sch ̈odel et al. 2002 ). The distance from the Earth to the
alactic Centre is about 8 kpc, which is orders of magnitude closer

han the distances to supermassive black holes in other galaxies.
NRAS 534, 3237–3264 (2024) 
onsidering the mass of the Sgr A 

∗ black hole ( ∼4 × 10 6 M �), the
ngular size of the Schwarzschild radius ( R S ) viewed from the Earth
s about 10 μas , making Sgr A 

∗ the most important object for the
tudy of structure near a black hole (Falcke, Melia & Agol 2000 ;

iyoshi et al. 2004 , 2007 ). 
Ho we ver, despite the high spatial resolution of VLBI, the measure-
ents were only of the apparent size of the Sgr A 

∗ image (Doeleman
t al. 2001 ; Bower & Backer 1998 ; Yusef-Zadeh et al. 1994 ; Rogers
t al. 1994 ; Alberdi et al. 1993 ; Krichbaum et al. 1993 ; Marcaide
t al. 1992 ; Lo et al. 1985 , 1998 ). This is due to the scattering
f the radio image of Sgr A 

∗ by the intervening plasma, causing
he observed image size to increase as the square of the observed
a velength (Da vies, Walsh & Booth 1976 ; v an Lange velde et al.
992 ; Bower et al. 2004 ; Shen et al. 2005 ). To observe the intrinsic
tructure of Sgr A 

∗ free from the effects of scattering, higher-
requency observations at millimetre to submillimetre wavelengths
re needed. 

In addition, there was a further difficulty related to data calibration.
he Very Long Baseline Array (VLBA), which was expected to
e a full-scale VLBI instrument but which had all its stations
ocated in the Northern Hemisphere, had to be viewed from a
o w ele v ation angle in order to observe southern sources, including
gr A 

∗. Such observations are subject to phase fluctuations due to
tmospheric water vapour, and, especially at millimetre wavelengths,
hase calibrations were very difficult. Furthermore, the VLBA’s u-
 co v erage becomes sparse for Sgr A 

∗ located at δ ∼ −30 ◦, making
t difficult to obtain good images (Zensus & Falcke 1999 , and papers
n the Galactic Center Workshop 1998, 1999, Falcke et al. 1999 ). 

Using the closure phase and amplitude, which are independent of
ntenna-based observational errors, the Sgr A 

∗ images at 43 and
6 GHz were measured. These measurements in the visibility
omain revealed an ellipse elongated mainly in the east–west
irection (Bower et al. 2004 ; Shen et al. 2005 ). Ho we ver, these results
ere not considered to be a measurement of the intrinsic figure, but

ather of the structure of the Sgr A 

∗ image, which is still broadened by
cattering. Later, ho we ver, Bo wer et al. ( 2014 ) found by analysing
he closure amplitudes of the 43-GHz VLBA data with increased
ensitivity that the intrinsic image of Sgr A 

∗ itself extends much
urther in the east–west direction than in the north–south direction.
he intrinsic source is modelled as an elliptical Gaussian with a
ajor axis of 354 × 126 μas and a position angle of 95 ◦. This means

hat the scattered image is indeed strongly elongated in the east–
est direction owing to the anisotropy of the scattering, but the
riginal image of Sgr A 

∗ itself is also elongated in the east–west 
irection. 
In these previous studies, the shape of Sgr A 

∗ was determined by
tting a model to visibility data that are assumed to have a point-
ymmetric structure, such as elliptical Gaussian shapes, without
onsidering asymmetric components. Ho we ver, some of the CLEAN

aps in those studies deviate slightly from the point-symmetric
tructure. F or e xample, the super-resolution image by CLEAN shown
n fig. 1(b) of Shen et al. ( 2005 ) has an elongated shape in the east–
est direction and is asymmetric between the eastern and western
alves. 
The next step was to search for deviations from point-symmetric

tructures of Sgr A 

∗. In an attempt to analyse the periodic short-term
ariations of Sgr A 

∗ in the image domain, Miyoshi et al. ( 2011 )
sed the slit-modulation imaging (SMI) method (Miyoshi 2008 ),
hich is free from the influence of differences in u-v co v erage
etween snapshot maps. Although the detection reliability is not
igh, these authors found non-zero closure phases in the data from
3-GHz observations of Sgr A 

∗ taken after its near-infrared flare
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Table 1. Angular broadening of the image of Sgr A 

∗ and an estimated 
intrinsic size, based on calculations following Johnson et al. (2018 ) assuming 
/stae1158 p eqn 1 774707229 .gif R S = 10 μas. 

Frequency [GHz] 43 86 230 

Broadening (Major axis) [ R S ] 67.2 16.8 2.3 
(Minor axis) [ R S ] 34.2 8.6 1.2 
(Position angle) [ ◦] 81.9 ± 0.2 

Intrinsic size [ R S ] 27.9 14.0 5.2 
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vent. A single static image did not fully explain the data, indicating
he presence of short-term variations in the structure of Sgr A 

∗.
urthermore, these authors found that the structure of Sgr A 

∗ is
longated in the east–west direction with asymmetry, and that the 
ime-v ariation spectra sho w shorter periodic v ariations on the east
ide than on the west side. Furthermore, an asymmetry in the east–
est elongation has been reported based on subsequent observations 

nd analyses. To further investigate the asymmetric components of 
he Sgr A 

∗ structure, large antennas such as the Robert C. Byrd Green
ank Telescope (GBT) and the Large Millimeter Telescope Alfonso 
errano (LMT) were included in the VLBA to increase sensitivity. 
rinkerink et al. ( 2016 ) investigated the 86-GHz VLBA visibility
ata using closure phase analysis and found evidence of an eastern 
econdary source component located approximately ∼ 100 μas from 

he primary component of Sgr A 

∗, and also pointed out that other
esults by Fish et al. ( 2016 ) at 230 GHz, Ortiz-Leon et al. ( 2016 ) at
6 GHz, and Rauch et al. ( 2016 ) at 43 GHz indicate asymmetric
mission of Sgr A 

∗ at different frequencies and o v er different
ime periods. Thus, the east–west elongation and the asymmetry 
f Sgr A 

∗ have been reported from such VLBA observations, which 
ro vide lower-frequenc y observations than EHT 2017, but have much 
ore u-v co v erage than EHT 2017. 
Johnson et al. ( 2018 ) show that the angular broadening has a

ull width at half-maximum (FWHM) of (1 . 380 ± 0 . 013) × λ2 
cm 

mas
long the major axis and of (0 . 703 ± 0 . 013) × λ2 

cm 

mas along the 
inor axis, with the major axis at a position angle 81 ◦.9 ± 0 ◦.2.

ohnson et al. ( 2018 ) also estimated the intrinsic size of Sgr A 

∗ to be
roportional to the wavelength between 1.3 mm (230 GHz) and 
.3 cm (22 GHz), that is, θsrc ∼ 0 . 4 λcm 

mas . It follows that at 
3 GHz the angular broadening is larger than the intrinsic size of
gr A 

∗; at 86 GHz the two are expected to be comparable; and
t 230 GHz the intrinsic size of Sgr A 

∗ is expected to dominate 
Table 1 ). 

We summarize what was known about the image of Sgr A 

∗ prior
o the full-scale observation of the EHT in 2017. 

(i) The apparent image broadens as the square of the observed 
avelength mainly as a result of scattering. The scattering is 

nisotropic. The broadening effect is stronger in the east–west di- 
ection. Its effect is expected to be nearly negligible for observations 
t 230 GHz (Johnson et al. 2018 ). 

(ii) The intrinsic structure of Sgr A 

∗ at 43 GHz is estimated to be
longated in an east–west direction (Bower et al. 2014 ). 

(iii) The east–west anisotropy in the intrinsic structure of 
gr A 

∗ has also been suggested from some observations at 43, 
6, and 230 GHz. 

.3 Ring-like image of Sgr A 

∗ by the EHTC 2022 

n 2022 May, the EHTC reported a ring-like image from the 
HT observations of Sgr A 

∗, along with the confirmation that 
gr A 

∗ shows short time-scale changes with an intra-hour variability 
Event Horizon Telescope Collaboration 2022a , b , c , d , e , f ). The time
ariation of the observed source made normal interferometric syn- 
hesis imaging difficult, and the EHTC used their original analysis to
etermine the source structure while addressing for the variability. 
he structure reported by EHTC is dominated by a bright, thick ring
ith a diameter of 51 . 8 ± 2 . 3 μas . The ring exhibits an azimuthal 
rightness asymmetry, with three bright spots located at PA ∼−140 ◦,
40 ◦, and + 70 ◦. The central hole region is not completely dark, but

omparatively dim (Event Horizon Telescope Collaboration 2022a ). 
his shape is reminiscent of their previous M87 ring images (Event
orizon Telescope collaboration 2019a , b , c , d , e , f ), as if it were a face-
n rather than an edge-on view of the black hole shadow and accretion
isc. 
As for the time variation of Sgr A 

∗, its first radio detection
as made by Miyazaki, Tsutsumi & Tsuboi ( 2004 ). These authors

ound that Sgr A 

∗ exhibits intraday variations, or short bursts, in
he millimetre wavelength range. Similar short bursts have also been 
etected in the X-ray (Baganoff et al. 2001 ) and near-infrared (Genzel 
t al. 2003 ) regions, strengthening the case for Sgr A 

∗ as a variable
ource. In addition, recent Atacama Large Millimeter/Submillimeter 
rray (ALMA) observations have clearly shown that Sgr A 

∗ exhibits 
ntrahour variations in intensity at millimetre and submillimetre 
 avelengths (Iw ata et al. 2020 ; Miyoshi et al. 2019 ). The presence
f short-term variations in Sgr A 

∗ poses a new challenge for current
illimetre VLBI techniques to produce accurate images of the source 

tructure, as observing times of up to 24 h are required to achieve
ull u-v co v erage. The fundamental assumption for synthesizing an
mage using a radio interferometer is that the brightness distribution 
f the observed source remains constant throughout the observations. 
n the past, VLBI observations of SS 433 also encountered intensity
ariations of the observing source during the observation, raising 
oncerns about the impact on image synthesis (Vermeulen et al. 
993 ), but the time variations of Sgr A 

∗ at millimetre wavelengths
re much more intense and have a shorter time-scale. Moreo v er, the
ariability of Sgr A 

∗ complicates large-scale imaging of the Galactic 
entre region with ALMA, resulting in distortions in the synthesized 

mages (Tsuboi et al. 2022 ). 
We felt the need for an independent analysis of the data to

etermine the reliability of the ring shape reported by EHTC, which
s not consistent with the previously recognized structure of Sgr A 

∗,
lthough it is certain that the EHTC ring size is the same as the
hadow size expected from relativity. 

 OBSERVA  T I O NA L  DA  TA  

he EHT observed Sgr A 

∗ in early April 2017 with a total of eight
tations, including the Antarctic station (South Pole Telescope, SPT). 
he inclusion of the SPT station impro v ed the spatial resolution in

he north–south direction. 
The observations of Sgr A 

∗ were conducted on five nights between
017 April 5 and 11 (Event Horizon Telescope Collaboration 
022a ). The EHTC publicly released data from two observations 
n April 6 and 7. A total of 28 data sets are available to the
ublic, which were calibrated using various methods as described 
elow, resulting in different data sets. An explanation for these 
ata sets is available in the ‘ README .md’ file, which can be
ccessed at https://datacommons.c yv erse.org/browse/iplant/home/ 
hared/ commons repo/ curated/ EHTC FirstSgrAResults May2022 . 

Given the extensive data, one might find it challenging to discern
atterns; ho we ver, se veral key considerations should be noted. First,
here are two distinct data sets for the same observation because two
ifferent calibration methods were used: the EHT-HOPS and RPICARD 
MNRAS 534, 3237–3264 (2024) 

https://datacommons.cyverse.org/browse/iplant/home/shared/commons_repo/curated/EHTC_FirstSgrAResults_May2022
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 CASA ) pipelines. Second, Sgr A 

∗ exhibits short-term intensity
ariations, and probably structure changes, during the observations.
o correct for this variability, EHTC made ‘normalized’ data sets,

n which each of the visibility amplitudes is normalized by the total
ux density from the Sgr A 

∗ light curve (observed by ALMA and
MA) at the corresponding time (Wielgus et al. 2022 ). There are
dditional modified data sets that have been corrected for the LMT
tation. To account for the uncertainty in the gain of the LMT station,
he amplitude calibration was performed assuming the source size.
ccording to section 2 -2 of Event Horizon Telescope Collaboration

 2022c ), the LMT amplitude gains were pre-corrected assuming a
0 - μas source size, as constrained by the baselines shorter than 2 G λ

specifically, the SMT–LMT baseline only). The ef fecti veness of
hese corrections in providing accurate calibration remains uncertain.

oreo v er, there is no concrete evidence to suggest that these
orrections preserve the intrinsic information of the observed source
tructure. 

