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Figure 24, Left: (v, vi<overage for the selected time window for dynsmic
mmaging and modelimg. The light-blue poants show the covarage of the full
night of observation, while the digk-blue powsts and the red points represent the
coverage for the schecked dynamic imaging region and a simghe 60 5 smapshot
from that regon, respectively. Right: closure phases for Sgr A" (green amd
yellow) on two representative triangles during the selected tame region.

9.2. Dynamic Imaging and Modeling Methods

To analyze Sgr A™'s spatially resolved dynamics during the
100-minute selected region of time on April 6 and 7, we use
two methods: dynamic imaging and snapshot geometric
modeling (also simply referred to as dynamic modeling). Both
methods fit EHT 2017 data on 60 s snapshot integrations within
the selected observation window but make different prior
assumptions about the structure of the source in space and time.
Note that, unlike in static imaging, we do not flux-normalize
the data before dynamic analysis. Because the (u, v)-coverage
is sparse even in the best available time window, both methods
need to make strong prior assumptions about the spatial and /or
temporal structure of the source to constrain the fits to the data.
Note that when performing dynamic imaging /modeling fits we
do not include a variability noise budget as is done in static
imaging (Section 3.2.2).

Dynamic Imaging —Dynamic imaging methods reconstruct
a time-evolving image that best fits the observed evolution of
SgrA”. Our dynamic imaging approach is based on Star-
Warps (Bouman et al. 2018), which enforces continuity across
an image and in time by means of spatial and temporal
regularization (Sccuon 4.4.2). Temporal regularization is set by
a parameter ', which corresponds to the allowed \'anancg
between pixels in mapshots that are typically 60s apart;
smaller values of Jo oom:spond to stronger continuity in time.
Spatial regularization is imposed by a multivariate Gaussian
prior on snapshots with a mean p and covarance A that
encourages spatial smoothness (see Equation (7) and Bouman
et al. 2018). We examine the sensitivity of time-variable image
features (e.g., PA) to different settings in the StarWarps
imaging algorithm by running surveys over different values of
the spatial regularization covariance A and data weights of the
visibility amplundc and log closure amplitude; we typwally
keep S and the mean image p fixed and examine the
scnsauvnty of our results to these parameters scpamtcly across
dlffcmm surveys. Unless specified otherwise, in this paper we
set fip' to 5% 107 (Jy pixel” ')2andthcpnormcanpand
initialization image to an image of a uniform ring blurred by a
25 peas beam. These surveys result in distributions of the image
features at each snapshot in time. For each of the measurements
obtained from 54 parameter combinations, we draw 100
random samples from a normal distribution characterized by

157 Frames are sometimes separsted by more than 60 5 owing 10 the mterval
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the image feature measurement and its associated error. These
survey results are nor posterior probability distributions, but
they do provide a sense of the robustness of the sensitivity of
movie reconstructions to changes in the algorithm parameters.

Geometric Modeling —In our geometric modeling approach,
asunplcgeom:cmodcluﬁtlocachwsmafslm
independently, with no enforced correlations in time. ™~ We
consider several different m-ring models (Johnson et al. 2020),
described by infinitesimally thin rings with azimuthal bright-
ness vanations decomposed into Fourier modes, which are
subsequently blurred with a circular Gaussian kernel. The
complexity of an m-ring model depends on the maximum
number of Fourier modes, m, that are added (eg., m=1
cormresponds to a simple crescent). To model a central floor, we
include a Gaussian that is located at the center of the ring; the
size and brightness of the Gaussian are additional model
parameters.

For each m-ring model considered, we produce a multi-
dimensional posterior using two modeling approaches. First,
we consider a variational-inference-based approach, DPI, that
fits to the log closure amplitudes and closure phases (Sun &
Bouman 2021 Sun et al. 2022). Second, we consider a
samplu\g-bascd method, Comrade (P. Tiede 2022, in prep-
aration), ~ which fits to visibility amplitudes and closure
phases. Comrade uses the nested sampling package dynesty
(Speagle 2020) and the probabilistic programming language
Soss (Schemrer & Zhao 2020). The different data products
used by DPT and Comrade imply different assumptions made
about the telescope amplitude gains—they are unconstrained in
DPI, while in Comrade the gain amplitudes are more
constrained and are included as model parameters during
fitting (see Paper IV). As a result of these different data
products, DPI and Cemrade produce slightly different
posteriors. Details of the gcomctnc modeling approaches are
further explained in Paper [\

Comparing  Dynamic Imaging and Modeling—Both
dynamic imaging and modeling share a common goal of
extracting time-resolved and spatially resolved structure in
SgrA”, but there are key differences between the methods in
how prior assumptions about the spatial and temporal
variability are incorporated. StarWarps imaging allows for
more freedom in the recovered spatial structure but assumes
strong temporal regularization between frames. In contrast,
snapshot geometric modeling is restricted to a parameterized
set of spatial structures but makes no assumptions on image
correlations in time. Although snapshot geometric modeling
cannot recover spatial structures outside of the m-ring model
specifications, it allows for quantifying the uncertainty in m-
ring model features (and their temporal variability), as it
estimates full posterior distributions for the particular geometric
model used.

Diagnostics —To characterize our dynamic reconstructions,
we mostly investigate trends of the brightness PA (see Equation
(21) in ME7" Paper IV) with time. The PA is a simple and
casily characterizable feature of the brightness distribution
around an asymmetric ring. For Starwarps reconstructed
movies, we extract the ring PA on the different snapshots using

% In the lamguage of the temporal regulasization parameter defined above, for
geometric modeling 3" — oo

159 tmps: / / githwsh com,/ piede / Comrade i

1% Note that model fits is Paper IV use 1205 snapshoes, whereas in this
section we use 60 s snapehots,
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REx: in m-ring model fitting results, the PA is obtained directly
from the fitted model as the argument of the first azimuthal
Fourier mode.

Ring Assumprion.—Many of the results in this section apply
strong prior assumptions that Sgr A™'s underlying structure is
ring-like, motivated by the ring morphology recovered in static
image reconstructions using the full (k, v)-coverage (Section 7).
StarWarps reconstructions enforce a ring constraint by
setting the mean prior image p to a ring with =50 pas diameter
and a width set by a circular Gaussian blurring kernel. In
geometric modeling, the ring assumption is intrinsically
imposed by the structure of the m-ring model. In
Section 9.4.1 and Appendix J we explore the sensitivity of
our results to the choice of mean image y in StarWarps.

9.3. Synthetic Data Tests

Sparse snapshot (i, v)-coverage can lead to artifacts in both
imaging and geometric modeling results. These artifacts appear
in static imaging but are further amplified in dynamic imaging
owing to the far-sparser coverage (Farah et al. 2022). Thus, it is
important to assess how the sparse (u, v)-coverage during the
selected time window may affect the recovered results and
whether it may introduce biases in recovered image features,
particularly the PA of ring-like images.

9.3.1. Static Crescents

In Appendix J.3 we present synthetic data tests conducted to
characterize the effect of the sparse snapshot EHT2017 (i, v)-
coverage on PA recovery from static crescent images. These
tests show that there are significant biases in the recovered PA
from 60s snapshots when the brightness asymmetry of the
ground-truth ring image is low. When there is a strong
asymmetry in the brightness distribution around the ring,
however, the PA is accurately recovered even with 60s
snapshot (x, v)-coverage.

9.3.2. GRMHD Simulations

We explored how our methods perform in recovering time-
varying PAs from three selected GRMHD simulation movies.
We used three representative GRMHD movies from the
GRMHD library presented in Paper V (see Section 5.2).'"
We generated visibility data from the three movies over the
100-minute dynamic analysis window on April 7 using the
same procedure described in Section 5, including atmospheric
noise, telescope gain errors, and polarimetric leakage.

Figure 25 presents results obtained from both dynamic
imaging and modeling reconstructions of these three synthetic
data sets. The ground-truth simulation PA evolution is
recovered (with ~30°) for the first two models (Simulations
1 and 2). However, there are several localized deviations in the
recovered PA distributions from the ground truth in these
models, especially when the instantancous (u, v)-coverage
worsens (e.g., during the LMT dropout time region). For the
third model (Simulation 3) both the dynamic imaging and
modeling methods recover significant offset from the true PA.
One potential cause of this offset is the prominent extended jet
structure to the northwest of the ring in the SANE simulation.

'*1 Simulaticas 1 and 2 are using 8 MAD GRMHD model with parameters
e = 0,0 = 10, Riygy = 10. Simmulation 3 is wsang a SANE GRMHD moded with
@y = 094, { = S0, Ry, = 160,
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This extended structure cannot be captured in either the
dynamic imaging or modeling methods owing to their strong
prior assumpaions of a ring-like morphology.

In the bottom row of Figure 25, we investigate the complex
variance of the Fourier transform of the reconstructed images
across the selected time window for both the ground-truth
(scattered) movies and the reconstructions. We find that in all
three cases the reconstructions tend to introduce more
variability than is present in the ground truth. In Simulations
1 and 2 this excess varability does not prevent the
reconstructions from qualitatively recovering the correct PA
trend, but the PA results are not comrectly recovered in
Simulation 3.

These results indicate that although we often recover the PA
accurately from some realistic synthetic GRMHD data sets, we
should remain cautious when interpreting Sgr A" dynamic
results. Our methods sometimes incorrectly recover the PA,
especially if extended structure is present that is not captured
by the prior assumptions on the source structure made by the
dynamic imaging and modeling metheds. In addition to effects
from extended structure, there may be additional uncharacter-
ized systematic uncertainty from prior assumptions in the
reconstructions in these results derived from extremely sparse
snapshot SgrA” coverage.

9.4. SgrA” Spatiotemporal Characterizarion and Uncertainry

Here we present results of our analysis on Sgr A™’s spatially
resolved temporal variability on minute timescales on Apnl 6
and 7. using both dynamic imaging and snapshot geometric
modeling methods. In Figure 26, we show detailed results for
the Sgr A" PA evolution and data fits reconstructed using a
restricted range of dynamic imaging and modeling parameters.
In Figure 27 we show PA results obtained under a broader
range of parameter settings.

In general, we find that snapshot geometric modeling results
performed under different m-ring orders, scattering mitigation
strategies, and modeling codes produce fairly consistent results.
The modeling results show broad posteriors of PA at each 60s
snapshot but still indicate significant differences between April
6 and 7 and between the first and second halves of the 100-
minute window on April 7. In rough terms, the PA on April 6 is
centered around ~—50°, with some scatter around this value
over the time window. In contrast, on April 7 the modeling
results show PA posteriors that are initially centered around
~90° and then shift to values centered around ~—350° in the
second half of the time window.

Compared to snapshot geometric modeling, dynamic
imaging allows for more freedom in spatial and temporal
regularization and, as a result, is more sensitive to parameter
choices. Dynamic imaging results can produce movies that
reproduce the PA trends on Apnl 6 and 7 recovered by
snapshot modeling. These PA trends—a stable PA on April 6
and a shifing PA on Apnl 7—are predominantly seen in
dynamic imaging reconstructions with low temporal regular-
ization and ring-like spatial priors. Geometric modeling makes
similar assumptions, imposing no temporal regularization and
enforcing ring structure in the form of the model. In Figure 26,
we directly compare dynamic modeling and imaging results
under these strong assumptions.