Finally, to obtain the short-time-scale dynamic properties of
gr A 

∗, the EHTC sliced the data set for 100-min-interval snapshot
-v co v erages (denoted as ’BEST’). Using amplitude-corrected
ata sets with the addition of their own original corrections, EHTC
btained the static image of Sgr A 

∗ (see fig. 3 in Event Horizon Tele-
cope Collaboration 2022a ). Our analysis in this paper is based on the
ata set used by the EHTC to obtain their static image of Sgr A 

∗. This
ata set was normalized by EHTC using the total flux density from
he Sgr A 

∗ light curve, as mentioned. In the case that the observed
bject varies uniformly in brightness without changing its o v erall
tructure, this normalization of the data will accurately reflect the
ource structure. Our data analysis focused on the April 7 data, which
he EHTC analysed in detail (Event Horizon Telescope Collaboration
022c ). We selected the HOP -calibrated data sets because the CASA

alibration data show a large difference in closure amplitude between
hannels of the raw data (see the Table G1 in Appendix G ). That is, we
nalysed data from April 7, namely calibrated by HOP , corrected for
mplitude with respect to LMT, and normalized for time variability
sing measured intensities. Our initial self-calibration solution for the
hase with a point model yielded a phase solution with a mean close
o zero (Fig. D1 in Appendix D ). According to the README .md file,
omplex calibrations were performed after the correlation process. In
vent Horizon Telescope Collaboration ( 2022b ), it is not explicitly
tated that a phase self-calibration with a point model was performed
n the calibrations of the HOP data, while for the CASA data it is stated
hat a phase self-calibration with a point model was performed. It
s reasonable to infer that all EHT 2017 public data of Sgr A 

∗ have
een calibrated by the equi v alent of the self-calibration with a point
odel. 
Note that our independent analysis cannot follow and fully validate

ll the calibrations performed by the EHTC. Because the public
ata are compressed into a single subchannel in each intermediate
requency (IF) channel, we cannot perform fringe searches using
ools such as FRING or other tasks in AIPS , meaning that we are
nable to independently search for delay, delay-rate, and gain errors.
he same is true for bandpass calibration. The only calibration
ethod we can perform is phase and amplitude correction via self-

alibration (Schwab 1980 ; Cornwell & Wilkinson 1981 ). 

 O U R  DATA  C A L I B R AT I O N  A N D  IMAG ING  

ur data analysis is based on hybrid mapping, which is the most
ommonly used method for VLBI image analysis. First, a re vie w of
LBI imaging is presented, followed by a description of our data

nalysis. 
NRAS 534, 3237–3264 (2024) 
.1 VLBI imaging 

e provide an overview of VLBI imaging techniques, including
ot only the principles but also some of the issues that need to be
onsidered in the actual analysis. 

.1.1 Fundamentals of synthesis imaging 

he principle of imaging using radio interferometers, including
LBI, is not unique to radio wavelengths but is common to that
f optical/infrared telescopes. The resulting image is the convolution
f the true brightness distribution of the observed source with the
SF of the radio interferometer. The PSF is commonly referred to as

he ‘dirty beam’ in radio interferometry. Furthermore, the resulting
mage is called the ‘dirty map’. In actual data, the observational
rrors are added in the convolution of the two. To obtain the true
tructure of the observed source, it is necessary to deconvolve the
SF while removing the errors. 
The PSF or ‘dirty beam’ is determined by the u-v co v erage

f the radio interferometer. u-v is a technical term used in radio
nterferometry and refers to the spatial Fourier component. The u-
 co v erage and the PSF are F ourier duals of each other and are
athematically equi v alent. Despite the mathematical equi v alence,

t is almost impossible to understand the characteristics of a PSF
imply by looking at the u-v co v erage plots, so it is not the u-v plot
ut the structure of the PSF itself that needs to be presented in a
cientific paper. 

To be sure, if the PSF is mostly a dominant lobe, there is no need
o worry about the ne gativ e impact of the PSF structure. Ho we ver,
f the interferometer consists of only a few element antennas – as
as often the case in the early days of VLBI (although much less so
owadays) – the u-v co v erage will be sparse, and the corresponding
SF structure will be far from a single-point structure. Therefore,

he obtained image (dirty map) will be very different from the true
rightness distribution of the observed source, and it is necessary
o deconvolve the PSF from the dirty map in order to know the
ource structure. There is a risk that the actual PSF deconvolution
rocess will not produce sufficiently accurate results and will produce
rtefact structures derived from the PSF structure. It is therefore
ery important to examine the PSF structure, because knowing the
tructure allows the prediction of possible artefacts. (For this reason,
he AIPS tasks of image synthesis automatically generate the PSF
long with the deconvolved image for convenience.) 

.1.2 CLEAN algorithm 

he CLEA N algorithm (Clark 1980 ; H ̈ogbom 1974 ) was developed
o perform the deconvolution of the PSF structure and has been the

ost widely used in the imaging analysis of radio interferometers. 
The CLEAN algorithm is as follows. Assume that the observed

ource structure consists of multiple point sources; examine the dirty
ap, assume that there is a point at the location of its maximum peak,

nd remo v e the spatial F ourier component corresponding to that
oint from the observed visibility. The spatial Fourier component
orresponding to the point source is remo v ed from the observed
isibility, not the full intensity of the peak, but at most a few per cent
f the intensity of the peak. The next dirty map is formed by Fourier
ransforming the remaining visibility, then finding the new maximum
eak again, and removing that peak as well. This iteration is repeated
ntil the intensity of the remaining map reaches the noise level.
he set of points (CLEAN components) obtained from the CLEAN

terative subtractions may be convolved with a somewhat sharper
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estoring beam. Note that this is not an intrinsic approach for CLEAN. 
he CLEAN algorithm does not specify the spatial resolution of 
isibility data. Therefore, it is necessary to determine the spatial 
esolution separately. A Gaussian shape obtained by fitting to the 
ain beam of the PSF is typically used as the restoring beam. (A

arrower beam shape will also be used as the restoring beam if a
igher spatial resolution than the main beam size of the PSF can
e achieved. In such cases, the map is called a super-resolution
ap.) To reflect the actual noise, the last residual map is added

o the convolved map to complete the CLEAN map. Ho we ver, its
econvolution performance is not perfect. The resulting CLEAN 

ap is not completely free from the influence of the PSF structure.
o date, there is no algorithm that exists that can achieve complete
econvolution of the PSF structure. This limitation also applies to 
ther methods used by the EHTC, as described in Section 5.3 . There
re at least two reasons for incomplete deconvolution. First, the PSF
tructure contains multiple peaks (sidelobes) in addition to the main 
eam. As a result, multiple corresponding peaks appear in the dirty
ap. Peaks due to sidelobes may be selected as CLEAN components 

y mistake. The PSF structure also has ne gativ e minima that create
alse (ne gativ e) peaks during CLEAN iterations. This is because the
ormal CLEAN procedure selects the maximum peak by the absolute 
alue of the pixel. Especially in the case of sparse u-v co v erage, it is
mportant to be aware of the possibility of obtaining false CLEAN
omponents. Second, poor data calibration will cause the amplitude 
nd phase of the spatial Fourier components to deviate from those 
f the structure of the observed source, and then the actual dirty
ap will deviate from the convolution structure of the PSF and the

bserved source structure. Again, accurate deconvolution becomes 
ifficult. 

.1.3 Hybrid mapping process 

alibrating the data is essential in the imaging process to obtain as
uch of the correct source structure as possible. In VLBI imaging, 

elying solely on a priori calibration (based on antenna performance 
nd receiver temperature data) is typically insufficient. This need for 
ore calibration has led to the development of the hybrid mapping 
ethod, which involv es iterativ e processes between self-calibration 

nd a deconvolution algorithm (e.g. CLEAN). Self-calibration is 
 technique that uses an assumed model image to determine the 
alibration parameters of each station (Readhead & Wilkinson 1978 ; 
earson & Readhead 1984 ; Schwab 1980 ). 
During the hybrid mapping process, it is common to start with 

 point source as the model image for the initial self-calibration. 
f the nearly exact structure of the observed source is known, it
an be adopted as the initial model. Ho we ver, care must be taken
o ensure that the ‘nearly exact structure’ is objectively established 
nd not a misconception. When deriving calibration solutions in 
ybrid mapping, it is safer to estimate only the phase solutions in
ll steps except the last one. Only in the last step can both phase
nd amplitude be confidently determined as the final calibration 
olutions. Estimating both phase and amplitude solutions in the early 
tages of iterations, when the model image is far from the observed
ource structure, is highly unreliable, especially in the case of sparse
-v co v erage data. We can see this in Miyoshi et al. ( 2003 ). The
et-like structure of Sgr A 

∗ is reported in the paper, but actually is an
rtefact resulting from errors in the repeated model image estimation 
uring the hybrid mapping process. In particular, the frequent use of
elf-calibration in the A&P mode (the mode to estimate both phase 
nd amplitude calibration solutions) amplified the image intensity 
nd produced a false jet-like artefact image. 
Self-calibration produces a calibration solution that follows the 
ssumed image model. As a result, the image from the ‘calibrated’
ata may well resemble the assumed model image rather than the real
tructure of the observ ed source. This tendenc y is particularly strong
n the case of sparse u-v co v erage (for e xample, see Fig. 5.4.3 and
ection 11 ). The use of self-calibration must be done very carefully. 

.1.4 BOXing technique 

OXing, a technique that restricts the field of view, is often used
n the deconvolution process (CLEAN) as a partial solution for the
roblems of insufficient calibration and poor u-v co v erage. Ho we ver,
f the BOX setting does not co v er the range of the correct brightness
istrib ution, the deconv olution of the PSF cannot be performed
roperly, and an artefact image will appear. (For example, see 
ig. 5.4.3 and section 11 .) A BOX placed at a position where there

s no emission produces an artefact emission at that position. 
Once an image is obtained that appears to be good, the next step

s to objectively confirm its validity. 

.1.5 Comparison with the PSF structure 

he first step is to check for signs of poor deconvolution of the PSF
y comparing the obtained image and the PSF structure. In particular,
t is necessary to check if there is an interval of bright peaks equal
o an integer multiple of the interval between the main beam and the
rst sidelobe. If this is the case, it is likely that the source structure
as not been correctly captured owing to the sidelobes of the PSF. 

.1.6 Check for consistency with visibility 

he second step is a check of the consistency between the image
nd the observed visibility data. In principle, there are an infinite
umber of images that satisfy the set of spatial Fourier components
visibilities) that are obtained with finite u-v co v erage (Bracewell &
oberts 1954 ). Ho we ver, in actual interferometric imaging analysis,
btaining an image that fully satisfies the visibility set pro v es
hallenging. The optimal approach is to acquire an image that closely
atches the visibility set. The quality of various images derived from

he analyses can be e v aluated based on their degree of consistency
ith the visibility set. 
The image is inverse Fourier-transformed and brought into vis- 

bility space, and its phase and amplitude are compared with the
orrespondences of the observed visibility. For amplitude compari- 
on, it is better to e v aluate the normalized amplitude (Appendix A )
ather than the raw amplitude. 

Here, the observed data are calibrated using the self-calibration 
olutions obtained with the image as a model, and the calibrated data
et is used for the comparison. In VLBI imaging, obtaining a good
mage requires good enough calibration of the data. Comparing the 
bserved visibility without calibration is likely to yield a very large
iscrepancy between the uncalibrated observed visibilities and those 
ourier transformed from the image, even if the obtained image is
orrect. Therefore, we need to compare the image with the calibrated
bservational data. In other words, this is not an investigation of
hether the obtained image is consistent with the observed source 

tructure, but rather an investigation of the degree of self-consistency 
f the calibration and the image synthesis performed. 
MNRAS 534, 3237–3264 (2024) 
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M

Figure 1. The PSF (dirty beam) and dirty map of the April 7 data. Panel (a) presents the PSF, with the scale normalized to the height of the main beam. Panel (b) 
shows the dirty map obtained after calibration with the solutions of the first self-calibration (phase only) using a point-source model. The unit is Jy beam 
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.1.7 Check for consistency with closure quantity 

ne might then think that there is no method to investigate the degree
f consistency with the observed source structure. While somewhat
ndirect, such a method does exist: the use of the closure phase and
losure amplitude quantities. Closure phases (Jennison 1958 ; Ap-
endix B ) and closure amplitudes (Felli & Spencer 1989 ; Readhead
t al. 1980 ; Twiss, Carter & Little 1960 ; Appendix C ) are quantities
ot affected by antenna-based errors and are determined solely by
he structure of the observed source. The closure investigation is
rucial to e v aluate the obtained image. Ho we ver, we should keep the
ollowing three limitations in mind. 

(i) The number of images that satisfy the closure quantity is, in
rinciple, infinite. In the actual analysis, even that one is hard to
each. 

(ii) Although antenna-based systematic errors are cancelled, the
losure quantities include thermal noise. The degree of the influence
an be recognized by changing the integration time of the data. 

(iii) Baseline-based systematic errors are not cancelled. This is
vident from the definition of closure quantity. Note that most
escriptions in textbooks assume that there is no baseline-based
ystematic error and explain the quantity. In this case, the closure
ill not close, and information on the observed source structure can
e lost. An example is atmospherically induced incoherence, which
s a non-closing and baseline-based error. 

.2 Our hybrid mapping process for the data 

ow let us describe the specific analysis we performed. There are two
ecording channels in the data, and we merged the visibilities from
hem and made one image using the hybrid mapping technique, which
s commonly used in VLBI imaging and implemented in AIPS (the
RAO Astronomical Image Processing System; Greisen 2003 ). We
id not apply any special weighting to the data points, as the EHTC
id to mitigate the time variability in the structure of the Sgr A 

∗

ased on their GRMHD simulation (see Section 6 ), but used a very
onventional approach. At every hybrid mapping step, we created
everal candidate maps by averaging several CLEAN maps, which
NRAS 534, 3237–3264 (2024) 
re composed of CLEAN components, and compared the residuals
f closure phases, closure amplitudes, and normalized amplitudes.
rom these, we selected the image that was as consistent as possible
ith the observed visibility data by checking the difference in closure

mounts between the image-converted visibility and the observed
ne. 
We started the hybrid mapping with a point source as the initial

mage model, following the standard procedure when the source
tructure is unknown. The six steps of self-calibration were per-
ormed in phase-only mode. Ho we ver, during each iteration, several
esulting images with different imaging parameters (BOX setting,
OBUSTNESS, GAIN, NITER in IMAGR , the task of CLEAN) were
enerated and compared to select the next image model. Note that
he solution interval (SOLINT = 0.15) in CALIB (a task of self-
alibration) was set to be sufficiently shorter than the coherence
ime, following the same approach as in CALIB in Miyoshi, Kato &

akino ( 2022a ). Data calibration using self-calibration solutions for
mplitude was omitted owing to the significant intensity variations
n Sgr A 

∗, rendering amplitude adjustments inef fecti ve. The first and
ast self-calibration solutions are presented in Appendix D . The first
elf-calibration solution was obtained using the point-source model,
nd the difference between the two channels was smaller than in the
ase of the M87 public data. Additionally, the difference between the
ast and the first solution was small. We believe that a highly accurate
hase calibration was performed in an a priori data calibration step,
n comparison to the M87 public data. (See fig. 2 in Miyoshi et al.
022a for comparison.) 
Fig. 1 shows the PSF (dirty beam) and dirty map of the April 7

ata. The PSF of the EHT in 2017 is so bumpy that it is beyond
omparison with those of common interferometers such as the Very
arge Array (VLA) and ALMA. The main beam is not sharp, and

here are many high-level sidelobes and deep dips. As can be seen
rom the structure of the PSF, the levels of the sidelobes are of
omparable strength to the main beam. The maximum height of the
idelobes reaches 49 . 1 per cent of that of the main beam, and the
eepest point of the ne gativ e portion is also large and deep, with
 depth of −78 . 1 per cent of that of the main beam. The spacings
etween the main beam and the first sidelobes are ∼ 50 μas . It is
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hallenging to identify the source structure of tens of μas with this
SF, which has a very bumpy structure. 
Comparing the dirty map with the PSF, we can see that the

entral region of the dirty map is much wider and smoother than
he main beam of the PSF. This suggests that the central part of
he observed source structure is more extended than the spatial 
esolution ( ∼ 20 μas ). The central structure in the dirty map also 
xhibits considerable point symmetry with an east–west elongation, 
ndicating the possibility that it is a single compact component with 
ne peak rather than one that can be approximated by multiple 
eaks. The PSF structures are further discussed in Section 5.1 and in
ppendix E . 
We set the field of view (FOV) for the CLEAN area as a 1-
as square. Ho we ver, in practice, the CLEAN subtraction area 

s restricted by the BOX setting ( 256 μas in diameter). The size 
f Sgr A 

∗ has been previously measured in detail through the 
bservations discussed in Section 1 , and no extended structures, such 
s a jet, have been detected. The variation of visibility amplitudes 
ith u-v distance in Fig. 2 of Event Horizon Telescope Collaboration 

 2022a ) also provides validity that the size of Sgr A 

∗ observed with
he EHT 2017 observations is much smaller than 1 mas. We can
afely assume that the FOV size for Sgr A 

∗ is within 1 mas. 

 IMAG ING  RESULTS  

n this section, we present our final image of Sgr A 

∗ and investigate
ts reliability. 

.1 Our final image 

n contrast to the ring structure reported by EHTC, our final image
f Sgr A 

∗shows an east–west elongation with an asymmetry, the east
ide appearing brighter than the west side. We also observe a halo-
ike extension around the elliptical shape. This east–west elongation 
ith asymmetry is consistent with previous observations at higher 

han 43 GHz, as we noted in Section 1 . 
Assuming that the intrinsic angular size of Sgr A 

∗ is proportional to
he observed wavelength (Johnson et al. 2018 ), the shape of Sgr A 

∗

xtrapolated to 230 GHz from Bower et al. ( 2014 ) is an elliptical
aussian of 66 × 24 μas (half-power beam width, HPBW) with a 
osition angle of 95 ◦. This expected shape shows a correspondence 
o that at the 50 per cent peak brightness level in our final image,
lthough the PA differs by about 20 ◦. Here we make the following
orking hypothesis: the east–west brightness asymmetry observed 

n our final image is due to the Doppler boost/de-boost effect caused
y the rapid rotation of the accretion disc. 
The asymmetric elliptical shape of the accretion disc implies that 

e are looking at it from roughly an edge-on orientation, with the
ast side rotating towards us and the west side rotating away from us.
ssuming that our final image accurately represents the structure of 

he accretion disc in Sgr A 

∗, we here attempt to interpret it using the
oppler boosting model. When observing the edge-on view of the 
ptically thin accretion disc around a black hole, the Doppler effect 
esults in an asymmetric brightness pattern if the disc is rotating 
t relativistic velocities. The brightness ratio � due to Doppler 
oosting/de-boosting in such a scenario is given by the following 
quation: 

� = ( 
1 + 

v 
c 

cos θ

1 − v 
c 

cos θ
) 3 , (1) 

here c is the speed of light and v is the rotation velocity of the disc.
ur viewing angle of the disc is θ , where θ = 0 ◦ for the edge-on
iew and θ = 90 ◦ for the face-on view. In Fig. 2 (a), we can observe
he maximum bright spot on the east side [2.1701 × 10 −4 Jy beam 

–1 

t ( 0 , −2 μas )] and the dark spot on the west side [3.8635 × 10 −5 

y beam 

–1 at ( −37 , −17 μas )]. We assume that the brightest spot is
oppler-boosted, while the darkest spot is Doppler-de-boosted. 
If the relative ratio is � = 

2 . 1701 ×10 −4 

3 . 8635 ×10 −5 = 5 . 617 , then 

v 

c 
cos θ = 0 . 438 . (2) 

ssuming a distance to the Galactic Centre of D GC = 8 kpc and a
lack hole mass of 4 × 10 6 M � in Sgr A 

∗, the angular distance of
1 . 3 μas , half the separation between the boost and de-boost spots, 
orresponds to ∼2.11 R S in physical length. This length is already
maller than 3 R S , the diameter of the last stable circular orbit of a
chwarzschild black hole. It probably means that the Sgr A 

∗ black
ole is a rotating Kerr black hole. At this radius from the black hole,
he general relativistic circular velocity is v GR ∼ 0 . 607 c , and the 
iewing angle is estimated to be θ ∼ 43. ◦8. The observational data
ikely contain information on the accretion disc emission in the range
f ∼2 to a few R S from the black hole. 

There are a variety of observational estimations of the viewing 
ngle of the accretion disc of Sgr A 

∗, ranging from edge-on to
ace-on. Recent GRAVITY observations report an angle of i = 

60 ◦ ± 10 ◦(Gravity Collaboration 2018 ), which is close to face-on,
hile radio observations are often close to edge-on. Cho et al. ( 2022 )

uggest that the viewing angle is less than or equal to 30 ◦∼40 ◦,
hile higher inclinations of around 50 ◦∼68 ◦ have been proposed 
y Dexter et al. ( 2010 ), Broderick et al. ( 2011 ), and Wang et al.
 2013 ). Miyoshi et al. ( 2011 ) have shown that the angle is nearly
dge-on, with a range of 87 ◦∼87. ◦7 from peak motion in the SMI
nalysis. 

The abo v e discussion of the inner accretion disc of Sgr A 

∗ was
onducted assuming that our final image is correct. Again, this is
ased on the assumption that the fine structure seen in Fig. 2 (a) is
ealistic. Fig. 2 (b) shows another image, where a 25 - μas Gaussian 
eam is used to convolve the CLEAN components. Note that in
his image, the dark point on the west side, which is assumed to be
he Doppler de-boost point, disappears, so the reliability of the fine
tructure seen in Fig. 2 (a) is not very high. 

.2 Reliability of our final image 

o assess the reliability of our final image, we computed the residuals
f normalized amplitudes, closure phases, and closure amplitudes, 
nd compared them with those of the EHTC image. As for the EHTC
mage, we digitized Fig. 3 in Event Horizon Telescope Collaboration 
 2022a ) to obtain each coordinate value and the intensity at that
oordinate. After modifying the intensity at each point, assuming an 
 v erall intensity of 1 Jy, the numerical image data were input into
he AIPS task UVMOD to create a visibility set with the u-v co v erage
f the EHT 2017. 1 

There is no clear difference between our final image and the EHTC
ing image when considering the residuals about the closure phase 
nd the closure amplitude. In terms of the residuals of the normalized
mplitudes, our final image exhibits half the residuals as in the case of
he EHTC ring image. Ho we ver, it is worth noting that both our final
mage and the EHTC ring image have significantly larger residuals 
MNRAS 534, 3237–3264 (2024) 
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Figure 2. Our final image of Sgr A 

∗ obtained from our imaging process. Panel (a) shows the image convolved with a circular Gaussian restoring beam with a 
HPBW of 20 μas , while panel (b) shows the same image convolved with a circular Gaussian restoring beam with a HPBW of 25 μas . The brightness unit is Jy 
beam 

–1 . 
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Figure 3. Statistics of the residuals of the normalized amplitudes. Panel (a) 
shows the means of the residuals of the normalized amplitudes, while panel (b) 
shows their standard deviations. The red lines represent the statistics (mean, 
standard deviation) for the EHTC ring image, and the blue lines represent 
those for our final image. The solid line shows the statistics of the residuals 
for all data, and the dashed and dotted lines shows the statistics for the low 

and high recording channels, respectively. 
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han those of M87 (Miyoshi et al. 2022a ). Presumably this is an effect
f the rapid intra-day variability of Sgr A 

∗. 

.2.1 Residuals of normalized amplitude of our final ima g e 
ompared with those of the EHTC ring 

ig. 3 shows the residuals of normalized amplitudes (Section 3.1.6 , 
ppendix A ); EHTC imaging teams also use this measure in their

nalysis. Our final image consistently exhibits smaller means and 
tandard deviations in the residuals than the case of the EHTC ring
mage, regardless of the integration time between T int = 10 s and 
 int = 900 s . The means of the residuals of our final image range 
rom 0 to 0.2, whereas those of the EHTC ring image range from 0.2
o 0.6. The standard deviations of our final image are around 1, while
hose of the EHTC ring image range from o v er 1 to 3. For example,
ur final image shows the residual of normalized amplitudes NR ours = 

.080 ± 0.397, while the EHTC ring shows the residual of normalized 
mplitudes NR EHTC = 0.862 ± 1.552, for T int = 180 s. Ho we ver,
ompared with the residuals in the case of M87 (Section 5.4 ), the
alues of the residuals of the normalized amplitudes obtained for 
oth Sgr A 

∗images are remarkably large. At least, we are confident
hat these large residuals are not due to miscalculations on our part,
s Event Horizon Telescope Collaboration ( 2022d ) shows residuals 
rom their analysis that are consistent with our own residual analysis
esults for the EHTC ring image. The fact that the residuals are
arger than those of M87 is certainly due to short-term variations in
he intensity and structure of Sgr A 

∗. This is a result of the forced
ttempt to represent a variable object in a single static image. 

A characteristic feature is the behaviour of the residuals with 
espect to the integration time. In our final image, the values do
ot vary significantly with integration time, while for the EHTC 

ing image, both the mean and standard deviation seem to increase
radually with integration time. 
Typically, residuals caused by thermal noise decrease with inte- 

ration time. Because this is not observed in this data set, it can
e concluded that the residuals are not due to thermal noise but
ather to some systematic errors. The residuals about closure phase 
nd closure amplitude described below exhibit similar behaviours, 
uggesting that something other than thermal noise is predominant. 

A possible reason for the larger residuals in the case of the EHT
ing image with increasing integration time could be insufficient 
oherence reco v ery. If the model image is an inadequate, the
alibration of the data by the self-calibration solution will be poor,
esulting in inadequate removal of the effects of phase variations 
ue to atmospheric vapors. That is, the coherence loss reduces the
mplitude values of the data. and potentially larger residuals in the
ormalized amplitude. The observed ele v ation angles of Sgr A 

∗ at
ach station are not as high as might be expected. Those of ALMA
nd the Atacama Pathfinder Experiment (APEX) at the Chili site 
each a maximum ele v ation angle of about 80 ◦, while LMT, the
ames Clerk Maxwell Telescope (JCMT), and the Submillimeter 
rray (SMA) have a maximum ele v ation angle of about 40 ◦. The
ubmillimeter Telescope Observatory in Arizona (SMT, AZ) and 

he Pico Veleta (PV) stations have an ele v ation angle of less than
0 ◦. The SPT station is located at the South Pole, so the observed
le v ation angle is almost constant at 30 ◦. The lower the elevation
ngle, the larger the effect of atmospheric phase variations. 

.2.2 Residuals of closure phase of our final ima g e compared with 
hose of the EHTC ring 

he closure phase, as shown in Section 3.1.7 and Appendix B , is a
uantity that is immune to systematic errors resulting from antennas 
nd depends solely on the brightness distribution of the source as
ong as baseline-based errors do not exist. 

The discrepancy between the observed visibility and the visibility 
erived from the reconstructed image serves as a crucial metric to
 v aluate the consistency between the reconstructed image and the
bserved source structure. 
Here, we compare the residuals of the closure phases about our

nal image and the EHTC ring image (Fig. 4 ). To give an example, in
he case of T int = 180 s, for our final image, the residuals are Res cp =
. ◦2 ± 58. ◦1, whereas the residuals for the EHTC ring are Res cp =
4. ◦3 ± 55. ◦3. 
The means of the residuals of our final image are close to zero

egardless of the integration time. On the other hand, although we
ave to admit that the values are not far from zero, considering the
ize of the standard deviations, those of the EHTC ring image are
l w ays a few degrees away from zero, regardless of the integration
ime. On this basis, we believe that our final image is probably a bit
loser to the actual source structure. 
MNRAS 534, 3237–3264 (2024) 
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Figure 4. Statistics of the residuals of the closure phases. Panel (a) shows 
the means of residuals of the closure phases. Panel (b) shows the standard 
deviations of them. The red lines show the statistics (mean, standard deviation) 
of the residuals of the closure phases for the EHTC ring image, and the blue 
lines show them for our final image. The statistics of the residuals for all 
data are shown by the solid lines. There are two recording channels (low 

and high). The respective statistics of the residuals are shown by the dotted 
lines. In addition, the black dotted lines show the difference between the two 
recording channels. 
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In both cases, ho we ver, the standard de viations do not decrease
ith the integration time. If the error is due to thermal noise, the
alues should decrease in proportion to the power of –0.5 of the
ntegration time ( ∝ T −0 . 5 

intg ). 
We speculated that the reason why the mean is close to zero

nd the standard deviations of ∼50 ◦ are constant regardless of
he integration time may also be due to the time variation of the
gr A 

∗source structure. To confirm this picture, we investigated the
ifference in closure phase between the two recording channels,
hich should theoretically show the same value as they are recorded

imultaneously, despite the strong short-term variation of Sgr A 

∗.
hus, the difference in closure phase between the channels should be
ero on average. Because only thermal noise is present, the standard
eviation should decrease in proportion to the power of –0.5 of the
ntegration time. 