Even in the limited space of dynamic imaging reconstruc-
tions conducted with weak temporal regularization and ring-
like mean prior images, the imaging results are sensitive to
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Figure 25, PA recovered from synthetic diga from three different GRMHD simulstions on Apnl 7 EHT coverage dunng the dymamic analyss window wang both
StarWarps dynamec imaging aad DPI snapshot geometric modeling techniques. Top row: ground-eruth GRMHD movie snapshots (incloding interstellar scattering )
from each of the three simulations & 1.7, 2.5, and 3.2 GMST. Middle row: ploes of PA vs. time for the reconstrections compared with the simulation groesd truth (in
red). The shaded red region indicates the crcular staadard deviatson of the ground-suth PA computed using REx (refer to Section 8§ and Chael 2019). Modeling
hissograms (blue) correspoad to actwal marginal postesior dismributoas, whereas for StarWarps imaging the histograms represeas the distributica of PAs and their
assocated uncertmnties for a collectioa of movies recoastructed under different parameter settings. The gray band at roughly 2.6 GMST indicates the time peniod
whese the LMT dropped out of the observation. Botsam row: visibility vanance in the (x, v)-plane over the selected time window for the ground-eruth simelation
movies (left, red) and the recoaszruction (right, green). In Simulations 1 and 2, both dynamic imaging mad snapshot geometnic modeling methods are often able o
carrectly identsfy the PA of evolving GRMHD movies during thes time window, bet they show significant offsets from the correct PA in Simulation 3. From kft to
right, the maxsmum varisece of the ground-trath (reconstructed) movie is 0.85 (262) x 1077 Jy®, 4.45 (1207) = 1077 Jy*, and 3.94 (7.79) = 10~ % Jy*. Contours start
at N% of the peak vaniance and decrease by soccessive factoes of 2 waril they reach 0.74%.

other hyperparameters. In particular, Figure 26 indicates that
we recover two modes of PA evolution on April 7 even with
the mean prior image and temporal regulanzation level fixed.
We present representative snapshots and fit to the closure phase
data from these two modes in the right panels of Figure 26.

When the ring-like mean image prior is changed or the weak
temporal regularization is increased in StarWarps dynamic
imaging, significantly different PA variations can be recovered
from the same data. In Figure 27, we show that when the ring
assumption is relaxed and a disk prior is used in reconstruction,
StarWarps results show drastically different PA trends over
time. In particular, in reconstructions initialized with a disk
prior, the PA curves on April 6 and 7 appear to be flipped by
180° (i.c., on April 7 the PA transitions from ~90° to ~—50°).
We further show in Figure 28 that when using stronger
temporal regularization in the StarWarps dynamic imaging
the PA stays constant, eliminating the shift from positive to
negative PA trend on April 7. We discuss these tests further in
Section 9.4.1 and Appendix 1.5.

Note that April 6 and 7 have nearly identical (i, v)-coverage
during the selected 100-minute region of time. We can thus
compare the results obtained over these 2 days to help
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disentangle effects of (w, v)-coverage from any effects due to
intrinsic evolution. If the PA trends that we recover are due
primarily to biases from the (&, v)-coverage, we would expect
to recover the same PA trends on both days. However, we
consistently see different PA trends with time using the same
parameter settings in both dynamic imaging and modeling
methods. This implies that differences in the visibilities, not the
(u, v)-coverage, drive differences in the PA evolution we see on
the two nights in some reconstructions, but it does not help
select among any of the different reconstruction modes on
cither day.

9.4.1. Effect of Model and Imaging Choices

The PA evolution recovered with dynamic imaging and
modeling methods is sensitive to choices made in the imaging
and modeling procedures that enforce constraints on the spatial
and temporal structure of the reconstructions. Enforcing strong
spatial or temporal priors will suppress any structural
variability, while adding too much flexibility in a model with
sparse data constraints will lead to overfitting or uninformative
posteriors. In Appendix J.5 we present in detail several tests of
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Figure 26, Lelt: meam aximuthal beighiness peofiles from the StarMarps movie reconstructions, sewrapped around the nimg a5 a fusction of time, and PA
distributsons obtained from dynamic mmaging and snagehot geometric modeling reconstroctions of EHT Sgr A dita on April 6 (top) and 7 (botiom) im the selected
tme window. Geometric modeling distibutions are marginal PA postenors from 0P L. Imaging histograms repeesent the dastrbation of PAs and their ssocisled
uncertaanties from a collection of StarWarps movies reconstructod under different parseneter settimgs with the spatial prior mean ¢ and temporal reguelarizstion .i’o'
held fixed (refer to Equason (7)), Blank spaces indicate time regions withoul smy dista. The gray band o roughly 2.6 GMST imdicates the regon where the LMT
droppad out and &ila covearage is poor. Both dynamac immaging and modeling sppear o sdentify a nearly constant PA oa Apel 6 but a vamable PA over the same ime
window on Ageil 7. In the reconstructsons in this fgure, both dynamec imaging aed modeling make 3 prioe assumplion that the source moephology is ring-like;
StarMarps imaging uses a proe/inialization image of 4 uniform ring, while geometric modeling uses a second-order m-ring (w = 2) model. Both dynamic
wmaging and modeling recover “descatiered” movies using the J1 Bnode L1 refractive noise model. Right: focus om the two modes reconstruciod by Starwarps on
Apnl 7. For each mode, the top panels show three reconstrectied smapshots ot different times, and bottom panels comgpare the fittmg of the coemesponding recomstrucied
movie (magenta or yellow) and a representalive static recomstruction from the eht-imaging static imaging pipeline (white) to the chosure phase dala messured by
theoe key triangles, The dymamic recomstruction on the top (magenta) shows an evolving PA shiflt over the observatson window. In contrast, the reconsinection om the
bottom has a nearly comstant PA of ~100° (yellow). In the sedected closure phisse plots (bottom rows), the messured data are averaged in 60 3 snigebots and the error
bars do mot melude a vanability moase model, The static image visibilities (while) captuse the general trend of the data, but they do not well it variability in the closure
phasex. [m comtrast, both sclecked Starwarps dymamee reconstroctxons betier fil the data on minule tmescales. We find that the fit's behavior on the SMT-LMT-
SMA tangle has a large mflueace on the resuking PA of the movee ca April 7. A positive SMT-LMT-SMA clasure vabee tends to result in 2 southeast PA (~1007),

wheseas a negative value results in a moce northwest PA (~-807),

these choices for both imaging and modeling methods; here we discuss the details of these prior choices in Appendix J.5.1. For
highlight the most important results. geometric modeling, we tested ring-like models of increasing
Spatial Priors —Constraints on the spatial structure are complexity in their azimuthal brightness distribution, from
enforced via the m-ring order in geometric model fitting and via crescent models (m = 1) to higher-order m-rings. When fitting
the choice of mean image prior in dynamic imaging. To test the m-rings to Sgr A" snapshot data, we explored m from 1 to 4 and
effects of different mean prior images in StarWarps, we selected the order to use based on the Bayesian evidence across
produced reconstructions using uniform ring priors with all data sets—settling on m = 2 (see Appendix J.5.2).
increasing widths (from convolution of the ring described in Figure 27 shows histograms of the dynamic imaging PA
Section 5 with circular beams of 11, 15, 20, and 25 pas results made using different mean prior images and PA
FWHM: henceforth ring” 11 as, ring”15pas, ring"20pas, and posterior distributions from geometric modeling results from
ring"25pas priors, respectively). We also used a tapered disk different m-ring orders. We also compare modeling results
with diameter ~74 pas (see Figure 7) as a prior that does not from two different modeling codes in Figure 27. The
feature any central dip after convolution of the disk with a reconstructed PA trends are fairly consistent on both days
circular beam of 15 pas (henceforth, disk”15pas prior). We among the different m-ring orders in geometric model fitting. In
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StarWarps imaging, reconstructions using ring-like mean
prior images of several different thicknesses produce similar
trends, with a stable PA on April 6 and a PA transition from
positive to negative values on April 7. However, when a disk
prior is used in StarWarps, the PA tends of both April 6 and
7 change drastically and appear to be flipped by 180°
Figure 44 in Appendix J shows image snapshots and data fits
for StarWarps reconstructions with both disk and ring mean
prior images. Note that although the PA evolution is different
from the movie reconstructed using a ring prior, the movie
reconstructed with a disk prior stll results in a ring-like
structure, though with a less prominent central brightness
depression.

Temporal Regularizarion.—Geometric modeling enforces
no correlations in between temporal snapshots, while dynamic
imaging can enforce correlations via temporal regularization.
Figure 28 shows that when using stronger temporal regulariza-
tion in StarWarps (lower values of ﬂ[;') the PA becomes
constant in time on both April 6 and 7—a result of the method
enforcing strong continuity between frames. Note that in the
case of high temporal regularization the SMT-LMT-SMA
closure triangle fits in the second half of the time window on
April 7 appear offset with respect to the data, although still
within two standard deviations of most data points.

We also show that reconstructions with low levels of
temporal regularization produce prominent variance in the
model visibilities plane at (4, v) points that are not sampled by
our coverage during this time window.'™ In contrast,
reconstructions with more temporal regularization lower the
overall variance of model visibilities everywhere in the Fourier
plane and place the peaks in the variance maps at (u, v) points
sampled by the EHT. We discuss the imu?malion of the
different temporal regularization values J; used here in
Appendix J.2 and further tests of the StarWarps temporal
regularization in Appendix J.5.1.

Scanering —Another choice made in both dynamic imaging
and modeling procedures common to both static and dynamic
reconstruction methods is the strategy for mitigating the effects
of interstellar scattering in Sgr A” data. We investigate the
effects of the same five prescriptions for scattering mitigation
we use in static imaging on the dynamic reconstructions in
Appendix J.4. In general, we find that choices made in the
scattering mitigation procedure contribute less to our overall
uncertainty than choices related to the spatial prior or temporal
regularization.

9.5. SgrA® Dynamic Property Conclusions

Our aim in this section has been to use the 2017 EHT data to
explore spatially resolved dynamics of SgrA® on minute
timescales. First, we identified the time windows with the best
(u, v)ycoverage during the observation run—a roughly 100-
minute window on April 6 and 7. We identify a significant
difference between the closure phases on April 6 and 7,
signifying that the underlying structure is different on the 2
days. We reconstruct movies from this small slice of the EHT
data using dynamic imaging and geometric snapshot modeling
methods. We track the average PA in our dynamic imaging and
modeling results as a way of following a specific, dynamic, and

led As shown m the GRMHD systhetic dala tesls, il is mot necessary thal the

peaks mn the (i, ¥)-plane varabiley map algn wieh measured data points to
correctly idestify PA evolution,
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measurable aspect of the source over time. We find that we are
able to recover the PA in synthetic EHT data from some
GRMHD simulation movies; however, there are prominent
cases when this is not the case and both geometric modeling
and dynamic imaging methods recover biased results.

On April 6, most dynamic imaging and modeling results
show a stable PA in the Sgr A" images over the selected
window. In contrast, the recovered PA evolution on April 7 is
more dependent on prior assumptions on the spatial structure
and temporal regularization. On April 7, when using a ring
image as a spatial prior and weak temporal regularization,
dynamic imaging results largely align with geometric modeling
results and show an evolution in the PA of ~140° over the
~100-minute window. However, we also see several other PA
trends in the dynamic imaging results, including a PA evolution
in the opposite direction and modes where the PA is static on
both days.