The following detailed calculations show that a small difference
n the observed frequency setting between the channels can be
NRAS 534, 3237–3264 (2024) 
e gligible. The observ ed frequencies of the two channels are only
lightly different, with a frequency difference of 0.88 per cent (227.1
nd 229.1 GHz). Certainly there is a frequency dependence of the
tructure of the Sgr A 

∗, but this difference by frequency is less than
 mere 1 per cent. Applying Johnson et al.’s ( 2018 ) estimate here,
he difference in angular broadening due to intervening plasma is
 . 4 × 0 . 2 μas . For the intrinsic size, the difference is only 0 . 46 μas
n size. These differences are much smaller than the spatial resolution
f the observations ( ∼ 20 μas ), and thus the visibility differences
etween the channels due to the source structure are essentially
egligible. 
Ho we v er, une xpected results were obtained, suggesting the ex-

stence of internal inconsistencies in the data information. The
tandard deviation of the closure phase difference between channels
s larger than e xpected. F or e xample, the difference for T int = 180 s
ntegration is 0. ◦007 ± 54. ◦9, which is not much different from the
alue for the closure phase residual shown abo v e. Surely, the av erage
hows nearly zero as expectation, while the standard deviation does
ot decrease much even when the integration time is changed. If the
ource structure differs significantly between the frequency channels,
he average of the difference between the two channels will not be
ero. Ho we v er, because the observ ed av erage is around zero, it cannot
e interpreted that the observed source structure has a significant
requency dependence. It presumably means that the data have an
nternal inconsistency with respect to the closure phase. 

Fig. 4 also shows the closure phase difference between channels.
nconsistencies in the closure quantities suggest a possibility that the
ata do not contain correct information about the source structure.
o explore this issue in depth, we examined all the Sgr A 

∗ publicly
v ailable observ ational data from EHTC. The differences between
he two recording channels of these data are described in Appendix G .

.2.3 Residuals of closure amplitude of our final ima g e compared 
ith those of the EHTC ring 

e here examine the residuals of the closure amplitudes. The
losure amplitude, as shown in Section 3.1.7 and Appendix C , is
 quantity that is insensitive to systematic errors from each antenna.
t also serves as a metric for e v aluating the consistency between the
econstructed image and the actual structure of the observed source.

In Fig. 5 , we present the actual residuals of the normalized closure
mplitudes. F or e xample, our final image shows the residual of
es ca = 0.473 ± 3.784, while the EHTC ring shows the residual
f Res ca = 0.432 ± 3.643, for T int = 180 s. The difference in closure
mplitude between channels is shown for reference: for T int = 180 s,
es ca = 0.480 ± 2.339 based on the high channel, and Res ca =
.686 ± 6.746 based on the low channel. 
In both our final image and the EHTC ring image, the residuals

f the normalized closure amplitudes are not negligible. Again, we
bserve that the values do not necessarily decrease with integration
ime. F or inte gration times up to 300 s, both the mean and standard
e viation generally decrease. Ho we v er, for inte gration times abo v e
00 s, both increase. Moreo v er, it is noteworthy that the maximum
alues are sometimes obtained at the integration time of 180 s. 

In Fig. 5 , we show not only the residuals of the normalized
losure amplitudes but also the differences of those between the
wo recording channels. The details are described in Appendix F.
f the differences in the closure amplitudes between the channels
ound here mean that the closure amplitudes contain some kind of
ystematic errors, it is difficult to select the optimal image based on
 smaller residual of amounts. 
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Figure 5. Statistics of the residuals of the normalized closure amplitudes. 
Panel (a) shows the mean values of the residuals, while panel (b) shows 
the corresponding standard deviations. The solid lines represent the statistics 
(mean and standard deviation) of the residuals of the normalized closure 
amplitudes for all data. The red lines indicate the statistics for the EHTC ring 
image, while the blue lines correspond to our final image. The dotted lines 
represent the statistics of the residuals for the low and high recording channels 
separately. The black dotted lines represent the difference between the two 
recording channels.The black dashed line also shows the channel difference, 
but obtained by inverting the reference channel. 
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2 The diameter of the black hole shadow measured by the EHTC is 
d = 48 . 7 ± 7 . 0 μas , and the diameter of the bright, thick ring is measured to 
be d = 51 . 8 ± 2 . 3 μas (Event Horizon Telescope Collaboration 2022a ). 
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.2.4 PSF effect on our final ima g e 

n general, it is very difficult to obtain an image completely free
rom PSF structure. We examined our final image for features that 
ight be due to the PSF structure. The structure of ∼ 50 - μas spacing 

s prominent in the PSF of the EHTC array in 2017 for Sgr A 

∗.
ost prominent is the spacing between the main beam and the first

idelobe, which is 49 . 09 μas . Fig. 6 shows our final image with 
ontour e xpression. Sev eral local maxima can be seen at a distance
f about 50 μas from the central peak. In particular, P1, P2, P3, and
4 are located at a distance of 50 ± 2 . 5 μas from the peak. This is
robably due to the effect of the PSF structure. Ho we v er, the y do not
ave a significant effect on the o v erall brightness distribution of our
nal image. 
.2.5 Summary of the reliability of our final ima g e 

o summarize the reliability of our final image in terms of residuals
n closure phase and amplitude, we found no significant difference 
etween our final image and the EHTC ring. Ho we ver, the residuals
f the normalized amplitudes in our final image were about two times
etter, indicating that our final image is more self-consistent in data
nalysis. 

In this investigation, we found a probably serious problem with 
he data quality itself, which is completely independent of the time
ariability of Sgr A 

∗. There may be some internal inconsistency in
he EHT data processing, including the correlation processing. If the 
losure quantity is not preserved, there is a possibility that the image
nformation is corrupted, although the degree is unknown. Because 
oth our final image and the EHTC ring image show the same degree
f closure residuals, it is possible that the data are corrupted to
he degree that the shape, which is about 50 μas in size, cannot be
etermined from the residual analysis of the closure quantity. As 
hown in Appendix G , an unexplained closure discrepancy between 
ecording channels is present in all EHTC data. Identifying the cause
f these unknown errors using only the EHT public data is extremely
hallenging. The EHT public data have reduced time resolution 
nd loss of bandwidth and polarization characteristics owing to 
he averaging and combining of multiple channels. Checking the 
aw output data of the correlator is necessary to identify the cause
f discrepancies in the closure quantity. If the recorded data are
vailable, the correlation process should be reproduced. 

 RELATI ONSHI P  BETWEEN  T H E  E H T C  R I N G  

HAPE  A N D  T H E  VISIBILITY  DATA  

ere we explain that for the EHT 2017 observations of Sgr A 

∗, a ring
ith a diameter of about 50 μas can arise owing to the PSF structure.
his is mainly because the PSF structure has its highest sidelobes at
0 μas from the main beam, with their midpoints being the deepest 
e gativ e minima. 

.1 The u-v co v erage and the corresponding PSF of the EHT 

rray in 2017 for Sgr A 

∗

ere, we examine the u-v sampling of the EHT array in the 2017
gr A 

∗ observations. The EHTC paper (Event Horizon Telescope 
ollaboration 2022a ) shows the u-v co v erage in the u-v plane.
nfortunately, this type of figure, which is shown in many papers,
oes not tell us about the amount of data. So in Fig. 7 we show
he distribution of data sampling versus fringe spacing. There are 
amplings from the minimum fringe spacing of 24 to 80 μas in the 
lot, but it can be seen that the number of samples varies considerably
ith fringe spacing. Of concern is the presence of two completely
nsampled voids below 30 μas . 
Based on the u-v distribution of the Sgr A 

∗ observations, we
nticipated that the PSF would have a pronounced bumpy structure 
ith intervals of less than 30 μas . Because the EHTC ring image

ize of Sgr A 

∗ is measured to be 50 μas in diameter, 2 and not around
0 μas , we hoped this time that the EHTC ring of Sgr A 

∗ was not
ue to the PSF structure, but to the actual feature of the source. 
In the actual PSF structure, noticeable up-and-down structures 

ith a scale of about 50 μas are observed (Fig. 9 ). Therefore,
MNRAS 534, 3237–3264 (2024) 
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Figure 6. PSF effect on our final image. Local maxima are indicated by blue crosses, and local minima are indicated by red stars. P1, P2, P3, and P4 are local 
maxima located 50 ± 2 . 5 μas from the central peak. Contour lines represent each 2 per cent interval from the peak to the zero level in 50 increments. Circles 
with diameters of 25 and 50 μas are drawn centred on the central peak position. 

Figure 7. Distribution of the sampled data from all baselines (2017 April 
7). The horizontal axis shows the fringe spacings of the sampled visibility 
data (spatial Fourier components) in units of μas . The vertical axis shows the 
number of samples. The red line segment shows the diameter of the ring as 
measured by the EHTC ( d = 51 . 8 ± 2 . 3 μas ). In addition to these, there are 
spatial Fourier components from about 2.2 to 3.2 arcsec in the sampled data. 
Here, such large samples are omitted from this plot. 
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xamining the u-v coverage alone is insufficient to fully understand
he PSF structure. It is essential to illustrate the PSF structure
tself, rather than just the u-v co v erage plot, in scientific papers.
he detailed characteristics of this PSF are outlined below. The
ain beam is formed at the centre of the PSF structure, and a
aussian fit of the main beam shape yields a default restoring beam
f (FWHM) = 23 . 0 × 15 . 3 μas and PA = 66. ◦6 (Event Horizon
elescope Collaboration 2022c ). Based on this size measurement,

he spatial resolution of the imaging is defined to be 20 μas by
HTC. This is quite a natural measurement, and is also confirmed

o be appropriate in our analysis. For reference, a comparison of
he default restoring beam and the one used by the EHTC and their
elationship to the image obtained by the EHTC are shown in Fig. 8 .
he shape and size of the default restoring beam just fits into the
hadow, the central hole of the EHTC ring. 

When checking the PSF structure, it is important to consider
ot only the shape and size of the main beam but also other
tructures that appear. The first thing to consider is the height of the
aximum sidelobes and their positions relative to the main beam.

n Fig. 9 , the highest sidelobes are located at ( −3 , + 49 μas ) and
 + 3 , −49 μas ) relative to the main beam. Both of these two sidelobes
re 49 . 09 μas away from the main beam. The distances are equal to
he diameter of the EHTC ring. The peak heights of the sidelobes
each + 49 . 1 per cent of that of the main beam, which is orders
f magnitude higher than the peak heights found in the PSFs of
urpose-designed arrays. If the amplitude calibration of the data is
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Figure 8. Comparison of the default restoring beam and the EHTC image. 
The default restoring beam is an ellipse with FWHM = 23 . 0 × 15 . 3 μas and 
PA = 66. ◦6, which is shown as a blue ellipse in the panel. The white circle 
shows the restoring beam used by EHTC to make their images. The original 
image is taken from fig. 3 in The Event Horizon Telescope ( 2022a ). 
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3 Interestingly, the dirty map of ‘no source structure with noise’ data shows a 
bumpy structure with a typical scale of about 50 μas . 
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nsufficient, false peaks higher than the true source peak can appear 
t distances equal to that between the main beam and the sidelobes. 

Another important point to note is the presence of deep ne gativ e
alues in the PSF. This is also because there are insufficient spatial
ourier components contributing to the PSF structure. For the 
ata set sampled by the EHT array in 2017, the PSF structure
xhibits a very deep negative region. The blue area in Fig. 9
hows where the level is negative. The deepest minima in the 
SF structure appear at ( −2 , + 25 μas ) and ( + 2 , −25 μas ), with 
 distance of 25 . 08 μas from the main beam. This distance is the 
ame as the radius of the bright thick ring measured by the EHTC
 r = (51 . 8 ± 2 . 3) / 2 = 25 . 9 ± 1 . 15 μas ). It is also notable that the 
epth of the deepest minima reaches −78 . 1 per cent of the height 
f the main beam. PSF structures such as that of ALMA do not have
uch deep dips. 

In summary, the PSF of the EHT array in 2017 for Sgr A 

∗ does not
orm a sharp and high main beam, but rather forms a bumpy structure
ith high sidelobe peaks and sev eral ne gativ e deep dips o v er a wide

rea. Additionally, the up-and-down structure in the PSF has a typical 
pacing of about 50 μas . As shown in Fig. 9 , if we draw a circle with
 diameter of 50 μas centred on the lowest point between the main 
eam and one of the highest sidelobes (located in the north), a group
f peaks will be located along the circumference of the circle. In
ur view, therefore, there is a high possibility of creating artefacts 
f 50 - μas size in the imaging results from the Sgr A 

∗ data obtained
rom the EHT array in 2017. 

.2 Rings from the simulated data of other structures 

ere we systematically investigate the possibility that, owing to the 
SF structure of the EHT 2017 array for Sgr A 

∗, a ring-like structure
an be created as an artefact. We created two simulated data sets by
sing the AIPS task UVMOD. One is data with no source structure
nd a realistic amount of noise. The other is that with a point-source
tructure without noise. Both have the same u-v co v erage as for the
gr A 

∗ observations of the EHT array (2017). 
Actual observational data usually contain information about the 

tructure of a finite-size object with noise errors. The simulated data
sed here are the farthest extremes from such actual observational 
ata, and are obviously completely different from the ring structure 
ata. The ‘point without noise’ data contain information about a very
imple structure, and because there is no noise, it can be immediately
nferred that they are point-source data (the visibility amplitude is 
onstant independent of the projected baseline length, the closure 
hase is al w ays zero, and the closure amplitude is al w ays 1). In the
ase of ‘no source structure with noise’ data, the visibility phase is
andomly and uniformly distributed o v er 0 to 2 π , so we can conclude
hat the data are dominated by noise, and it makes no sense to start
he imaging process. In the actual data analysis, the characteristics 
f the visibility data are examined before the imaging process, and
t can be understood that the simulated data here do not show any
ings without the imaging process. What we wish to show here is the
trong power of self-calibration and FOV restriction in imaging on 
he sparse u-v EHT 2017 data. 

We performed self-calibration using ring-like image models: a 
ing image with a diameter of 51 . 8 μas and the EHTC ring image.
he solutions were used to ‘calibrate’ the simulated data sets, and
LEAN imagings were performed with the CLEAN area limited by the
OX technique. Fig. 10 shows the results of the simulations. We
ere able to reproduce ring images similar to those used as image
odels in the self-calibration from both ‘no source structure with 

oise’ and ‘point without noise’ data. 3 For the offset ring, the image
eproduced is almost identical to the given model. For the EHTC ring,
he resulting image is similar to the EHTC ring, but is not a perfect
eproduction. This is probably due to the difference in data weighting. 
he EHTC used their own data weighting to obtain their ring image

which is discussed in Section 6 ), but our simulations do not use their
eighting. Considering this point, it appears reasonable to suggest 

hat our simulation results have essentially reproduced the equi v alent
f the EHTC ring image from non-ring data. Both ‘no source structure
ith noise’ and ‘point without noise’ data are ‘calibrated’ by self-

alibration using a non-original image (ring) and imaging with a 
ery narrow BOX setting, which produces a ring shape instead of the
riginal image. This result is one of the important indications that the
HT 2017 u-v co v erage is insufficient to accurately reproduce the
bserved object’s structure and is likely to yield results consistent 
ith the assumed image. Obviously, because the self-calibration 
ields antenna-based calibration solutions, applying them to the 
ata does not change the closure quantity. If we compare the
losure quantity of the ‘calibrated’ data with that of the visibility
ata Fourier-transformed from the obtained image, they are not 
he same. It is clear that the ring-like images obtained here are
rtefacts. 

From a different perspective, we examine the simulation results. 
ig. 11 presents the results in visibility space, rather than in image
pace, and clearly demonstrates how self-calibration with a ring 
odel and the narrow BOX setting in the CLEAN process significantly

lter the original non-ring visibility data, ef fecti vely reproducing a
imilar ring image. The horizontal axis represents the u-v distance, 
hile the vertical axis shows the amplitude and phase. Red lines
MNRAS 534, 3237–3264 (2024) 
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Figure 9. The PSF (dirty beam) and the dirty map of the EHT array (2017) on the second day of Sgr A 

∗ observations. Panels (a), (c), and (d) show the PSF 
(dirty beam) of the observations conducted on 2017 April 7. Panel (b) presents the dirty map obtained by Fourier transforming the visibility data. In panel (c), 
black crosses represent the peak positions near the centre, while yellow crosses depict the deepest minimum positions. The yellow dotted line indicates the circle 
with a diameter of 50 μas centred at the deepest minimum (north) in the dirty map. In panel (d), we o v erlay the EHTC ring image (blue contour lines) on the 
dirty beam. The contour intervals are set at every 10 per cent of the peak value. The width of the EHTC ring is wider than that of each peak’s structure in the 
PSF. This suggests that the observed source is not a point source, but has a significant size and thus is broadened. The intensity of each PSF peak (or minimum) 
is defined as the ratio of the main beam height to that of each peak, while the dirty map’s intensity is in Jy beam 

–1 (in the case that the beam size is 20 μas ). 
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ndicate the visibility distribution of a 1-Jy point source, and blue
ots indicate those of a ring image. Simulated data points are shown
n black. 

In Fig. 11 (a), the visibility amplitude and phase in the case
f ‘no source structure with noise’ data are shown. The visibility
mplitudes are Gaussian-distributed around the mean corresponding
o the noise intensity, and the phases are randomly and uniformly
cattered, as shown in the left-hand panels (original data). When the
no source structure with noise’ data are ‘calibrated’ by the self-
alibration solutions with the ring image model, as shown in the
entral panels (self-calibrated), a significant number of data points
atch the visibility of the ring image (blue dots), while some do not.
he right-hand panels ( CLEAN image) show the visibility distribution
f the resulting image from CLEAN processing with a narrow BOX
etting on these ‘calibrated’ data. Although not perfect, it closely
orresponds to the visibility of the ring model (blue dots). 
NRAS 534, 3237–3264 (2024) 
In Fig. 11 (b), the visibility amplitude and phase in the case of
point without noise’ data are shown. All amplitudes are uniform at
he gi ven v alue of 1 Jy, and all phases are zero, as shown in the left-
and panels (original data). Incidentally, all closure phases are zero
nd all closure amplitudes are one. When the data are ‘calibrated’
ith self-calibration solutions with the ring-image model, as shown

n the central panels (self-calibrated), many, but not all, of the data
oints match the visibility of the ring image (blue points). The right-
and panels ( CLEAN image) show the visibility distribution of the
mage obtained by CLEAN processing with a narrow BOX setting
n these ‘calibrated’ data. Although not perfect, it is also mostly
onsistent with the visibility of the ring model. 

Furthermore, it is noteworthy that in the EHTC 2017 u-v sampling
ata of Sgr A 

∗, rings with a diameter of 50 μas are most convincingly
eproduced as artefacts, compared with rings with other diameters.

e ran the same simulations with different ring diameters to see
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Figure 10. Resultant ring images from the simulated data (no ring) are shown. Panel (a) shows the actually used u-v co v erage of the EHT array in 2017 for 
Sgr A 

∗ observations. Panel (b) shows images from the simulated data. The left-hand image is for simulated point-source data obtained using normal CLEAN 

( 20 - μas beam convolution). The right-hand image is for the simulated noise data obtained by Fourier transform of the data (dirty map). Panel (c) shows the model 
ring images used in self-calibration. The upper image is the ring image with a diameter of 51 . 8 μas and a width of 20 μas , which is obtained by CLEAN from the 
simulated visibility. The lower image is the EHTC ring image. Panel (d) shows the CLEAN results obtained from the calibrated data sets by the self-calibration 
solutions. The blue circles in the panels indicate the BOX area specified by the field-of- CLEAN restriction. The unit of intensity for all images is Jy beam 
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f rings of different sizes could be regenerated. We made rings
ith diameters ranging from 30 to 70 μas , obtained self-calibration 

olutions using these ring-image models, applied them to simulated 
isibility data sets for calibration, and performed CLEAN using the 
OX technique to restrict the imaging area. The results of changing 

he ring diameter are shown in Fig. 12 . As before, the results show
o significant difference between the two simulated data cases, 
uggesting that the PSF structure and imaging parameters (especially 
he box size) can affect the formed image regardless of the signal-to-
oise ratio (SNR) of the data, whether infinite or infinitesimal. 
The ring shapes seem to be well reproduced at D = 40, 50, and

0 μas . In interferometric imaging synthesis, a ne gativ e brightness 
istrib ution often appears, b ut it is considered unnatural. In this
imulation, the ne gativ e brightness distribution (surrounded by the 
ellow line in the panels) appears in all resulting images, but its
rea and depth vary. Comparing the size and depth of the ne gativ e
reas, the image with D = 50 μas shows the smallest ne gativ e area.
urther quantitative comparison was attempted. Fig. 13 shows the 
haracteristics of the obtained ring images: the flux density summed 
rom the CLEAN components, the rms noise of the image measured
utside the ring, and the ratios of the flux density divided by the rms
oise. The ratios are measures of the plausibility of the obtained ring
mage. It can be seen that the ring image with a diameter of 50 μas
hows the largest value and is the most plausible image among them.
aken together, the ring formation is best reproduced in the case of
 = 50 μas . 
MNRAS 534, 3237–3264 (2024) 
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Figure 11. The strong impact of self-calibration and BOX setting on sparse u-v data. Panel (a) is for noise data (no structure with noise) and panel (b) is for 
point-source without noise data. Their visibility distributions are indicated by black dots. The red lines show the visibility distribution in the case of a point 
source, and the blue dots show that in the case of the model image (EHTC ring). The left-hand image shows the original visibility distributions (amplitude and 
phase). The central image shows the visibility distributions after ‘correction’ by self-calibration with the ring model image. The right-hand image shows the 
visibility distributions corresponding to the images obtained by CLEAN with the narrow BOX setting. 
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Figure 12. Images resulting from changing ring diameters. The model images used for self-calibration are shown in the left-hand panels. The ring width is 
fixed at 10 μas , and the total flux density is 1 Jy. From (a) to (e), the diameters of the ring model are 30, 40, 50, 60, and 70 μas , respectively. The resulting 
images obtained from simulated point-source data are shown in the middle panels, and those obtained from simulated noise data are shown in the right-hand 
panels. Contours indicate every 10 per cent of the maximum brightness in all images. Solid lines indicate positive values, and dashed lines indicate ne gativ e 
values. The blue circles in the panels indicate the BOX area specified by the field-of- CLEAN restriction. The restoring beam size is 20 μas , and the intensity unit 
for all images is Jy beam 
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Figure 13. Properties of the images resulting from changing the ring diameter. The flux densities (Jy) summed from the CLEAN components are shown as blue 
plots. Because the model images used for self-calibration are all 1 Jy, the closer the resulting flux density is to 1 Jy, the more similar the resulting image is 
to the model image. The rms noise (Jy beam 

–1 ) measured in the region outside the ring image is shown by the red plots; the smaller the rms noise, the more 
plausible the resulting image. The green plots are the ratio of the flux density to the rms noise, which can be understood as another indicator of the plausibility 
of the resulting image. The higher the value, the more plausible the image. The results from point-simulated data are shown in panel (a), while those from 

noise-simulated data are shown in panel (b). 
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These results indicate that in the imaging process with the u-
 co v erage of the EHT array in 2017, the real image is not al w ays
orrectly captured in the obtained results. Furthermore ring images of
iameter 40 ∼ 60 μas can be produced as artefacts, and, in particular,
he ring shape with a diameter of 50 μas is the most likely to be
roduced as a most plausible artefact. 

.3 Features that appear to be characteristic traces of the PSF 

tructure in the EHTC simulated images 

he performance of CLEAN ’s deconvolution of the PSF structure
s not perfect, and the resulting CLEAN map inevitably retains PSF
ffects. Other deconvolution methods also do not completely remo v e
SF influences. The EHTC imaging methods would be no exception

o this rule. We show that structures that appear to be influenced
y the PSF structure are seen in the resulting images from the
HTC simulations shown in fig. 11(a) of Event Horizon Telescope
ollaboration ( 2022c ). In EHT imaging, the reproductions of the

Simple Disk’ and ‘Elliptical Disk’ show a shallow dip in the
entral regions of each disc, with a diameter of about 50 μas . The
eproductions of these discs in SMILI also show slight dips in their
entral regions. Also in SMILI , the 50 - μas feature is more pronounced
n the reproduction of the ‘Crescent (Ring)’. Three sandbars appear
rom the central image towards the PA = + 45 ◦, PA = 0 ◦, and PA =
45 ◦ directions, resulting in two inlets of about 50 μas in size. On

he south side, an after-image-like shape of the 50 - μas ring from
he model image can be observed. The THEMIS reproduction of the
Elliptical Disk’ shows a ring structure extending in a north–south
irection instead of the original disc image. The most interesting
esult of THEMIS is the reproduction of the ‘Simple Disk’, which
hows four small ring structures within the original disc area, each
NRAS 534, 3237–3264 (2024) 
bout 25 μas in diameter. These structures are likely due to the lack
f 25 - μas spatial Fourier components in the u-v sampling (see Fig. 7 ).
The foregoing indicates that the new EHTC imaging methods are

ot immune to the influence of the PSF, and that it is essential to
xamine this influence when e v aluating the resulting images. 

.4 The case of the M87 data in EHT 2017 

For comparison with the Sgr A 

∗case, we note here the EHT 2017
bservations of M87. From the data, the EHTC reported a ring-
ike black hole shadow with a diameter of 42 ± 3 μas (Event
orizon Telescope collaboration 2019a , b , c , d , e , f ). The diameter is

ertainly the size expected from the measured mass of the M87
MBH (6 × 10 9 M �; Gebhardt et al. 2011 ), while it is also
onsistent with the separation of 46 μas between the main beam
nd the first sidelobes in the PSF for M87 (Miyoshi et al. 2022a ).
n terms of structure, the reanalysis found that there is a core-
nots structure in the centre from which a brightness distribution
onsistent with the previously observed jet structure extends west-
ards (Miyoshi et al. 2022a ; Miyoshi et al. 2022b ; Miyoshi et al.
024 ). The comments below are mainly taken from Miyoshi et al.
 2022a ). 