These results, along with our synthetic data tests, show that
while the 230 GHz image of Sgr A" may exhibit interesting and
measurable dynamics, our current methods cannot conclusively
determine the PA evolution of Sgr A®. Dynamic reconstruc-
tons of SgrA® with EHT2017 coverage should thus be
interpreted with caution. This analysis provides a promising
starting point for further studies of future evolution seen in
Sgr A® EHT observations with denser (u, v)-coverage.

10. Summary and Conclusions

We present Sgr A" static and dynamic imaging results for
data taken with the EHT in 2017 April. Sgr A™ was observed
with eight EHT stations at six geographic sites over five
observing days, out of which the highly sensitive phased-
ALMA array participated in April 6, 7, and 11. April 7 is the
only day in which the castemmost station PV participated,
providing the best (i, v)-coverage that probes a null at ~3.0
GA On April 11 SgrA® exhibits the highest variability in the
light curve during the 2017 campaign (Wielgus et al. 2022),
possibly related to an X-ray flare observed shortly before the
start of the EHT observations (Paper II), rendering static
imaging for this day particularly challenging. For these reasons,
April 7 has been used as the primary data set, while April 6 is
considered as a secondary data set. Results from the remaining
2017 EHT observations of Sgr A® will be presented in future
publications.

Similar to the 2017 EHT observations of M87® (ME7"
Papers I-VI), the data sets analyzed in this paper are the first
with sufficient sensitivity and (i, v)-coverage to reconstruct
images of SgrA” on event horizon scales with an angular
resolution of ~20 uas. Imaging SgrA® with the EHT is,
however, significantly more challenging than M87" owing to
the interstellar scattering toward the Galactic center, and most
importantly the rapid intraday variability that characterizes
SgrA’, with timescales much shorter than the duration of our
typical EHT observing runs.

To mitigate the scattering effects in our Sgr A" reconstruc-
tions, we have developed a strategy based on Fish et al. (2014),
Psaltis et al. (2018), and Johnson et al. (2018) to account for the
angular broadening and substructure induced by diffractive
(Section 3.1.1) and refractive (Section 3.1.2) scattering,
respectively. Images of SgrA® have been obtained with and
without these scattering mitigation prescriptions to assess their
impact in our reconstructions.
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It is, however, the rapid intraday intrinsic variability of
SgrA’, coupled with the sparse (u, v)-coverage as compared
with regular VLBI observations, that poses the strongest
challenge for reconstructing horizon-scale images of SgrA®
with the EHT. With a typical variability timescale of a few
minutes, the horizon-scale brightness distribution can change
significantly during our typical multthour observing runs,
which violates the fundamental assumption for Earth-rotation
VLBI aperture synthesis. To overcome this extraordinary
challenge, we have included a “variability noise budget” in
the observed visibilities (Section 3.2.2) that facilitates the
reconstruction of static full-track images capturing the time-
averaged structure.

Static full-track imaging of SgrA® has been conducted
through surveys over a wide range of imaging assumptions
using the classical CLEAN algorithm (implemented in
DIFMAP), RML methods (eht-imaging and SMILI), and
a Bayesian posterior sampling method (THEMIS), as described
in Section 4. Imaging surveys, exploring ~10°-10° parameter
combinations, were first performed on synthetic data sets
designed to be qualitatively consistent with Sgr A® measure-
ments, including its characteristic temporal variability
(Section 5). The use of synthetic data sets allows us to assess
the capability to accurately reproduce different morphologies
with our imaging methods and to select the “Top Sets™
imaging parameter combinations for RML and CLEAN
methods that successfully reproduce the known ground-truth
movies (Section 6.2.2).

Unlike for M87°, where a persistent ring structure is
observed across imaging pipelines (M87" Paper IV), our static
reconstructions of SgrA” show structural changes within and
across the different imaging methods used. The variety of
images can be classified into four main clusters of images
comesponding to ring images with three different azimuthal
brighmess distributions and a cluster that contains a small
number of nonring images with multiple morphologies. This
classification is resilient to the scattering mitigation prescrip-
tion used, including no mitigation.

Although the relative fraction of nonring images in the Top
Set reconstructions from RML and CLEAN is very small (£5%
in the April 7 descattered images), we note that the Top Sets do
not sample from the Bayesian posterior likelihood and are
instead meant to characterize the range of possible images due
to epistemic uncertainty. On the other hand, the full Bayesian
imaging approach implemented in the THEMIS pipeline does
provide a Bayesian posterior exploration that characterizes
aleatoric uncertainty. Scattering-mitigated Sgr A" reconstruc-
tions from THEMIS for April 7 only contain ring images with a
very similar structure to that found for RML and CLEAN
methods, although it also identifies a small number (2%) of on-
sky nonring images (Section 7).

The April 6 data set suffers from poorer (u, v)-coverage and
likely more unusual intrinsic variability. This results in April 6
reconstructions that contain a less prominent ring structure in
the RML and CLEAN pipelines. Nonetheless, the diameters of
the ring structures recovered for April 6 are consistent with
those of the April 7 ring images. In addition, although
descattered THEMIS samples of April 6 primarily show a
corrupted ring or nonring structure, THEMIS posterior samples
for the combined April 6 and 7 data sets exhibit only clear ring-
like images for both the on-sky and scattering-mitigated
reconstructions.
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Imaging of a synthetic GRMHD data set with data properties
similar to those of Sgr A” and characterized by a ring image of
~50 peas (Section 6.4.2) shows similar imaging results to those
found in SgrA®: RML and CLEAN methods recover ring
images with different azimuthal orientations and a small (<5%)
Top Set fraction of nonring images, while the THEMIS posterior
sample only recovers ring images.

We conclude that the Event Horizon Telescope Sgr A® data
show compelling evidence for an image that is dominated by a
bright ring of emission. This conclusion is based on our
extensive analysis of the effects of sparse (u, v)-coverage,
source variability, and interstellar scattering, as well as studies
of simulated visibility data, which find that nonring images are
recovered in the minority by our imaging pipelines for variable
sources with an intrinsic ring morphology (Section 7.5).
Representative first event-horizon-scale images of SgrA” are
shown in Figure 13, obtained from the Aprl 7 data set by
averaging similar Top Set and posterior images together.
Despite  the different azimuthal brightness  distributions
observed. all ring images have a ring diameter of ~30 pas on
both April 6 and 7, consistent with the expected “shadow” of a
4 x 10" M black hole in the Galactic center located at a
distance of 8 kpe.

We also present preliminary dynamic imaging and modeling
analysis of SgrA’ on horizon scales in an atempt to
characterize the azimuthal variations on minute timescales
and their uncertainties. We applied dynamical analysis methods
to a 100-minute interval of the 2017 Sgr A® data with the best
coverage on April 6 and 7. On April 6, most dynamic imaging
and modeling methods recover a stable PA. In contrast, on
April 7 the recovered PA evolution is more dependent on
spatial and temporal regularization; April 7 frequently shows
an evolving PA over the 100-minute window when we impose
strong priors on the spatial structure but weak temporal
regularization. However, when expanding the parameter space
available to the imaging and modeling methods, we recover
disparate modes in the PA behavior, including some recon-
structions that are nearly static. Our initial results show that
significant uncertainty exists in any attempt to characterize the
spatially resolved dynamics of Sgr A” using sparse EHT 2017
data, but this analysis provides a promising starting point for
further dynamical studies of SgrA”™ with fumre EHT
observations.
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Appendix A
Estimating Static Image Posteriors with THEMIS

A.1. The THEMIS Image Model

THEMIS is a general sampling-based parameter estimation
framework developed for comparing parameterized models
with the VLBI data produced by the EHT (Broderick et al.
2020a). Implemented within THEMIS are a wide variety of
image models, ranging from phenomenological geometric
models (Gaussians, rings, etc.) to physically motivated ray-
traced radiative transfer models (e.g., semianalytic accretion
flow models). Of relevance here is a set of splined raster
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models, described in detail in Broderick et al. (2020b) and
applied to polarized reconstructions in M87" Paper VIL In
these, the image reconstruction process is replaced with a
model reconstruction problem in which the intensities at
control points on a rectilinear raster grid are varied, with the
final image produced at arbitrary locations via a cubic spline.

The image model presented in Broderick et al. (2020b) has a
fixed FOV in the two cardinal directions. As described in M&7"
Paper VII, this restriction has been subsequently relaxed, with a
more general set of models, adaptive splined rasters, that permit
a rotation of the raster and a resizing of the FOV among its
principal axes. In this way, not only can the brightness at each
control point vary, but the locations of the control points
themselves can also evolve. This results in a very flexible
image model even when the dimension of the raster is small.
The splined raster and adaptive splined raster models may be
combined with any other THEMIS models, and typically large-
scale features will be absorbed by a large-scale Gaussian
component. The dimension of the underlying image model is,
then, the sum of the number of control points, N, x N,, two
fields of view and the orientation of the raster, and the number
of parameters associated with a potential geometric addition.

The THEMIS model has been fit to a vanety of EHT data
types. The bulk of the THEMIS-based analyses presented here
employed the light-curve-normalized, LMT-calibrated complex
visibilities directly. The residual complex station gains are
reconstructed during each model evaluation and marginalized
over via the Laplace approximation (see Section 6.8 of
Broderick et al. 2020a). Lognormal priors are imposed on the
station gain amplitudes with uncertainties that depend on the
a priori calibration estimates (see Section 2.2). Network-
calibrated sites (ALMA, APEX, JCMT, SMA) are assumed to
have a lognormal lo uncertainty of 1%:; following the LMT
gain amplitude correction, it is assumed to have a residual
lognomal 1o uncertainty of 20%: and the remaining sites (PV,
SMT, SPT) are assigned a lognormal lo uncertainty of 10%. In
this way THEMIS fully explores the potential station gain space
during its exploration of the underlying image space. Some
carly analyses made use of visibility amplitudes and closure
phases. For these the station gain amplitudes were recon-
structed in a similar fashion to that described above, though
with a larger lognormal prior on LMT gain of 1004 and 204
on all other stations.

A.2. Scattering and Variability Mitigation

Application of THEMIS-based imaging methods to SgrA”® is
complicated by the presence of the confounding factors
described in Section 3. Unless otherwise stated, diffractive
scattering is mitigated via the scattering model from Johnson
et al. (2018) directly to the model visibilities, i.c., instead of
deblurring the data, the model is blurred. Refractive scattering
and variability are mitigated via a scheme similar to that
described in Section 3.1.2. Unlike the description there, for the
THEMIS analyses, the additional noise terms are treated as
parameterized contributions to the visibility uncertainties as
described in detail in Georgiev et al. (2022).

Explicitly, the THEMIS analyses assume that the visibility
uncertainties are described by

af(am.f. a, b, c, uy)

= dilh + Urlu +levF + "3.("- b. ¢, up), (AD)
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where o, is the intrinsic thermal uncermainty, |V] is the
measured visibility amplitude, and o, is given in Equation (2).
Within this prescription, the o, is conceptually identical to the
Const approach to refractive scattering mitigation described
in Section 3.1.2, with the exception that it is not fixed.
Similarly, the fractional contribution f]V] is conceptually
identical to the systematic noise term, again with the sole
distinction being to treat [ as a free parameter.