.4.1 The sampled u-v distribution 

87 data were obtained in the same observing session as Sgr A 

∗,
ut because M87 cannot be observed from the SPT in Antarctica, the
umber of stations is seven, one less than for the Sgr A 

∗observations,
rom five locations on the globe. The u-v data lack samples
orresponding to the EHT ring diameter; there is no sample at
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 = 44 –46 μas , and only very limited samples were observed just 
bo v e and below this range. 

.4.2 The PSF structure 

he PSF structure for M87 is also remarkably bumpy. The main 
eam measures about 20 μas (FWHM). The first sidelobes, which 
re very close together, are about 46 μas to the north and south, 
ach reaching 70 per cent of the height of the main beam. There is a
e gativ e minimum deeper than –60 per cent of the height of the main
eam at the midpoint between the main beam and the respective first
idelobe. As in the case of Sgr A 

∗, the size of the area including
he main beam, the first sidelobe (one of the two), and the ne gativ e

inimum at the midpoint is the same as that of the EHTC M87 ring.

.4.3 Ring ima g es from simulated data 

lso as in the case of Sgr A 

∗, the EHTC ring structures of M87 can be
reated from the simulated visibility data of a point image and a noise
mage. The ring is very sensitive to the actual FOV size, namely the
estriction by the BOX. If the FOV size is larger than ∼ 100 μas in
iameter, the ring image cannot be formed well. The EHTC noticed 
his phenomenon, but treated it as a parameter setting to impro v e
mage clarity (Event Horizon Telescope collaboration 2019d ). We 
ound that the most plausible ring image is produced when the centre
f the BOX is placed at the midpoint between the main beam and
he first north sidelobe of the PSF; that is, at the point of the deepest
ocal ne gativ e minimum of the PSF. 

.4.4 Indications of insufficient PSF deconvolution in the EHTC 

imulations 

n the EHTC large-scale simulations for M87 data, the influence of
he PSF structure is also observed: fig. 10 in Event Horizon Telescope
ollaboration ( 2019d ) shows that even for the double-image model, 
he results from the two methods, SMILI and eht-imaging, include 
 faint ring structure of ∼ 40 - μas diameter. Note that the structure 
f the ∼ 40 - μas interval is also present in the M87 image in the
ndependent analysis by Miyoshi et al. ( 2022a ), although it is not
onspicuous. In other words, the M87 u-v data have a property of
asily producing spurious structures at ∼ 40 - μas intervals. 

.4.5 Imaging pipelines using DIFMAP 

he EHTC opened the pipelines they used for the M87 imaging. Our
ndings about their imaging pipeline using DIFMAP are as follows. 
n their procedure, a very narrow BOX with a diameter of 60 μas ,
ositioned not at the phase centre but offset by + 22 μas to the north,
as used for FOV restriction. This BOX, co v ering the main beam

nd the first sidelobe (north) while excluding the second and further
idelobes, closely resembles the shape of the EHTC ring of M87 of
pproximately 40 μas . In our view, such a narrow and offset BOX 

etting, if consistently applied, could significantly enhance the PSF 

tructure effect, leading to the emergence of the EHTC ring as an
ntensified substructure within the PSF. As evidence, when their 
ipeline was run without their BOX setting, it did not produce a
ing-like image. 

Our other concern is the repeated use of self-calibration to obtain 
oth amplitude and phase solutions in most iterations during the 
ybrid mapping process. This could lead to an artefact in the final
mage. 
.4.6 The residuals of the normalized amplitudes 

s compared with the Sgr A 

∗ data, the M87 data show significantly
maller normalized amplitude residuals, both for the EHTC ring and 
or the core-knots structure image of Miyoshi et al. ( 2022a ). 

Miyoshi et al. ( 2022a ) shows the residuals of the normalized ampli-
udes for an integration time of t = 180 s. For the first two days of M87
bservations, the core-knots structure image of Miyoshi et al. ( 2022a )
hows the residuals of normalized amplitudes, NR = 0.030 ± 0.539, 
hile the EHTC ring images show NR = 0.148 ± 0.933. For the

ast two days of observations, the image of Miyoshi et al. ( 2022a )
hows NR = 0.127 ± 1.259, while the EHTC ring images show
R = 0.589 ± 2.370. In contrast, the residuals of the normalized
mplitudes in the case of Sgr A 

∗data show very large values: NR =
.080 ± 0.862 for our final image, and NR = 0.397 ± 1.552 for the
HTC ring image. 

.4.7 The residuals of the closure phases 

he M87 data also have closure phase residuals for both the EHTC
ing and the image of the core-knots structure by Miyoshi et al.
 2022a ) that are significantly smaller than those in the case of
he Sgr A 

∗ data. The core-knots structure also shows the same
agnitude of closure phase residuals as those of the EHTC ring

mage. The standard deviations of the closure phase residuals for 
 180-s integration are as follows. For the first two days of data,
he core-knots image exhibits a standard deviation of σ CK = 40. ◦5,
s compared to the EHTC image’s σ EHTC = 38. ◦5. For the data
rom the last two days, the core-knots image presents σ CK = 43. ◦2,
hile the EHTC image shows σ EHTC = 43. ◦7. Regarding the closure
hase residuals, there appears to be no substantial difference between 
hem. Meanwhile, those in the Sgr A 

∗data are −0. ◦68 ± 58. ◦08 for
ur final image and −4. ◦29 ± 55. ◦31 for the EHTC ring, which are
arger residuals than those of M87. 

.4.8 Jet structure detection 

here is no mention of the famous jet of M87 based on the EHT 2017
bservations in the papers of Event Horizon Telescope Collaboration 
 2019a , b , c , d , e , f ); Miyoshi et al. ( 2024 ) show that whether or not the
ltrashort baselines in the data are used in the analysis determines the
ossibility of detecting the jet and faint structures around the core. 

 DI SCUSSI ON  

ere, we provide a general discussion on the necessary steps for
ccurately imaging the black hole vicinity in Sgr A 

∗ and M87. The
HT 2017 observations of Sgr A 

∗ and M87 at 230 GHz were expected
o reveal the structures in the vicinity of SMBHs. Based on what we
ave shown so far, we think it is reasonable to conclude that the ring
tructures that are considered to be black hole shadows are derived
rom the PSF structure. As shown in Table 2 , the characteristic size of
he PSF structure for each observation is consistent with the diameter
f each ring. The images from our independent analysis are not ring
tructures, and their consistency with the data is comparable with 
r better than that of the respective ring images. For Sgr A 

∗, we
dentified an elongated, accretion disc-like feature that is consistent 
ith pre vious observ ations, but it is still possible that the image is
lurred owing to a large, time-varying effect similar to a subject blur.
or M87, the data reanalysis shows that a core-knots structure is still
rominent in the centre, and the surroundings of the black hole are
MNRAS 534, 3237–3264 (2024) 
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Table 2. Measurements of the EHTC rings and the characteristics of the corresponding PSFs. Predicted shadow sizes, measured ring diameters, and the restoring 
beam shapes are from EHTC papers. Default beam values are from April 11 for M87 and April 7 for Sgr A 

∗. The values of the PSF structures are from our 
measurements. 

M87 Sgr A 

∗

Predicted shadow size 37 . 6 + 6 . 2 −3 . 5 or 21 . 3 + 5 −1 . 7 μas ∼50 μas 

EHTC measurements 
D ring 42 ± 3 μas 51.8 ± 2.3 μas 
D Shadow - 48.7 ± 7.0 μas 

EHT PSF structure 
First sidelobe position from the main beam 

46 μas 49.09 μas 
First sidelobe intensity relative to the main beam 

+ 70 % + 49 % 

Ne gativ e minima at the midpoint 
−60 % −78 . 1 % 

Restoring beam shape 
Default 

FWHM maj × min 25.4 × 17.4 μas 23.0 × 15.3 μas 
Position angle 6. ◦0 66 ◦

EHTC used 
FWHM 20 μas 20 μas 
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ot in the light. If that is the case, we are just at the beginning of our
ourney of reliable imaging studies in the vicinity of black holes. 

As we have shown, the PSF structure of the EHT in 2017 is very
umpy, and the influence of the PSF structure appears in the imaging
esults. The PSFs of EHT in 2017 are also slightly dif ferent o wing to
he different u-v co v erage for each of Sgr A 

∗and M87. The spacing
etween the main beam and the first sidelobe in the PSF is about
0 and 46 μas , respecti vely. Both observ ational data tend to create
rtefact ring images with diameters corresponding to their respective
pacings. 

To obtain a PSF with a sharper beam, it is necessary to increase
he u-v co v erage by having a sufficient number of observing stations.
he number of antennas required to obtain reliable images of the
icinity of black holes in Sgr A 

∗ without imaging assumptions
as been suggested to be around 10 (Miyoshi et al. 2004 , 2007 ).
o we ver, this study was performed at a time when Sgr A 

∗ was
eliev ed to hav e no short-term variability. While this number of
tations ensures that the M87 imaging study will be in progress, a
arger number of stations is needed to accurately track the short-
erm variability of Sgr A 

∗. The short-term time variability of Sgr A 

∗

as only recently been clearly identified. The ALMA observations
etected that the intensity of Sgr A 

∗ changed significantly during the
LBI observation period (Iwata et al. 2020 ; Miyoshi et al. 2019 ).

t is reasonable to assume that the structure of Sgr A 

∗ also shows
ariations on the same time-scale. As the EHTC also recognizes
his fundamental issue (Event Horizon Telescope Collaboration
022c ). Time variation of the object violates a fundamental condition
equired for interferometric imaging to be valid, namely that the
tructure of the object remains constant during the observation. This
ituation is the same as the case of subject blur in photography,
here the captured image is distorted by the subject’s mo v ement
uring exposure. While mild variations could yield an acceptable
pproximation of the intrinsic structure of Sgr A 

∗. The question
hat arises here is whether or not the EHT array in 2017 has
aptured the correct image in such situations. We re vie wed the
HTC methodology used for mitigating Sgr A 

∗ variability. EHTC’s
pproach involves using a variability noise-modelling method that
llows for the creation of static images even from time-variable data.
he method adds variability noise to the uncertainty of every data
NRAS 534, 3237–3264 (2024) 
oint to mitigate the variation in the structure of Sgr A 

∗. EHTC
laims that ‘this parameterized variability noise model is generic
nd can explain well a wide range of source evolution, including
omplicated physical GRMHD simulations of Sgr A 

∗’ (Page 9 in
vent Horizon Telescope Collaboration 2022c ). The variance of

he additional noise budget is not a function of observing time,
ut depends on the u-v length of the data points normalized by
 G λ or an additional parameter u 0 G λ, as shown in equation ( 2 )
f Event Horizon Telescope Collaboration ( 2022c ). The specific
ormalization of the spatial Fourier components implies that the
ngular size of the object is already assumed before imaging the
bservational data. As these normalization parameters are based on
RMHD simulation results (Georgiev et al. 2022 ), then the physics
f the object is also assumed. In other words, this method assumes
arge restrictions on the physical properties and size of the object and
ttempts to mitigate the effects of variation in the observed object;
t cannot be adapted to other variable objects. The results obtained
y applying such methods are not direct images of observed sources,
ut rather shapes obtained by complex model fitting. Because the
HTC assumed the physics and the size of Sgr A 

∗ to obtain its
mage, we think that their result on Sgr A 

∗ does not allow a search for
bservational facts about relativity and the physics of accretion discs.
The best way to obtain accurate images of time-varying objects

s to employ a sufficient number of antennas to ensure sufficient
-v co v erage within a time-scale shorter than that of the object
 ariation, allo wing snapshots to be taken. Ho we ver, the number of
ntennas currently available is limited, and snapshots are difficult
o take. The SMI method (Miyoshi 2008 ) is designed to estimate
he periodic variation component of the observed source structure.
mploying this method, we are currently examining the potential to

eco v er the time variability of Sgr A 

∗, and we anticipate presenting
he findings in due course. In the future, obtaining such a large
umber of antennas will be essential for reliable images from the
87 and Sgr A 

∗ observ ations. Ho we ver, for a reliable image of
gr A 

∗ without the influence of short time variations, instantaneous
nd sufficient u-v co v erage for snapshot imaging is necessary. This
eans that 10 ground-based stations are not enough. A Low Earth
rbit (LEO) satellite for space VLBI (Asaki & Miyoshi 2009 ) that

an fill the u-v co v erage in a short time would be more suitable. 
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We are now eagerly anticipating the upcoming observations with 
he expanded EHT array, which will impro v e the PSF and pro vide
learer images of M87 and Sgr A 

∗ that can be more easily understood.

 C O N C L U S I O N  

sing conventional hybrid mapping, we reanalysed the Sgr A 

∗ data 
eleased by EHTC for the 2017 observations independently, and 
ound a resulting image that differs from the one reported by EHTC.
ur analysis shows a roughly east–west elongated structure, which is 

onsistent with previous millimetre-wavelength VLBI observations. 
he elongation is asymmetrical, with the east side being bright and 

he west side being dark. We believe that our image is more reliable
han the EHTC image because our image shows half the residuals
f the EHTC image in normalized visibility amplitude, although 
he residuals of the closure quantities of the two are comparable. 
ssuming that the intensity ratio of bright and dark spots in the

longation is due to the Doppler boost from the accretion disc rotation
elocity, we estimate that we see the accretion disc at a radius of 2 to
 few R S from the centre, rotating at 60 per cent of the speed of light.
iven a central black hole mass of ∼4 × 10 6 M � and a distance of
 kpc, we estimate the viewing angle of the rotating disc to be ∼45 ◦.
In contrast, the EHTC analysis, based on calibrations with as- 

umptions about the source’s size and properties, selected the final 
mage by prioritizing the appearance rate of a similar structure from
 large imaging parameter space o v er data consistency. The structure
eported by EHTC is dominated by a bright, thick ring with a diameter
f 51 . 8 ± 2 . 3 μas . 
In our view, the ring-like image found by the EHTC is not the

ntrinsic structure of Sgr A 

∗ but arises from the sparse u-v co v erage
f the EHT array in 2017; that is, from the corresponding 50 - μas -
cale structure in the PSF. 

The imaging using sparse u-v data requires careful scrutiny of 
he PSF. The estimated shadow diameter ( 48 . 7 ± 7 μas ) is equal to 
he spacing between the main beam and the first sidelobe of the
SF ( 49 . 09 μas ), which immediately suggests a potential problem 

n the deconvolution of the PSF. Also, this can be recognized from
he fact that the ring image can be reproduced from simulated non-
ing visibility data, and that a ring with a diameter of 50 μas is
he most successfully produced. We found internal inconsistencies 
n the closure quantities within the EHT 2017 Sgr A 

∗ data, making
t challenging to identify the most credible image from the size 
f closure residuals. This issue is not related to the strong time
ariability of Sgr A 

∗. Investigating the cause of "different closure 
alues for different recording channels", including the correlation 
rocess of the data, is crucial for the reliability of resultant images. 
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PPENDI X  A :  T H E  N O R M A L I Z E D  AMPLITUDE  

EFI NI TI ON  

he normalized amplitude definition is given below. 
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Amplitude (observed data) . (A1) 

The value is zero if the residual does not exist, or 1 if the amplitude
ndicated by the image is twice as large as that of the data. Thus, if
he value exceeds 1, there is a very large difference in amplitude. 

PPENDI X  B:  T H E  C L O S U R E  PHASE  

EFI NI TI ON  

he closure phase is a quantity that is immune to systematic
rrors resulting from antennas and depends solely on the brightness
istribution of the source (Jennison 1958 ). While the definition of
losure phase is well known in interferometric data analysis, it is
rovided here for clarity. The closure phase 	 123 for a triangle formed
y three antennas, 1 , 2 , and 3 , is defined as follows. 

 123 ≡ θobs 
12 + θobs 

23 + θobs 
31 , (B1) 

here 

obs 
12 = θ12 + ( φ1 − φ2 ) , 
obs 
23 = θ23 + ( φ2 − φ3 ) , 
obs 
31 = θ31 + ( φ3 − φ1 ) . 

Here, θobs 
ij is the observed fringe phase of the baseline between

ntennas i and j , φi is the antenna-based phase error, and θ ij is the
ntrinsic phase due to the observed source structure. If we substitute
hese in the equation, 

 123 = θobs 
12 + θobs 

23 + θobs 
31 

= θ12 + ( φ1 − φ2 ) 

+ θ23 + ( φ2 − φ3 ) 

+ θ31 + ( φ3 − φ1 ) 

= θ12 + θ23 + θ31 . 

In the closure phase 	 123 , antenna-based phase errors are can-
elled, and the value of 	 123 is determined solely by the phases
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Table D1. Parameters of CALIB for the first self-calibration. 

Parameter 

SOLTYPE ’L1’ 
SOLMODE ’P’ (phase only) 
SMODEL 1,0 (1-Jy single point) 
REFANT 1 (ALMA) 
SOLINT (solution interval) 0.15 (min) 
APARM(1) 1 
APARM(7) (SNR cut off) 3 

Figure D1. Initial phase-only self-calibration solutions obtained using a one- 
point model for the data from the low and high channels using CALIB in AIPS . 
The red dots represent the solutions for the low-channel data, while the blue 
dots represent the solutions for the high-channel data. 
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ttributed to the structure of the observed source. The closure phase 
s zero with respect to the point source. Note that any baseline-based
rrors, if present, are not cancelled. Note also that thermal noise is
ot cancelled. 
If the true source image and the obtained image are identical, 

hen the closure phase of the observed data and that of the visibility
onverted from the obtained image will have the same value, and the
esidual (the difference between them) will be zero. Ho we ver, the
everse is not necessarily true in principle. A zero residual does not
uarantee that the true source image has been obtained. On the other
and, if the residual is large, it is evident that the resulting image
iffers from the true image. 

PPENDIX  C :  T H E  C L O S U R E  AMPLITUDE  

EFINITION  

losure amplitude, like closure phase, is a quantity determined solely 
y the source structure and is free from antenna-based errors (Felli &
pencer 1989 ; Readhead et al. 1980 ; Twiss et al. 1960 ). Let us
rst consider the definition of closure amplitude. The amplitude of 
isibility | V 

obs 
ij | observed by a baseline between antennas i and j 

an be expressed as the product of the gain errors a i , a j due to the
ntennas and the amplitude A ij due to the source structure: 
∣
∣V 

obs 
ij 

∣
∣ = a i a j A ij . (C1) 

Suppose there are four antennas named 1 , 2 , 3 , and 4 . Using the
mplitudes of the observed visibilities through four baselines, namely 
 V 

obs 
ij | , where ( i, j ) = ( 1 - 2 ), ( 3 - 4 ), ( 1 - 3 ), and ( 2 - 4 ), we define

he closure amplitude as follows: 

losure Amplitude ≡ | V 

obs 
12 | × | V 

obs 
34 | 

| V 

obs 
13 | × | V 

obs 
24 | 

= 

A 12 A 34 

A 13 A 24 
. (C2) 

This quantity is determined solely by the amplitude of the observed 
ource structure. As the definition indicates, the visibility amplitudes 
f two baselines are divided by those of two other baselines. If an
mplitude value with low SNR is in the denominator, the closure am-
litude value can vary greatly owing to its thermal noise. Therefore, it
ay give a value that is more unstable than that of the closure phase.
o stabilize the value of the closure amplitude, selecting only high- 
NR data for calculation would a v oid the problem, b ut introduces
nother problem. In general, the higher the frequency of the spatial 
ourier components, the lower the SNR. If closure amplitudes were 
alculated by omitting lower-SNR data points, the resulting value 
ould be influenced only by low-spatial-resolution components. This 
ould prevent us from accurately evaluating whether the resulting 

mage captures the fine structures that correspond to the high spatial 
esolution 

Note that any baseline-based errors, if present, will not be 
ancelled. The closure amplitude is 1 with respect to the point source.
f there is a baseline-based systematic error, it cannot be cancelled, 
s is clear from the definition. Note also that thermal noise is not
ancelled. 

Note that the normalized closure amplitude is used in this paper 
or comparison. Its definition is similar to that of the normalized 
mplitude and can be given as follows. 

Normalized Closure Amplitude 

= 

Closure Amplitude (image) − Closure Amplitude (observed data) 

Closure Amplitude (observed data) 

(C3) 
PPENDI X  D :  S O L U T I O N S  O F  

ELF-CALIBRATION  IN  O U R  ANALYSI S  

n this section, we present the initial and final self-calibration 
olutions. Fig. D1 shows the first self-calibration solutions, and 
able D1 lists the self-calibration parameters used in the process. 
he first self-calibration solutions were obtained using a one-point 
odel, and we found smaller differences between the two channels 

ompared with those of the M87 public data. 
Fig. D2 shows the final self-calibration solutions, where we kept 

he self-calibration parameters constant except for the image model. 
he discrepancy between the first and final solutions is also minor.

t is possible that a highly precise phase calibration was conducted
uring an a priori data calibration step (relative to the M87 public
ata), which could have contributed to these results. 
MNRAS 534, 3237–3264 (2024) 
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M

Figure D2. Final phase-only self-calibration solutions obtained for the data 
from the low and high channels using CALIB in AIPS . The red dots represent the 
solutions for the low-channel data, while the blue dots represent the solutions 
for the high-channel data. 
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Figure E1. Distribution of the sampled visibility data from all baselines 
on 2017 April 6. The horizontal axis shows the fringe spacings of the data 
in units of μas . The vertical axis represents the number of sampled data. 
Spatial Fourier components ranging from approximately 2.6 to 3.2 arcsec are 
also present. Here, such large samples are omitted from the plot. The red 
line segment displays the diameter of the ring as measured by the EHTC 

( d = 51 . 8 ± 2 . 3 μas ). 
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PPENDIX  E:  PSF  (DIRTY  BEAM)  IN  T H E  

ASE  O F  T H E  2 0 1 7  APRIL  6  DATA  

e present here the u-v distribution and the corresponding PSF (dirty
eam) structure of the 2017 April 6 observations. The imaging result
f that day, as noted in the EHTC paper, showed that ‘although a ring
eature appears in most of these reconstructions, it is less prominent.
Page 23–24 in Event Horizon Telescope Collaboration 2022c )’ In
act, the ring structure in the April 6 data is not as clearly defined as
hat in the April 7 data. This may be due to the poor quality of the static
mage, as Sgr A 

∗ showed a large time variability on that day (Event
orizon Telescope Collaboration 2022c ). In this section, we show

hat the difference in the robustness of the EHTC ring structure is
ess due to a structural time variation of Sgr A 

∗ itself, but rather to the
ifference in the PSF structure between the April 6 and April 7 data.
he default restoring beam shape measured by EHTC is very similar

or the two observations. On April 6 it is 24 . 8 × 15 . 3 μas , PA = 67 ◦,
nd on April 7 it is 23 . 0 × 15 . 3 μas , PA = 66 ◦. 6 (Event Horizon
elescope Collaboration 2022c ). Ho we ver, a closer look at the
tructures of the PSFs shows significant differences between them. 

We show the u-v sampling distribution for 2017 April 6 in
ig. E1 . The horizontal axis represents the size of the spatial Fourier
omponent, and the vertical axis represents the number of samples.
he April 6 data have missing samples in several ranges, specif-

cally 25 ∼ 25 . 5 μas , 27 ∼ 28 . 5 μas , and 34 ∼ 37 . 5 μas , while
he missing ranges in the April 7 data are 24 . 5 ∼ 25 . 5 μas and
7 . 0 ∼ 28 . 5 μas . The April 6 data show a greater number of missing
igh-frequenc y spatial F ourier components compared with the April
 observ ations. Ho we ver, the components corresponding to the ring
ize measured by EHTC ( d = 51 . 8 ± 2 . 3 μas ) are still sampled,
imilar to in the April 7 data. 

The missing u-v data impact the structure of the PSF. Ho we ver,
ig. E2 shows that the most prominent bumpy structure in the
orresponding PSF does not have the scales of the lacking spatial
NRAS 534, 3237–3264 (2024) 

m  
ourier components but a scale of ∼ 50 - μas spacing, similar to the
ituation for the 2017 April 7 data. This has important implications
or the analysis of EHT data: the structure of the PSF cannot be
nferred from the u-v co v erage plot alone, and it must be calculated
n practice to fully understand its characteristics. To a v oid confusion
bout the quality of the u-v data sampling, it is important to present
he structure of the PSF instead of the u-v co v erage plot in scientific
apers. 
As discussed in Section 5.2 , the 50 - μas diameter ring can be

ormed from the PSF structure. The left-hand panels, (a) and (c), in
ig. E2 show the PSF structures from two different days. Sidelobes
omparable in height to the main beam are present, with deep
e gativ e minima existing between them. Among these, four peaks are
ocated at approximately 25 μas from the northern deepest minimum,
C’. These peaks are ‘E1’, ‘N’ (one of the highest sidelobes), ‘S’ (the
ain beam), and ‘W’. Together, they form an envelope that creates
 50 - μas diameter ring. Presumably, the bright three spots observed
n the EHTC ring correspond to the peaks of ‘E1’, ‘N’, and ‘S’ on
he envelope. These features are apparent in the PSF structure of the
017 April 7 data. 
The PSF structure of the 2017 April 6 data is basically similar to

hat of the April 7 data, but there are differences in the clarity of
he four peaks. The clarity of these peaks in the PSF structure of the
pril 6 data is degraded compared with that in the April 7 data (Table
1 ). 
First, we discuss the ‘E1’ peak, which is located in the eastern

art of the envelope. It has an intensity of 0.305 relative to the main
eam in the PSF structure of the April 7 data, but the intensity ratio
n the April 6 PSF structure decreased to 0.224. Not only that, but the
E2’ peak, which is located farther east than the position of the ‘E1’
eak, is actually brighter than the ‘E1’ peak. In the PSF structure of
he April 7 data, the intensity ratio between ‘E1’ and ‘E2’ is 1.170,
hich means that the y hav e comparable brightness. Ho we ver, in the
SF structure of the April 6 data, the ratio increases to 1.853, which
eans that the ‘E2’ peak is about twice as bright as the ‘E1’ peak.
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Figure E2. Point spread function (dirty beam) and dirty maps of the Sgr A 

∗ observations. Panels (a) and (b) represent the observations from 2017 April 7, 
while panels (c) and (d) represent the observations from 2017 April 6. The left-hand panels (a) and (c) depict the point spread functions (dirty beam) of the two 
observations. The right-hand panels (b) and (d) show the dirty maps derived from Fourier transformations of the data calibrated by self-calibration solutions, 
with only phase calibration using a point-source model. 

Table E1. Location and intensity of peaks around the deepest north minimum ‘C’ in the two observations, with intensity defined as the ratio of peak height to 
the main beam height. 

2017 April 7 2017 April 6 

Component Intensity Position Intensity Position 
[ μas] [ μas] 

C (deepest minimum) -0.781 ( + 2, + 26) -0.778 ( + 1, + 26) 
E1 0.305 ( + 24, + 26) 0.224 ( + 24, + 33) 
E2 (out of the circle) 0.357 ( + 38, + 16) 0.415 ( + 43, + 20) 

(ratio of E2/E1) 1.170 1.853 
N (highest sidelobe) 0.491 ( + 3, + 50) 0.556 ( + 2, + 50) 
S (main beam) 1.000 ( 0, 0) 1.000 ( 0, 0) 
W 0.150 (-25, + 29) Disappeared 
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herefore, another brighter structure is more likely to be created in 
he east of the 50 - μas diameter envelope centred at C. Then, the 
tructure of the east side of the 50 - μas diameter ring becomes very 
mbiguous. 
While peak ‘W’ in the PSF is responsible for the western side
f the EHTC ring, in the April 6 PSF, peak ‘W’ disappears. As a
esult, the structure of the western side of the 50 - μas diameter ring
lso becomes very ambiguous. Thus, the ring shape loses its east and
MNRAS 534, 3237–3264 (2024) 
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est sides, making it more difficult to create the 50 - μas diameter
ing. 