A.3. Likelthood and Parameter Priors

For analyses that fit the visibility amplitudes and closure
phases, the THEMIS log-likelihood is given by the appropriate
combination of log-likelihoods from Sections 6.3 and 6.8 of
Broderick et al. (2020a). For analyses that fit the full complex
visibilities with the noise modeling, the log-likelihood is

Lip.q)

oy, [lfa ~VugpP | )

+ —
207(g) 2

where {V,} are the light-curve-normalized visibility data, p are
the image-model parameters, and ¢ = {op, f. a, b, ¢, up) are
the noise model parameters. The novel terms on the right-hand
side are simply the o-dependent normalization; while normally
constant, in this instance they induce a penalty term that
constrains the g. When descattered, the diffractive scattering
kemel is applied 10 the model, as opposed to deblurring the
data, which maintains a consistent treatment of the “noise”
model among the descattered and on-sky analyses.

Priors on each of the image-model parameters are listed in
Table 6. In summary, uninformative logarithmic priors are
assumed on the brightness at the control points, the raster size
and orientation, and a potential shift from the correlation phase
center. Similarly uninformative priors are imposed on the
refractive scattering mitigation and systematic uncertainty
terms of the noise model. In contrast, informed priors are
imposed on the remaining parameters of the noise model, set by
the pre-modeling considerations from Georgiev et al. (2022)
and applied to SgrA® in Paper IV. The relevant interquartile
ranges are data set specific and are listed for the THEMIS
analyses reported here in Table 2 for SgrA® and the various
synthetic data sets in Section 5.

In [2«03@)1}. (A2)

A4, Reconstructing the Posterior with THEMIS

THEMIS provides a number of sampling schemes with which
to explore the likelihood surface. The bulk of the THEMIS-
based analyses presented here employ a set of Markov Chain
Monte Carlo (MCMC) samplers to explore the large-dimen-
sional parameter space, {p. ¢}. To efficiently traverse the prior,
identify multiple modes, and rapidly locate the global
maximum, THEMIS makes use of paralle]l tempering, in which
multiple, tempered copies of the likelihood, £3 = 4L, are
simultaneously explored: higher-"temperature” copies (7 — 0)
become the reference distribution, which we take to be uniform
in the prior bounds, while the bottom “temperature™ (7= 1) is
the posterior to be sampled. These are coupled via the
deterministic even—odd swap tempering scheme (Syed et al.
2019), which efficiently moves information through the
multiple, tempered levels. Periodically, the 3 are optimized to
efficiently move information from the prior to the posterior
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following the scheme from Syed et al. (2019). Each individual
tempering level is sampled via the Hamiltonian Monte Carlo
sampling kemel from the Stan package (Carpenter et al. 2017).

Convergence is assessed via chain statistics, such as
integrated autocorrelation time, approximate split-R tests,
parameter rank distributions, and visual inspection. Recon-
struction quality is determined by inspection of the best-fit
sample’s residuals and “reasonableness” of the associated
image and gain reconstructions. Pathological solutions are
uncommon and are typically indicative of poor sampler
initialization and/or errors in the input. The number of
tempering levels is chosen to exceed the global communication
barrier A (Syed et al. 2019), typically near 20, and is run for
5 x 10°-10° MCMC steps per tempering level.

Appendix B
Refractive Noise Levels Anticipated for EHT Data

To assess the effects of refractive scattering on our EHT
measurements, we use the stochastic optics module
implemented in the eht-imaging library (Chael et al. 2016,
Johnson 2016). The stochastic optics allows the
simulation of scattering realizations for a given intrinsic image
and generation of the corresponding synthetic data sets. Here,
we focus only on the refractive noise that would affect our
imaging, i.e., the substructures on the scattered image. The
other effects—centroid shift due to the position wander or total
flux modulation—do not affect the image reconstruction of data
calibrated by self-calibration and obtained from a single on-sky
realization of scattering (Johnson et al. 2018).

The refractive noise level at each (u, v)-coordinate is
determined by the standard deviation of the flux-normalized
visibilities for all realizations, where the centroid of each
realization is shifted to the phase center to mitigate the effects
of position wander. We adopt a dipole model for the magnetic
field wandering in the scattering screen (Johnson et al. 2018).
Note that the refractive noise does not depend strongly on the
choice of the model for field wander (Psaltis et al. 2018) for the
source size anticipated from EHT data and scattering
parameters constrained by Johnson et al. (2018).

We first compare the refractive effects for different
combinations of the power-law spectral index o of the density
fluctuation of the ionized plasma (see Section 3.1.1) and the
inner scale of turbulence ry,. Our refractive noise prescriptions
Jl8modell and J18model? are derived with a = 1.38 and
rin = 800 km, which are the best-fit values in Johnson et al
(2018). These measwrements have the uncertainties of
l3<a<15 and 600km < r,, < 1500km (Johnson et al
2018). Figure 29 shows an example gallery of scattered images
and corresponding noise levels in the visibility domain for each
combination of o and r, in these ranges. The level of refractive
substructure and the kernel size of diffractive angular broad-
ening increase with o and r,, (Psaltis et al. 2018). Based on the
results shown in Figure 29, we adopt a scaling factor of up to 2
to cover the cases of highest refractive noise level in the
possible ranges of these two parameters.

Refractive noise is expected to also be dependent on the
intrinsic source structure (e.g., Johnson & Narayan 2016). To
assess this dependence, we estimate the refractive noise levels
based on a circular Gaussian and the time-averaged images of
the seven geometric models introduced in Section 5.1, for
a=1.38 and r, = 800 km. As described in Section 5.1, these
geometric models provide a broad consistency with the
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Figure 29, Dependence of refractive substructuses on the power-law index o
and inner scale of the wrbulence r,. (20 Example realizations of the on-sky
(Lo, scatiered) images of the arescent model in Section 5. Each row shows a
realization for a dfferent power-liw imdex o (1.3, 1.4, wd 1.5), while each
column shows a different r,, (600, 800, and 1200 km). (b) The corresponding
levels of the Mux-nommalized refractive noise mticpaled for (u, v)=coverage of
April 7 Sgr A" dita. The coeresponding noemakieed visibilsty smpliludes are
shown in Figure 3

visibility amplitude profile of SgrA® data. The size of the
circular Gaussian is adjusted to have an FWHM of 45 pas,
consistent with the effective FWHMs of the other seven
geometric models estimated from their second moments. In
Figure 30, we show the refractive noise levels for the different
intrinsic source models. The refractive noise level is only a few
percent of the total flux density regardless of the intrinsic
source structures. The standard deviations across different
geometric models are typically <0.4% of the total flux density.

Jl8model? was derived by taking the mean of the
refractive  noise levels of seven geometric models.
JlBmodell, on the other hand, is based on the refractive
noise level of the circular Gaussian model. However, the
circular Gaussian model has the lowest refractive noise level in
most of the (u, v)-coverage of Sgr A” data, indicating that the
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Figare 30. The levels of the flux-nomualized refractive noises as a functioa of
(u, vidistance for differest intrinsic strucvares. The refractive notse Jevel is
computed on (u, v)-coverage of Apnl 7 Sgr A’ daa. The camespoadiag
noemalized visibility snplitudes are shown in Figure 3.

refractive noise level from the circular Gaussian model, if not
scaled properly, may underestimate that of SgrA® data. We
derived a scaling factor to make the median of the y* of all
seven geometric models unity to minimize the effects of its
systematically low refractive noise level.

Appendix C
First Sgr A" Images from Blind Imaging

Independently performed comparison between synthetic and
real observational data can help to identify which image
features are likely intrinsic and which are most likely spurious
(see this approach in Bouman 2017 for synthetic data and in
MS87" Paper IV for observed EHT data of M87%).

To initiate the exploration of possible Sgr A” images while
minimizing influence from collective bias, in our first stage of
analysis we reconstructed images of Sgr A in five independent
tecams. The teams were blind to cach others”™ work and
prohibited from discussing their imaging results. This proce-
dure was similar to that done in M87" Paper IV for first images
of M8B7", with two notable differences. First, since the
participants in all teams were already aware of problematic
data from previous EHT imaging work, the team activities were
not blind to previously identified problems in the data that
could be affecting results. Second, as teams approached the
date to submit results, it was made known to the organizers that
teams would not be comfortable submitting only a single image
or movie, and the instructions were changed to submit three
representative images or movies per team.

No restrictions were imposed on the data preprocessing or
imaging procedures used by each team. Teams | and 2 focused
primarily on RML methods. Teams 3 and 4 focused primarily
on CLEAN methods. Team 5 used a Bayesian method. All
teams used an carly-release engineering data set. While the
reduction procedures and metadata comresponded to a pre-
liminary version of the calibration pipeline, the data products
were deemed mature enough for the blind imaging consistency
test. The April 7 data set was selected for the first comparison,
as it had the best (i, v)-coverage and a very stable light curve
over the full observation (Wielgus et al. 2022).

Figure 31 shows images of the three representative
submissions made by each team for Sgr A®. In cases where
dynamic movie reconstructions of Sgr A” were submitted, we
show the time-averaged image and indicate that the original
submission was a movie. Although most submissions contain
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Figure 3. The fist EHT mages of Sgr A°, blindly reconstructed by five
indepeadent imaging teams using aa carly, engineenng release of Stokes J data
from the Apnl 7 observations. Images from Teams | and 2 used RML methods
(no restoring beam); images from Teams 2 and 4 used CLEAN (restored with 2
circular 20 gaas beam, shown s the Jower right comer); images from Team 5
used THEMIS. Each tcam shows three representative images from their
reconstroctions. Some lmages with the label “"Movie" are time-averaged images
of movie reconstructions. Maay smages show nag-like morpbodogy with the
diameser of ~50 gas, whale some reconstroctioas show  non.ring-like
moephology. The sigmaficant differences in brighiness tempersiure between
mages are caused peimigily by dfferent assusmptions regarding the total
compact Max densily (see Table B) and also restormg besens applsed only to
CLEAN and THEMIS images

flux with a ~50 pas separation, not all submissions contain a
clear ring feature. Additionally, of the submissions that do
contain a ring feature, the azimuthal flux distribution varies
drastically. For example, Team 1 submitted three movies: one
containing a ring with a PA of ~30°, another containing a
ring with a PA of ~—70° and the third containing no ring
at all.

This initial imaging stage indicated that a ~50 pas feature
was likely to exist in the image, but there is significant
uncertainty in the presence of a ring structure, as well as the
flux disujbuﬁon around a possible ring structure. In Table 8, we
show x~ values to closure phases (ygp) and log closure
amplitudes (,\f._.(-‘,‘] for both engineering data used for imaging
and science release data described in Section 2, as well as the
compact total flux densities (F.p.). There are no significant
differences seen in y* values of images regardless of the
presence of a ring structure and between different azimuthal
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Table §
Image Properties and Duta Comsastency Metrics for the Fint Sgr A" Images
Team 1 Team 2 Team 3 Team 4 Team 5
Image Properties
Method Emage 1D RML RML CLEAN CLEAN THEMIS
Fo Uy) 1 237 207 150 164 159
2 238 4 1.29 LIg 161
3 238 199 1.25 069 173
Enginecering Dista (10 5 avg . Stokes 1. 056 syx emor)
Xep 1 227 (1.85) 235(1.75) 4.52 (4.20) 221 778
2 23180 08 251 i 679
3 281 (1.80) 208 230 1330 1358
Xieg ca 1 3440 467 (2.19) 276 (29%) 206 550
2 244 207 200 249 234 433
3 473 (2.08) 644 293 191 495
Science Release (60 s avg., Stokes J, 0% sys. emor)
Xop 1 555255 6.09 (1.96) 2508 (21.77) 458 s
2 6.08 (2.52) 139 1.27 12 4509
3 878 (2.31) 4.11 in 108 3% 10910
Xiog CA 1 7.12(1.52) 1075 (1.69) 831 (592) 279 22
2 402 (1.46) 231 543 966 1954
3 647 (1.79) 1695 21 T45 1001
Science Release (60 s avg., Stokes J, 10% sys. eoe)
Xer 1 242(1.3%) 262(1.1%) TA0 (692) 2132 1024
2 2410125 0 235 92 so2
3 424 (1N 207 256 1359 1669
Xing A 1 336 (0.74) 473 (0.89) 198 (2.86) 132 1070
2 1.89 (0.76) 126 249 1% 745
3 157 (0.88) 638 mn 159 466

Note. " F . \f.,. and \"" s mean the compact total flux density of the VLBI scale smages, y* to closure phases, and Jog closure amplitudes, respectively. For
movies, the vadues in the piroatheses show x° 1o the origimal movies, while the values outside of them show v 10 the time-averaged images.

intensity distributions of the ring structure. These ambiguous
results motivated a series of systematic tests to identify whether
source evolution (similar to that expected to be present in
SgrA”) could explain the multiple solutions recovered.

Appendix D
Imaging Pipelines
D.1. DIFMAP Pipeline

For this second stage of the imaging process we developed a
scripted version of CLEAN in DIFMAP (version higher than
2. 5k), together with a Python wrapper used over the script, for
carrying out an extensive parameter search. The initial manual
CLEAN analysis (see Appendix C), together with the pre-
imaging considerations (see Section 3), provided the set and
range of parameters to be explored on both the synthetic data
sets (described in Section 5) and the actual April 6 and 7 Sgr A"
data, processed with both fringe-fitting pipelines HOPS and
CASA, with high and low bands combined.

Prior to CLEAN imaging, the EHT data was preprocessed
using the pre-imaging pipeline discussed previously. This
includes intrasite normalization to the SgrA® light curve:
coherent averaging of the visibilities using 10 and 60 s; the
inclusion of an additional systematic error by a factor
of 0%, 2%, and 5%: and the scattering and noise mitigation
prescriptions with the common parameters listed in Section 6.1
(see also Table 3).

The first step in the DIFMAP imaging process is the gridding
of the visibilities in the (i, v)-plane, which was done by using
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two different approaches: uniform and natural weighting. The
next step is to down-weight the data on all baselines to phased
ALMA in the self-calibration process. As found for the case of
MB87 (M87" Paper IV), this prevents the ALMA baselines from
dominating the phase and amplitude self-calibration process
due to their significantly higher S/N. We have tested scaling
factors for ALMA baseline weights during self-calibration of
0.1 and 0.5.

Atmospheric fluctuations at the short wavelength of 1.3 mm
severely limit the S/N and the capability to reliably measure
the visibility phases. We therefore rely on the closure phase
measurements and the reconstruction of station phases using
the Comwell Wilkinson hybrid phase self-calibration approach.
However, the self-calibration with the CLEAN model solely
relies on the visibility phases and amplitudes, which forces an
initial self-calibration of the phases (visibility amplitudes are
much better constrained; Paper II), a process that is anchored
on the more robustly measured closure phases.

To mitigate any possible bias in our choice for the initial
model to self-calibrate the phases, and therefore to minimize
the chances of reaching a local minimum in our manifold of
image models, we have explored different initial models for the
first phase self-calibration. The “fiducial” initial model has
been chosen, based on the reduced-y” of closure phases with
the first reconstructed CLEAN model after the phase self-
calibration with the initial model among three different types: a
Gaussian with an FWHM of |5 pas (i.e., unresolved symmetric
model), a uniform disk with a size ranging between 56 and 84
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pas (in steps of 4 pas), and a uniform ring with sizes ranging
between 36 and 68 pas (also in steps of 4 pas, no width).

A distinctive feature of CLEAN imaging is the use of masks
(also known as cleaning windows) to define the area of the
image to be cleaned. For this purpose we used a set of centered
circular-disk-shaped CLEAN windows (1.¢., with no hole in the
middle to avoid any biasing).

The size of the cleaning windows should match the expected
emission extent of the imaged source. To avoid introducing any
prior bias, we have surveyed for a relatively large range of
mask sizes, from 80 to 110 pas, which covers our prior Sgr A®
image size constrains (Paper II). We note that, due to the
limited (u, v)-coverage, larger masks (=100 pas) may pick up
some emission from the main sidelobe of the interferometer,
which may be particularly problematic for the point-source
model given its diffuse emission, more difficult to recover with
the CLEAN algorithm.

Contrary to the case of M87 (M87" Paper IV), we do not
expect a large extended missing flux in SgrA” (Paper II):
hence, our CLEAN stopping criterion is based on setting a
minimum threshold for the relative decrease in the rms of the
residual image over the image noise estimated from the
visibilities.

As a result, the total number of surveyed parameters has
been 1680 for the on-sky data set and 6720 for descattered data.
Note that the descattered results are based on a 4 times larger
number of parameters owing to the scattering mitigation (i.e.,
refractive noise floor).

D.2. eht-imaging Pipeline

The eht-imaging software library implements the RML
imaging technique described in Section 4.2, As an RML
method, a successful image reconstruction is achieved when
the proper hyperparameters balance the contribution of the
selected data products and regularizers to the minimization of
Equation (4). Thus, we designed a framework around our
imaging pipeline to explore an extensive range of imaging and
data pre-calibration parameters.

The pipeline preprocesses the input data following the
procedure described in Section 6.1 as a first step. Only low- and
high-band light-curve-normalized data sets were used for static
imaging to minimize the effects of the source variability. We
opted for an integration time of 60 s and explored all the
nonclosing systematic error, scattering, and intraday variability
noise budgets tabulated in Table 4. The algorithm is then
initialized using a symmetric flat-disk image contained in a
square-shaped grid of 80 x 80 pixels, which corresponds to an
FOV of 150 pas. The disk diameter is surveyed as a parameter
with values of 70, 80, and 90 pas. Note that, among the
different imaging regularizers used in the pipeline, the
maximum entropy regularizer (MEM) rewards similarity to a
prior image, which in this case is assumed to be equal to the
initialization image.

Full closure quantities and visibility amplitudes are used as
data products. Contrary to ME7", the relative weighting of the
visibility amplitudes adopted ranges from a smaller to an
equally important contribution as clesure quantities, since
complex station gains were derived from calibrator sources
beforchand (see Section 5.1.3 of Paper II). Several imaging
regularizers and their relative weighting are employed to
constrain the image properties, such as MEM, total variation
(TV). and total squared vanation (TSV), which enforce
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similarity to a prior image and /or smoothness over neighboring
pixels, respectively.

Convergence to an optimal image that minimizes
Equation (4) is then carried out in an iterative process in
which the reconstructed image is blurred using a Gaussian
kemel with the FWHM of the array nominal resolution
(~24 pas), and then used as initialization for the next one to
prevent the algorithm from being caught in local minima. In
contrast to the MS87" pipeline, no seclf-calibration was
performed on the data, since the x° statistics obtained for the
output images of just one cycle of this iterative procedure were
already good enough.

D.3. SMILT Pipeline

The SMILI imaging pipeline was designed to reconstruct
images with RML imaging techniques utilizing three imaging
regularizers: weighted-¢, (£1), TV, and TSV, similar to M&7"
Paper IV. Before the imaging process, both low- and high-band
EHT data are preprocessed as described in Section 6.1, First,
data are normalized by the time-dependent intrasite flux density
and coherently time-averaged at an integration time of 120 s,
The intrascan fluctuations in LMT baselines are corrected by
self-calibrating the shortest VLBI baseline between SMT and
LMT to a circular Gaussian with a total flux density of | Jy and
an FWHM size of 60 pas. Finally, the pipeline applies the
parameterized mitigation schemes for the nonclosing errors,
scattering effects, and intraday variations as described in
Section 6.1.

The pipeline reconstructs an image from preprocessed data at
both low and high bands jointly with the FOV of 150 pas
discretized by 2 pas pixels. Throughout the imaging, the
pipeline adopts a prior image of a circular Gaussian with an
FWHM size of 140, 160, or 180 pas for the ¢, prior. The
imaging process consists of a total of nine imaging cycles,
including a single self-calibration of complex visibilities. Each
imaging cycle performs 5000 iterations of the L-BFGS-B
algorithm used for the gradient-descent optimization in the
SMILI's image solver.

In the first eight cycles of imaging, the images are
reconstructed from visibility amplitudes, closure phases, and
log closure amplitudes. To account for residual errors in the
amplitude calibration, the fractional 5% and 30% uncertainties
are added in quadrature to the errors of visibility amplitudes on
non-LMT and LMT baselines, respectively. The first cycle
starts with a circular disk image with a 70 pas diameter and a
total flux of 1 Jy, while the later cycles subsequently adopt the
image from the previous cycle as the initial image after
recentering its center of mass and blurring with a 5 peas circular
Gaussian.

After the eight cycles of imaging, complex visibilities are
self-calibrated with its output image. Since the budgets of
scattering and intraday variations are not fractional to visibility
amplitudes, these two budgets will not be properly scaled with
gains solved with a self-calibration. Therefore, to reflect these
two budgets accurately on self-calibrated data, the SMILI
pipeline updates these two budgets added to complex
visibilities and closure quantities after self-calibration. Finally,
the final image is reconstructed by a single imaging cycle using
visibility amplitudes and closure quantities.
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Figure 32 Mean images from the THEMIS postenoes for (N, N} = (4,4), (5, 5), (6,.6),(7, 7), and (&, %) from left to right. In each pasel the &ifference in the Jogarithm
of the Bayesian evideace, Alog Z, relative to the (7,7) moedel is listed in the lower left corner.

D.4. THEMIS Raster Dimension Survey

The sole hyperparameters in the THEMIS analyses not self-
consistently explored during the construction of the posterior
are the raster dimensions, N, and N,. While reasonable initial
guesses may be made based on the diffraction limit, in practice
we employ a data-driven method: comparing the Bayesian
evidence (or appropriate proxies) of different dimensions
(Broderick et al. 2020b).

Due to the computational expense of performing THEMIS
posterior reconstructions, we limit the number of raster surveys
performed to three: for the Sgr A™ April 6 data, the Sgr A" April
7 data, and the GRMHD synthetic data set presented in
Section 6.4.2. Of these, we present only that on the SgrA®
April 7 data here for brevity: surveys on the other data sets
were conducted similarly. Furthermore, while we did experi-
ment with N, = N, given the apparent symmetry of the Sgr A”
image, and not wishing to introduce any potential biases away
from symmetry in the model specification, we restrict ourselves
here to square rasters, Le., N =N,

Five individual analyses were performed on the April 7,
combined high- and low-band complex visibility data'™ as
described in Appendix A, differing in the raster dimensions:
(N, N,)=1{4,4),(5.5), (6, 6), (7, 7). and (8, 8). For cach, after
convergence, the Bayesian evidence, Z, was computed via
thermodynamic integration across tempering levels (Lartillot &
Philippe 2006). Mean images from each analysis and the
relative Bayesian evidence are shown in Figure 32.