Admitting that the extreme time variability makes it difficult to
btain a static image of the object, we think that the reported changes
n the EHTC ring structure between the two days are due to the change
n the PSF structure and not to that of Sgr A 

∗. 

PPENDIX  F:  DIFFERENCE  O F  C L O S U R E  

MPLITUDE  BETWEEN  T H E  C H A N N E L S  

ere we describe in detail the differences in closure amplitudebe-
ween the channels noted in Section 4.2.3 . In Fig. 5 , we show not
nly the residuals of the normalized closure amplitudes, but also the
ifferences of those between the two recording channels. 
One of the differences between the recording channels, that of

low/high’ (here the reference is the value of the high-channel data),
ho ws large v alues, which can be attributed to a lower SNR of the
igh-channel data. Ho we v er, it cannot be e xplained why both the
ean and the standard deviation of the channel differences become

arger as the integration time increases. 
One possibility is that some baseline-based errors are present.

n our analysed data, amplitude corrections have been applied to
he baseline connecting the LMT station that are less than 2 G λ in
rojected length. It is possible that this acts as a closure amplitude
erturbator rather than a correction. In general, it is difficult to
magine errors that originate from the baseline. If the correlation
rocess is performed on each baseline and each recording channel,
nd each process performs delay and delay-rate tracking with
ndi vidually dif ferent parameters, the closure amount would include
he effect, and become different between the channels. It is also
ossible that some unknown error in the correlator system is at work.
We also examined the differences in closure amplitudes between

hannels for all publicly available data (Appendix G ). Again,
ignificant differences were found in closures that should have been
dentical. The fact that two of the different calibration methods
HOP, CASA) resulted in dif ferent dif ferences between channels
uggests that some errors may have occurred in the data processing
fter the correlation process. The ‘BEST’ data sets, from which
00 min of data were e xtracted, hav e significantly smaller standard
eviations in the channel differences of both closure phase and
losure amplitude than those of the data with the full observation
urations. This suggests that the differences accumulate o v er a long
eriod of processing. If the correlation process for part of the baseline
s performed with tracking parameters based on incorrect station
ositions and the data are processed for a long time, the errors will
ccumulate and not be cancelled within one sidereal day. It is possible
hat such a processing error may occur, but it is very challenging to
inpoint the cause by investigations solely on publicly available EHT
ata. 
Obviously, there is a discrepancy in the data themselves (at least

etween recording channels). This can make it difficult to select the
ptimal image based on a smaller residual of closure quantity. 

PPENDIX  G :  C L O S U R E  DIFFERENCE  

ETWEEN  T H E  TWO  R E C O R D I N G  C H A N N E L S  

In Sections 4.2.2 and 4.2.3 , we compared the closure phase and
losure amplitude of the observed data with those of our final image
nd the EHTC image. We found that both our final image and the
HTC ring image had rather large residuals, and increasing the

ntegration time did not reduce these residuals. This is a phenomenon
hat is difficult to explain. After examining the closure differences
NRAS 534, 3237–3264 (2024) 
etween the data from the two recording channels, we concluded that
he phenomenon was not caused by the reproduced images but rather
y something in the data. To investigate this further, we decided to
xamine all of the public EHT data about Sgr A 

∗. In Table G1 , we
resent the normalized difference in closure amplitude between the
wo recording channels, while in Table G2 , we show the difference in
losure phase between the two channels. Fig. G1 and Fig. G2 display
lots of both values. 
Regarding the closure amplitude difference between the two

hannels, if the closure amplitude values of the two channels are
dentical, the normalized closure amplitude difference should have
 mean of zero and a standard deviation of zero. If the values
iffer by a factor of 2, the normalized closure amplitude difference
ould be 1. As demonstrated in Table G1 , the minimum mean is

pproximately 0.25, indicating that the closure amplitude in one
hannel is 25 per cent larger than that in the other channel. The
inimum standard deviation is 0.66, indicating significant self-

nconsistency in the closure amplitudes between the channels. 
In terms of closure phase, the difference between the two channels

s close to zero, as expected from theory. Ho we ver, increasing the
ntegration time does not bring the mean difference closer to zero.
he standard deviation is also relatively large. If thermal noise is
ominant, the variance should decrease by the −0.5th power of the
ntegration time T , but the actual standard deviation reduction is not
ignificant. 

As the definitions make clear, the closure quantity is determined
olely by the source structure and is independent of antenna-based
rrors. Therefore, when two data sets are acquired simultaneously,
heir closure quantities should be identical. Even in cases where the
tructure of Sgr A 

∗ exhibits very rapid time variations, there should
e no difference in closure quantity between simultaneously recorded
ata sets. Hence, our findings here pertain not to the observed source,
ut rather to the quality of the data recording and a priori calibration
rocess. 
We found that closure discrepancies occur in all publicly available

HT data sets of Sgr A 

∗ observed in 2017, suggesting that the EHT
ata may not accurately represent the source structure. 
If closure is not conserved, errors may arise that are due not to

ntenna-based factors but rather to individual baseline-based factors.
 or e xample, this can occur when correlating individual baselines
sing conflicting station positions and the Earth’s rotation parameters
n the correlation process. 

The following matters can be inferred from an examination of the
etails. 

(i) Comparing the data from day 6 and day 7, we do not see
uch change in the difference in closure quantity between the two

hannels. Although the time variation of the Sgr A 

∗intensity is more
ntense on day 6, the fact that it has little effect means that the
ifference in closure quantity between channels is not related to the
hort-term intensity variation of the source, but is caused by either
he instruments (presumably correlator) or the data processing. 

(ii) It appears that some baseline-based correction is applied not
nly in the correlation process, but also in the subsequent calibration
rocess. Differences in closure amplitudes between channels are
resent in both processed data sets, but the degree of difference is
reater in the CASA data than in the HOP data. Both the mean and
he standard deviation of the closure amplitude differences between
hannels tend to be larger for the CASA-processed data than for
he HOP-processed data. For the closure phase difference between
hannels, the standard deviation is the same, but the CASA-processed
ata tend to have a larger deviation from zero in the mean. 
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Table G1. Difference in closure amplitude between the two recording channels (normalized). The data names include the observation dates, recording bands, 
calibration pipeline names, and stages. 

Normalized closure amplitude difference 
T int (s) 10 60 180 300 600 900 

Apr,6;CASA 1.00 ± 4.32 0.97 ± 8.57 0.73 ± 3.81 1.58 ± 19.24 0.37 ± 1.56 0.24 ± 1.14 
Apr,6;HOP 1.02 ± 4.44 0.63 ± 2.38 0.45 ± 3.41 0.41 ± 1.68 0.28 ± 1.28 0.17 ± 0.88 
Apr,6;CASA;LMT 1.01 ± 3.48 1.06 ± 8.41 0.64 ± 3.36 1.12 ± 9.79 0.32 ± 1.59 0.34 ± 1.65 
Apr,6;HOP;LMT 1.17 ± 5.66 0.65 ± 2.29 0.49 ± 2.50 0.39 ± 1.40 0.31 ± 1.37 0.19 ± 0.90 
Apr,6;CASA;LMT;norm. 1.01 ± 3.48 1.06 ± 8.40 0.65 ± 3.39 1.12 ± 9.70 0.32 ± 1.57 0.34 ± 1.63 
Apr,6;HOP;LMT;norm. 1.17 ± 5.66 0.65 ± 2.29 0.49 ± 2.52 0.39 ± 1.40 0.31 ± 1.37 0.19 ± 0.89 
Apr,7;CASA 2.30 ± 23.45 0.66 ± 2.80 0.54 ± 3.74 0.31 ± 1.24 0.21 ± 0.77 0.20 ± 0.78 
Apr,7;HOP 1.08 ± 5.50 0.82 ± 3.27 0.50 ± 2.23 0.33 ± 1.30 0.26 ± 0.84 0.76 ± 5.53 
Apr,7;CASA;LMT 2.12 ± 14.25 0.71 ± 2.94 0.43 ± 1.78 0.27 ± 1.04 0.40 ± 1.66 0.26 ± 0.96 
Apr,7;HOP;LMT 1.07 ± 5.44 0.79 ± 2.83 0.48 ± 2.30 0.36 ± 1.28 0.30 ± 0.90 1.07 ± 10.16 
Apr,7;CASA;LMT;norm. 2.14 ± 14.50 0.71 ± 2.94 0.43 ± 1.77 0.26 ± 1.03 0.40 ± 1.72 0.27 ± 0.96 
Apr,7;HOP;LMT;norm. 1.05 ± 5.03 0.79 ± 2.85 0.48 ± 2.34 0.34 ± 1.25 0.52 ± 2.55 1.08 ± 10.39 
Apr,7;CASA;LMT;best 2.17 ± 13.22 0.75 ± 3.07 0.45 ± 1.79 0.27 ± 0.96 0.24 ± 0.70 0.23 ± 0.66 
Apr,7;HOP;LMT;best 0.84 ± 3.20 0.83 ± 2.94 0.55 ± 2.65 0.30 ± 1.14 0.23 ± 0.82 0.20 ± 0.66 

Table G2. Difference in closure phase between the two recording channels in degree. The data names include the observation dates, recording bands, calibration 
pipeline names, and stages. 

Closure phase difference 
T int (s) 10 60 180 300 600 900 

Apr,6;CASA −1.27 ± 81.14 −0.20 ± 67.36 −0.54 ± 58.38 −0.16 ± 55.55 0.99 ± 49.21 −0.07 ± 48.03 
Apr,6;HOP −0.15 ± 80.48 −0.49 ± 64.72 2.37 ± 57.31 0.09 ± 53.47 0.70 ± 46.30 −0.39 ± 43.81 
Apr,6;CASA;LMT −1.62 ± 81.53 −0.30 ± 65.76 −0.16 ± 59.68 0.20 ± 57.32 −0.55 ± 52.15 −1.59 ± 49.35 
Apr,6;HOP;LMT −0.94 ± 80.12 −0.45 ± 66.45 1.74 ± 58.77 −0.79 ± 53.68 0.18 ± 48.25 −0.55 ± 45.59 
Apr,6;CASA;LMT;norm. −1.62 ± 81.53 −0.30 ± 65.76 −0.10 ± 59.69 0.20 ± 57.32 −0.55 ± 52.15 −1.57 ± 49.36 
Apr,6;HOP;LMT;norm. −0.94 ± 80.12 −0.45 ± 66.45 1.74 ± 58.75 −0.79 ± 53.66 0.18 ± 48.25 −0.55 ± 45.58 
Apr,7;CASA −0.27 ± 82.95 0.90 ± 67.86 1.82 ± 55.62 2.96 ± 50.80 0.74 ± 48.22 5.52 ± 43.51 
Apr,7;HOP 0.93 ± 83.00 −1.29 ± 67.95 0.56 ± 54.31 0.64 ± 50.50 −0.99 ± 48.27 1.02 ± 45.20 
Apr,7;CASA;LMT −0.21 ± 83.08 0.02 ± 68.97 1.31 ± 55.94 3.31 ± 50.83 1.89 ± 50.41 4.84 ± 42.21 
Apr,7;HOP;LMT 0.84 ± 83.37 −0.24 ± 69.16 0.33 ± 54.89 1.30 ± 50.17 0.77 ± 48.76 3.46 ± 44.38 
Apr,7;CASA;LMT;norm. −0.21 ± 83.08 −0.14 ± 68.96 1.29 ± 55.93 3.32 ± 50.82 1.90 ± 50.39 4.90 ± 42.20 
Apr,7;HOP;LMT;norm. 0.84 ± 83.37 −0.24 ± 69.16 0.01 ± 54.88 0.85 ± 50.18 0.21 ± 48.79 2.79 ± 44.48 
Apr,7;CASA;LMT;best −1.28 ± 81.08 0.62 ± 64.95 0.14 ± 50.38 2.30 ± 37.37 2.82 ± 35.65 1.25 ± 26.66 
Apr,7;HOP;LMT;best −0.06 ± 80.56 −1.11 ± 63.46 0.21 ± 43.91 1.35 ± 33.80 2.46 ± 35.28 1.20 ± 24.62 

Figure G1. Differences of closure amplitude between the two recording channels. Panel (a) shows the means, and panel (b) shows the standard deviations. The 
solid lines indicate the values for the April 7 data, and the dashed lines indicate those for the April 6 data. 
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M

Figure G2. Differences of closure phase between the two recording channels. Panel (a) shows the means, and Panel (b) shows the standard deviations. The 
solid lines indicate the values for the April 7 data, and the dashed lines indicate those for the April 6 data. 
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(iii) The amplitude correction applied by EHTC to LMT is a
aseline-based correction, which in principle affects the closure
mplitudes. Ho we ver, there is no significant difference in closure
mplitude between channels compared with data without such a
orrection. Rather, it seems to have the effect of reducing the standard
eviation. 
(iv) Although the visibility amplitude is normalized by the light

urve of Sgr A 

∗ from the single-dish observations, it acts uniformly
NRAS 534, 3237–3264 (2024) 
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n all baseline data. Therefore, it should not affect the closure
mplitude. There is no such effect on the difference in closure
mplitude between channels. 
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