For raster resolutions that are too small, the fit quality is
poor. For raster resolutions that are too large, the added model
complexity is not justified by the fit improvement. Importantly,
by selecting on logZ, we avoid potential complications
associated with the modifications of the likelihood due to
noise modeling, correlations between the high- and low-band
gains, and non-Gaussianity of the posterior.

As roughly anticipated by the diffraction limit, the preferred
raster size is (7. 7), which we adopt henceforth. This is
accompanied by a convergence of the image structure for raster
dimensions of (5, 5) and larger. Smaller and larger raster
dimensions are overwhelmingly disfavored. Nevertheless, by
(4, 4) the locations of the knots are identified, though the model
misspecification prevents a faithful recovery of their relative
brightness.

An identical procedure applied to the SgrA” April 6 data
finds that a smaller (6, 6) raster is prefemred, ostensibly due to
the smaller data volume. Similarly, when applied to the
GRMHD synthetic data set in Section 6.4.2, a raster dimension

153 o similar stady was performed usimg only the low-band data with similar
resuaks.
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of (6, 6) is again preferred, possibly due to the competition
between the simplicity of the ring structure.

Appendix E
Top Set Selection

E.I. The Effect of Relaxarion in pyy Criteria

As discussed in Section 6.2, we relaxed the normalized
cross-correlation criteria for each image by multiplying the
value of oyx obtained for o =24 pas beam by a relaxation
factor of 0.95. This relaxation factor allows us to recover a
large enough number of Top Set parameters for evolving
synthetic data with Sgr A" (u, v)-coverage. This contrasts with
the Top Set selection for M87 (M87" Paper IV), where no
relaxation factor was considered. The necessity of the
relaxation factor originates from the fact that temporal
variations of the source structure cause a loss in the image
fidelity of the reconstructions.

To ensure that this relaxed criterion is still able to distinguish
different morphologies, we show the Top Set images with the
worst (1.e., lowest) gy for each geometric model in Figure 33,
Each descattered or on-sky reconstruction in Figure 33 shows
the image that has the worst pyx among the Top Set images for
April 7. These images still retain resemblance to the ground-
truth morphology, demonstrating that Top Set selection with a
relaxation factor of 0.95 is still capable of reconstructing the
basic structures of synthetic images with varied morphologies.

E.2. %’ Distribution of SgrA* Images

Although the Top Set selection described in Section 6.4.1 is
sorely based on the image fidelity of the reconstructions from
the synthetic data sets, Top Set images of SgrA” provide
reasonable fits to EHT measurements. In Figure 34, we show
y~ distributions of all the SgrA” images passing the pnx
criterion using synthetic data reconstructions. )~ values were
computed for closure phases and log closure amplitudes formed
from data after being averaged at | minute, based on the same
definition as in M87" Paper IV. To account for nonclosing
effects, refractive scattering, and time varability, we include
156 of the fractional errors and the representative budgets for
scattering and temporal variability (see Sections 3.1 and 3.2),
respectively—in particular, the J18modell refractive noise
model and a variability model with parameters a=0.02, u, =2,
b=235, and ¢ = 2 are used. As shown in Figure 34, most of the
images have x” less than unity, and all the images provide
x’ <2, demonstrating that all Top Set images provide
reasonable fits to the SgrA® data within the anticipated
deviations of time-variable on-sky images from its intrinsic
time-averaged structure. Therefore, we adopt all the parameter
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E.3. Top Sets of Imaging Parameters for April 6

In Section 6.2.2, we show the results of the Top Set selection
for Apnil 7 data. Here, we show the summary of Top Set
parameters of each pipeline for April 6 data in Tables 9, 10, and

Sienple Disk
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Jowest) prex mmages of synthetic geometnic models among those reconstrocted from the Top Sels of imagmg pasamnetors (3) with and (b)

11, which are selected based on a method identical to that of
April 7 data.  Although the number of Top Set parameters for
April 6 exceeds 100, this number is significantly smaller than
the Top Set size identified for April 7 data. In particular, the
number of Top Set parameters is reduced to 22% (DIFMAP),
25% (eht~imaging), and 11% (SMILI) of the April 7 Top
Set size, as shown in Tables 3, 4, and 5. This significant
reduction is most likely due to poor (u, v)-coverage on April 6.
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E 4 5 Systematic 0 0.02 0.08
B error 19.0% 39.9% 41.3%
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Flgure 34, " dustributions of the images from each pipeline and epoch that v 0 0.01 0l ]
passed the oy criteria. y* of closure phases and log closure amplitudes are B .
shown ia blue and ceange, respectively. We assumed 1% systematic noise and 124% 273% 51.8% 8.0%
represenlative vanability mosse Io{ sealtered images, and we also added TSV 0 0.01 0.1 ]
refractive noise when calculating 1™ of deblurred images. 200% 34.8% 1585 04%
Prioe size N 30 90
(jeas) 153% 22.1% §T46%
MEM 0 001 0.1 1
4% 15.3% TT9% 35%
Amplirods 0 0.1 1
Table 9 weaght 0% 4.2% 95 8%
Pasamneters in the DILENMAP Papelime Top Set on April 6
d & Note, Same as Table 9
Ape. 6 (8,400 Param. Combinatsons; 365 in Top Set)
Systemmlic 0 002 00s
error 15.6% 173% 67.1% Table 11
P ters in the SMILT Pipeline Top Set Apeil 6
Ref type No Comst  2xCoast s 218 i ! o 5e an Ape
18.1%  23.0% 14.2% A4.1% W0 5% Apeil 6 (54,000 Param. Combaations: 292 in Top Set)
Opad No 0015 002 0025 Systemalic 0 0.02 005
21.9% 26 8% 1S 8% 25.5% emar M2% J18% 119%
e No 1 3 5 Ref type No Const 2% Coast s 2xJ18
219% 173% M4 4% 6 4% 79% 14.0% 188% M43% 34.9%
|atly No 2 Tt No 0015 0.02 0025
21.9% %1% 03% 23.3% 46.2% J00%
Time avernge 10 60 e No 1 2 3 3
) 49.9% $0.1% 0.3% 28.8% 57.0% 281% 55%
ALMA al 05 (ol No ! 2
weaght 03% 44.5% S5.1%
39.5% 60.5% ™v 107 10’ 1wt w’
UV weight 0 2 12% 92.5% 03% 00
2 2 "
no% v TSV 10 10° 10* 10°
Mask 80 5 90 95 100 105 110 A14% 58.6% 0.0% 0.0%
diameser L
Prioe size 140 160 180
2 n2 . y 9% 3
(jeas) 10.%% 192% 32% 170% 60% 79% 0% (aas) 31.5% 41.1% 27 4%
Note, In cach row, the upper lime shows the surveved parameter vidoe ¢ 0.1 1 10
N.7% 0.3% 00%

correspondmg (0 the parsneter of the lelt column, while the Jower line shows
the number fraction of cach vadoe im the Top Sel. The total number of surveyed
parameter combinations and Top Sel are shown m the first row.,

Note, Same as Table 9.
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Appendix F
Classification of Ring Images

As described in Sections 5.2 and 72, we categorize
GRMHD and Sgr A" images into clusters of images that share
similar morphologies. Clustering of images is performed
separately for on-sky and descattered reconstructions from
each pipeline.

Prior to clustering, the images are aligned with an iterative
method described below. We first derive the averaged image of
all images. Each image is then aligned to maximize the cross-
correlation with the averaged image. After aligning all images,
the averaged image is recomputed with the aligned ones and
used to align each image again. We repeat this procedure to
align cach image for a total of three times, providing the
convergence of the alignment. After the above relative
alignments between images, all images are centered using the
average image; the images are uniformly shifted with the same
amount of positional offset to maximize the cross-comelation
between the average image and the time-averaged image of
Simple Disk model.

The clustering of images has two major steps: the
identification of ring images and nonring images, and the
clustering of the ring images by the peak PAs. The ranges of
the peak PAs are described in Section 5.2 for the GRMHD
model and in Section 7.2 for the Sgr A® reconstructions. The
separation of ring and nonring images is based on two
morphological criteria as described below.

First, we identify nonring images by the degree of the central
depression seen in the image. We measure a typical brightness
of the central region by taking the median of the intensity
within a radius of 10 pas, defined by

I. = median I(r, §),

r< 10,06 |-x.x)

(F1)

where Nr, §) denotes the intensity at the radius of r in pas and
the PA of # in radians. To measure the degree of the central
depression, we compare the measured central brightness [ with
the maximum of the azimuthally averaged intensity at the outer
arca within a radius of 10-40 pas, given by

max (L f "I, 0)d9).
re(10,0)\ 2 V=

We define the degree of the central depression by
fu=1-1/1, and classify as nonring images those with
Ja< 0.2 and f4 < 0.15 for descattered and on-sky reconstruc-
tions, respectively. The slightly lower threshold for on-sky
images takes account of the angular broadening effects due to
scattering, causing a systematic decrease in the central
depression of a ring emission. This criterion can effectively
distinguish point-like images from ring images.

The second criterion identifies nonring images by the
smoothness of the azimuthal intensity distributions. To extract
the azimuthal profile of the ridge intensity for the outer
emission, we take the maximum intensity of the outer area
within the radius of 10-40 pas for each PA, given by

(F2)

I, =

I(f) = max I{r,#). (F3)
re[10,A40)

For each PA 6, we evaluate the difference between the ndge
brightness /() and the central brightness J, normalized by the
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maximum intensity of the outer area defined by

I,(0) — I.
6) = £ 4
5 max I,(6) )
&c[—=,=)

Here f(f) allows us to assess whether the azimuthal
distribution of the outer area has a dark gap arca comparable
to or lower than the central depression. We identify a
continuous dark area with f(#) < 0.2 and f(#) < 0.15 over a
range of PAs broader than 70° as a gap in the azimuthal
intensity distribution of descattered and on-sky reconstructions,
respectively. If an image has more than two distinct gaps
separated by >70°, we classify it as a nonring image with two
or more distinct blobs not smoothly connected with each other.
We also classify an image as a nonring one with an incomplete
ring if it does not have a continuous bright area without any
gaps over the range of PAs less than 180° (i.c.. not completing
more than a half circle). The above criteria effectively exclude
multiple blob or highly corrupted ring-like images.

The morphological criteria discussed above provide a classi-
fication of ring and nonring images that is broadly consistent with
human perception. However, as noted in Section 642, the
classification of images that are borderline between ring and
nonring classification is sensitive to the exact criteria used.
Therefore, ring definitions that make use of slightly different
criteria can lead to classification that stll largely aligns with
human perception but varies in the ring classification percentages
quoted in this paper. In this work, motivated by method
i ility, we chose to make use of the simplest classification
criteria that still largely aligned with human perception.

A G
Validation of Static Imaging Results with Full-track
Dynamic Imaging

As described in Section 3.2, the temporal variation of Sgr A”
is anticipated to cause significant deviations of visibilities from
those of the time-averaged morphology. of which levels can be
well characterized by a broken power-law model. As described
in Section 7.5.3, the vanability noise model allows us to
enhance the overall fidelity of synthetic data reconstructions
and enable more sets of the imaging parameter combinations to
be selected as Top Sets. However, the prescription for the
temporal variability in Section 3.2 includes some simplifica-
tions of its characteristic properties: for instance, the circular
symmetry assumed for the levels of the variability amplitudes
in Fourier space and no inclusion of the correlated variations
considered in data metrics as covariant components. Here, to
assess the dependence of the mitigation scheme for temporal
variability, we show the time-averaged images identified by
full-track dynamic imaging not relying on the varnability noise
model. We emphasize that the goal of this section is not to
characterize the dynamic evolution of SgrA® on shon
timescales, which is the primary focus of Section 9.

As shown in Figure 35, we find the primary three ring
morphologies identified in Section 7 with similar azimuthal
variations in most of the Top Set images, while nonring
structures are also reconstructed in a small fraction of Top Sets.
The results are broadly consistent with those from the imaging
survey presented in Section 7 and strongly indicate that our
results described in Section 7 are resilient to the methods to
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Flgure 38, The disenbetson of Sgr A® Top Set smages on Apnl 7 recoastructed
with the SMILT dynamic imaging pipeline. We show the dstnbation of images
for each cluster in the same conveation s in Figure 14 with three bosizoasal
pancls separmted by hocizoatal knes. The top panel shows individual images
randomly sampled from differemt clusters. The middle aad bottom panels
visaalize the distibutions of reconstrocted descattered aad onsky Sgr A’
images for cach cluster, respectively. In each panel, from top to bottom, we
show the average of cach cluster, the distributicns of the radial profiles, and the
disznbutsons of aamuthal iseensity profiles.

recover the time-averaged morphology. We briefly describe the
imaging process in Appendix G.1 and the results in Appendix G.2.

G.1. SMILI Dynamic Imaging Pipeline and Top Set Selections

Similar to the RML and CLEAN parameter surveys
described in Section 6.2, we conducted a large imaging survey
with RML dynamic imaging methods (see Section 4.4)
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Table 12
Parameters in the SMILI Dynamic Pipelme Top Sel on Apeil 7

Apr. 7 (7.776 Param. Combimations: 345 in Top Set)

Systematic 0 0.02 0.05
error 12 8% 38.4% 31.9%
Rel type No J18mode
185% B12%
v (s 10 iy 100
90% 220% & 0% 0%
TSV 10 ' o 10°
322% 6% 232% 0%
3 0.1 1 10
11.9% BE.1% 0%
Prioe size 150 160 180
(jeas) 29.6% 6.5% 335.9%
R, 10 10 10°
39.7% 24.1% 36.2%
R, 10 10 10°
14.2% 409% 449%

Note. In cach row, the upper line shows the surveyed parameter value
carrespoading to the parameter of the left column, whale the lower hine shows
the number fractson of each value in the Top See. The total number of surveyed
parameter combinations and Top Set ase shown in the first row.

implemented in a scripted pipeline using SMILI. The survey
was performed on all seven geometric models and Sgr A data.

After completing the common pre-imaging process of data
(Section 6.1), the pipeline reconstructs the time-averaged
images on ~8000 sets of the imaging parameter combinations
across a broad parameter space, as outlined in Table 12, With
the exactly same criteria as described in Section 6.2, Top Sets
of the imaging parameters are then selected based on the
fidelity of the synthetic data reconstructions.

The SMILI dynamic imaging pipeline shares the same
procedures with the SMILI static imaging pipeline described in
Appendix D.3, except for a major difference. Instead of the
variability noise model used in Section 6.2, we allow temparal
variations on timescales of typical scan intervals—for each set of
parameters, the pipeline reconstructs a movie with the frame
interval of | hour and then time-averages the movie to obtain the
resultant reconstruction of the tme-averaged morphology. We
utilize two temporal regulanzers, denoted by R, and R, enforcing
the continuity of the frame-to-frame intensity variations and the
continuity between cach frame and tme-averaged intensity
distributions, respectively, based on the Euclidean distance between
images (see Johnson et al. 2017, for details). We note that here we
only explore Jl8modell for the scattering mitigation, given
consistency among the different scattering mitigation schemes
(Section 7.5.2).

G.2. Results

As shown in Figure 35, Top Set images from the SMILI
dynamic imaging pipeline can be categorized into four clusters
shown in Section 7.2 Similar to the RML, CLEAN, and THEMIS
static imaging pipelines, the ring morphology with the diameter of
~50 pas was found as the dominant feature, while the noaring
images were found in a small (~5%) fraction of Top Sets. The
differences in the image appearance between on-sky and
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descarttered reconstructions are also consistent with Section 7.5.2;
the on-sky reconstructions are blumier than the descattered ones.
We note that similar to Top Sets presented in Sections 5 and 7,
here Top Set images from the SMILT dynamic imaging pipeline
do not constitute a likelihood, and therefore the fractions should
not represent our degree of certainty.

Appendix H
Reconstructions of a Best-bet GRMHD Model in Paper V

In Section 6, we utilize synthetic data based on a GRMHD
model selected from a library of time-dependent GRMHD models
presented in Paper V (see Section 5.2) to assess the performance

DIFMAP

Ring

I

Random Desscattensd Top Set

eht-inaging

Ring
.

Event Horeon Telescope Caollaboration ¢l al

Flgure 36. lmage and vissbility charactenistics of the best-bet GRMHD models
im Paper V(MAD, a, = 0.5, § = 30, R, , = 160). The left two panels are the
ssapshot and averaged images of the ground-truth movie. The night panel
shows the simulated visibality amplstodes (rod) and real Sgr A" measurements
(black) as a function of projected baseline length.
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Figure 37, The distribution of reconstrected mmges with a best-bel GRMHD model sdentified in Paper V. The distobution of images from each pipeline for each

cluster is shown with the same comvenlion a in Figuee 12
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of our imaging procedures on a physically motivated evolving
source. While this GRMHD model is broadly consistent with our
criteria in Section 5 based on 1.3 mm EHT data and light curves,
it is not identified as a “best-bet” model in Paper V “best-bet”
models satisfy heterogencous constraints derived from 1.3 mm
EHT data, 86 GHz VLBI observations with the GMVA, 2.2 um
flux density, and X-ray luminosity. Paper V' identifies three
GRMHD models that lay in a "best-bet” region of strongly
magnetized (MAD) models at low inclination with prograde spin.

Here we present example reconstructions of synthetic data
derived from the “best-bet” model shown in Figure 16 of Paper V,
with positive spin of a, =035 and electron temperature of
Riygn = 160 viewed at { = 30°. In Figure 36, we show a snapshot
and time-averaged images of this GRMHD model, as well as the
amplitude versus (i, v)-distance comesponding to synthetic data
generated with Apeil 7 coverage (generated in the same manner as
in Section 5). As shown in Figure 36, visibility amplitudes are
broadly consistent with EHT SgrA® data Figure 37 shows
descattered and on-sky images, which are reconstructed with
DIFMAP, eht~imaging, and SMILI pipelines using their Top
Set parameters and then further categorized by the same clustering
method presented in Appendix F.

As shown in Figure 37, the distributions of the Top Set
images share key results from those of the GRMHD
reconstructions  described  in Section 642 (see  also

Event Horeon Telescope Collaboration ¢l al

Figure 12). The vast majority of the reconstructions identify
a ring morphology with a diameter of ~50 pas, consistent with
the ground-truth model. However, a small fraction of images
have a nonring morphology. Furthermore, ring reconstructions
have multiple azimuthal intensity modes. In particular, ring
images that have a peak PA of ~—154° consistent with the
ground-truth image do not appear as the most popular modes in
eht-imaging and SMILI reconstructions. The broad
consistency with the results in Section 6.4.2 suggests that our
main results (e.g., that for the RML and CLEAN pipelines our
methods produce a small fraction of nonring modes for an
underlying ring model, and that the most popular mode
reconstructed is not always that true mode) likely generalize
across GRMHD models that are in a broad agreement with
1.3 mm EHT data.

Appendix I
Ring Fitting Parameters
In Tables 13 and 14 we list the diameter d, width w, PA 7,
asymmetry A, and fractional central brightness f. measured
from Top Set SgrA® images for each identified cluster (see
Section 8) corresponding to the descattered and on-sky images,
respectively.

Table 13
Mean and Standard Devistion of Ring Parsmeters, Diameter d, widds w, PA 1, Asymmetry A, and Fractional Central Brightness /. Measured from Top Set or Postensar
Descamered Sgr A" Images for Each Cluster

o (jas) w (s} n deg) A I
DIFNAP
Apr. 6 Ring nex 46 = 41 335 ~1006 £ 734 Q15 008 04T £ 004
VIDA 5131 ¥+30 ~1083 £ 79.2 026 +0.12 046 £ 011
Apr. 7 Ring 1 5019 27 ~020+420 006 =004 040 £ 008
51+£158 0414 ~-K2.7 £ 408 am £ 007 037 £ 008
Apr. 7 Ring 2 49 £ 32 R129 ~223 £ 344 O £ 006 DAS £0012
50+ 17 N414 -0+ 474 Lo naz+on
Apr. 7 Ring } LRSS R 2129 205+472 Qs 4 008 0A4 £ Q08
5116 Bis ERES R Q12 000 041 £010
ent-izaging
Apr. 6 Ring nmx 56 =45 24124 313+ 864 Q17 £ 008 0.06 £014
VIDA 9113 30+ 104 N0+ 833 024 £ 004 023+ 019
Apr. 7 Ring 1 55+19 26123 ~1406 £ 629 Qll £ 004 0.18 £ 0038
56 =54 27x258 ~1560 = 606 Q15 013 018 £ 009
Apr. 7 Ring 2 S3£ 18 7+27 ~60.1 £ 358 Q12 £ 006 023 £ 010
53+ 36 2740 ~TL7 £ 331 Q15 011 022+010
Apr. 7 Ring } 5+£158 T+30 104 £ 1014 Q12 007 031 £017
sTL04 ¥143 1T L6710 Q13021 0n2r+£on
miL:
Apr. 6 Ring nx 57T+ 34 H419 217 £ 438 an £ 009 003 £010
VIDA 46 £ 120 50+ 166 ~76£ 1238 Q18 £ 012 059 +033
Apr. 7 Ring 1 250 2%+20 IS19+753 Q12 2004 022 +010
5238 27 +39 1759+ 776 Q10 = 008 022+ 009
Apr. 7T Ring 2 S3iz40 25+29 -¥3 512 Q13 £ 006 023011
52£62 M9 +34 -2+ 649 Q15 012 027 £ 013
Apr. 7 Ring 3 51 =40 %419 1091 + 552 Q13 + 004 0.19 + 00
51+ %0 7438 1162 + 650 Q10 + 008 0.19 £ 008
™EMIS
April 6 Rang nx 51£39 2412 ~1286 £ 10.0 020 + 004 027 £ 010
VIDA 54 £09 2409 ~1210 £21.7 027 £ 006 034 £ 0038
Apr. 7 Ring 1 53£0S8 214 -5+ 113 Q14 £ 001 009 £ 007
56+ 14 27109 -N6276 Q30 £ 008 0.19 £ 007
Apr. 7 Ring 2 ALEY 205 ~-125 283 Q21 002 005 £ 008
56 =12 2707 ~M6 =61 036 + 004 015 +£0m
Apr. 7 Ring 3 “ “ “ .“ “
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Table 14
Mean and Standard Deviation of Rimg Parameters, Diameter &, width w, PA 1, Asymmetry A, and Fractional Central Brighiness £ Measured from Top Sel and
Posterior On-sky Sgr A" Images for Each Cluster

d (pas) W (geas) n(deg) A 2
DIFMAP
Ape. 6 Ring REX 26430 4443 979+ 8§89 011 =008 0.50 £ 0.15
VIDA a+19 ¥+34 M =870 014 =007 0.56 =010
Apr. 7 Ring 1 0 +£30 X127 1116 397 006 =002 059 = 0.07
249+22 7+19 NW9+402 005 = 006 058 =008
Apr. 7 Ring 2 8+24 IL+26 3812 006 =004 0.58 = 0.07
49120 Tt21 160757 010 =006 0.56 = 0.07
Apr. 7 Ring 3 48127 3T+29 404 £ 635 005 =003 D57 =008
50+2.1 B+19 1762609 008 =006 0S5 =008
eht-imnaging
Apr. 6 Ring REx 49139 2+ 36 1381238 015 =005 D33 =015
VIDK S0+56 41+ 67 1108 = 1332 020 =010 D55 =013
Apr. 7 Ring 1 S1+£24 2127 1659 £ 450 008 =002 042 =010
§2+45 I8+38 107 +41.1 01 =010 041 =008
Apr. 7 Ring 2 S0£23 2127 4681 007 =002 044 =007
0+26 8 +40 716+ 535 006 + 008 0.42 £ 0.08
Apr. 7 Ring 3 9+24 13+ 33 1616 =673 010 =002 0.50 = 0.08
S5+66 L S 1733 2708 019 =014 052 =010
SMILI
Apr. 6 Ring REx 43104 28131 1631 = 10,1 010 =004 057 =001
VIDA ¥ +39 465+ E8 -986+933 017 =004 067 =016
Apr. 7 Ring | 43149 3+17 1277 =299 008 =008 D51 =007
45+ 18 M13l 1368 =368 007 =006 D48 =007
Apr. 7 Ring 2 4745 33128 S84 2575 010 =005 D48 =011
46152 T4 S98 817 008 £ 008 D50 =013
Apr. 7 Ring 3 48+ 43 32129 6 M9 01l =004 D45 =014
N +35 I5+43 S48 2482 01l =008 046 =011
THEMIS
Apr. 6 Ring REx M +21 LRSS K 1394 + 529 015 =008 D34 =001
VIDA 47131 33+20 ~1274 £ 530 017 008 D42 =007
Apr. 7 Ring 1 S1£08 28+13 78536 015 =001 021 =010
S55+16 32124 ~414 =526 025 =005 030 =007
Apr. 7 Ring 2 S0+15 26111 -160 £ 89 021 003 020 =008
5626 32109 -2521+73 035 003 029 =006
Apr. 7 Ring 3
Appendix J By applying these metrics to the April 6 and 7 EHT (i, v)-
Dynamic Imaging and Snapshot Model Fitting Tests coverage on SgrA°’, we can assess the scan-by-scan perfor-

J1. Selection of Time Windows with the Best (u, v)-coverage m:ngmmr:oomnﬁ@'?n?m;cmﬂxx likcl l:!'yl::'spmdmz

Farah et al. (2022) demonstrate that the changing (u, v)- structure. The result of such an analysis for April 7 is shown in
coverage created by Earth’s rotation during the aperture Figure 38, and two candidate regions are highlighted. The
synthesis process leads to regions of time that produce dynamic metrics predict that dynamic imaging reconstructions will have
reconstructions of varying quality. The quality of a short- the highest quality in the region from 1.5 to 3.2 GMST (Region
timescale reconstruction is partially determined by the snapshot IT): the reconstructions will produce substantially worse results
(u, v)-coverage geometry, which introduces certain artifacts in the region from 19.4 10 21 GMST (Region I). We validate
during the imaging process. this .ptcdncuon by testing on h{gh-S/N data in Farah et al.

The scale and severity of these artifacts can be predicted by (2022) and show that Region II mdccfl a}l_ows for sxgmﬁr:anlly
quantitatively scoring the (4, v)-coverage as a function of time, b’l;t;i for‘c:o::;z d ;f‘l “::l ;:"é:n.‘.':r(:bﬂ;govﬂ:n R;gc'm
which can be done in a number of ways. Some metrics examine - M ; i Bhadlin Il i agu?Soction 9
how much of the Fourier plane is covered by an interferometer YRAMIC [Maging cling Reg ugho ’

(e.g., Palumbo et al. 2019), while others look at gaps created by

the sparse coverage (e.g., Wielgus et al. 2020). In addition to 1.2, StarWarps Temporal Regularizer Normalizarion

these metrics, Farah et al. (2022) derive a novel metric that Temporal regularization in StarWarps is controlled by a
probes both the anisotropy and radial homogeneity of the parameter 3;'. This parameter corresponds to the variance of
coverage. the conditional distribution of pixel intensities for a given
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Figure 38, Normalized metne compulations for every scan of the 2017 Apeil 7
EHT coverage of Sgr A", 0:00 GMST marks the day change from Apnl 7 w
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18 20

snapshot holdmg the previous snapshot fixed: pULlh_ )=
Ny, 55'D). The units of ' are (Jy pixel ')’ In the
main text, we consider values Fp' € (5 x 1074, 5 x 107",
5 % 10%}. Larger values of ;' comespond to less temporal
regularization, as the conditional distnibution p(l|l 1)
becomes wider.

We can also interpret the values of ﬂé' in visibility space.
The Fourier transform of the image J; is given by an Npix % Npix
matrix F:

Vi = Fi. (1)
In our convention, the pixel values in J; have units Jy pixcl'l.
so the entries of F are pure phase terms without a 1/VN
normalization (so that, e.g., the zero-baseline visibility in Jy is
just the sum of the pixel intensitics). As a result, FF' = Npi. 1.
Because Equation (J1) is a linear transformation, p(Vi|ly_y) is
also a normal distribution, with a mean V,_, and a covariance:

g Nyix L

Thus, o, = | 35'N,.. is the standard deviation of a
snapshot visibility measurement in StarWarps, holding the
previous frame fixed.

In Figure 39, we compare this quantity to the measured EHT
visibility amplitudes in the selected dynamic imaging window
on April Il. The StarWarps movie reconstructions in the
main text have Ny = 40 x 40 = 1600. GRMHD simulations
(see Paper IV and Georgiev et al. 2022) and the light curve of
SgrA” (see Wielgus et al. 2022) suggest that the variations on
minute timescales should have a zero-baseline standard
dcvnauon of oy~ 10mly. Thus, reconstructions with
Jg ~ 107 7(Jy pixel ")* are expcaod to give variability that
is consistent with what is mcasumd in SgrA®.

Larger wvalues of ;‘30 correspond  to  lower temporal
regularization and allow for larger variations in the visibility

itudes. For instance, our reconstructions in Section 9 with
Ao =5 x 107" permit somewhat more variability than is seen
in simulations and observations of Sgr A*. Nevertheless, we

E = F[3')F' = (J2)
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Figure 39. Apnl 7 EHT visibality amplivades over the selected window for
dynamic maging aad modeling (black points). The horzontal lines show the
expected standasd devation of the mwlluy amplitudes in StarWarps
reconstraxtions for different values of 3,' = units of (Jy pixel )% 5 % 107
(magenta), § » 10°° (green), and § = 16 ¥ (cyan).

have also found that allowing excess variability helps to trace
evolution in tests on synthetic data from GRMHD simulations.

J.3. Testing (u, v)-coverage Effects

As discussed in Section 9.2, the geometry of the (i, v)-coverage
can have an effect on the recovered image structure, especially in
cases where the coverage is extremely sparse. To study the effects
of (i, v)coverage on dynamic fits to Sgr A" data, we perform a
number of tests on synthetic data sets and study the effect of
different (x, v) baselines on fits to the real data.

J3.1. Recovering the Position Angle of a Static Crescent

As most of our analysis of the dynamic structure of SgrA®
revolves around tracking the PA of brightness around the ring, it is
important to assess our ability to recover the PA accurately in
realistic synthetic data. To that end, we constructed synthetic EHT
data sets from four static crescent models with peak brightness
points rotated at 60° increments around the ring. The brightness
ratio of each crescent model was chosen to roughly match the
1.5:1 ratio recovered from geometric model fitting to Sgr A" data.
Figure 40 shows the imaging and geometric modeling results
obtained by fitting to these synthetic data sets in the selected 1.7 hr
region. Note that, for both approaches, the true PA is recovered as
the primary mode for most of the crescents. The imaging methods
contain temporal regulanzation, which likely makes it casier to
recover a static underlying structure; however, the geometric

maodeling results do not assume any temporal regularization.

J3.2. Uniform Ring Synthetic Data

The interplay between the source size and sidelobes in the
dirty beam pattern from sparse coverage can cause umgmg
artifacts that appear in the form of bright “knots™ around ring
sources. Computing the dirty image of an underlying uniform
ring source reveals the location of these knots when using
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calibrated visibilities. To assess the impact of these knot
artifacts on our analysis, we performed imaging and geometric
model fitting on data generated from a uniform ring (with no
brightness changes in azimuth) with a diameter of 49 pas (refer
to the uniform ring in Figure 7). As can be seen in Figure 40,
both the imaging and modeling results indicate an image
structure with a preferred PA—~0" or ~90° for imaging and
~100° for modeling. However, the associated asymmetry of
the recovered uniform ring is very low, a brightness ratio of
less than [.1:1 compared to 1.5:1 for SgrA®. Thus, in
combination with the results of Appendix J.3.1, we conclude
that although the (&, v)-coverage will bias the PA in the limit of
low image asymmetry, for the level of image asymmetry
recovered in SgrA” this bias should have a small effect.

J3.3. Baseline Test

In order to evaluate the contribution of each baseline to the
recovered evolution in SgrA”, we compared results obtained
on data sets modified to remove a particular baseline. In
particular, we compared the PA posteriors obtained using
geometric modeling on 11 different data sets—10 data sets
cach with a single baseline removed and one complete data set.
As can be seen in Figure 41, we find that most baselines do not
heavily affect the trends we see on April 7. However, there are
two baselines that appear to have a significant effect on the
results: Chile-Hawai'i and LMT-Hawai'i. Without the Chile—
Hawai'i baseline we are not able to discriminate between the
northwest and southeast PA; without the LMT-Hawai'i
baseline we do not recover as significant of a PA shift. Upon
inspecting the (i, v)-coverage of these baselines, it becomes
apparent that these two baselines probe the northwest—south-
cast orientations that we are interested in, and thus without
them we are unable to properly discriminate between these two
PA orientations. It is also worth noting that removal of the
Chile-SPT baseline appears to “clean up” the modeling results,
suggesting that small-scale features probed by this baseline
may not be properly captured in our geometric model fits.
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JA4. Testing Scattering Mirigation Strategies

In producing dynamic reconstructions and model fits of the
SgrA® data, the choice of scattering mitigation strategy is a
potential source of uncertainty. We have explored the sensitivity
of our dynamic imaging and snapshot model fitting results to the
same five scattering mitigation strategies we consider in the
static image surveys in Sections 6 and 7.5.2. Namely, we
produce reconstructions and model fits to the unmodified data (
Le., on-sky with no descattering), as well as with visibilities
deblurred by the Sgr A" diffractive scattering kemel and with the
thermal noise error bars inflated by four models of the refractive
noise: the Const model, the J18modell model, and then
double the additional error tolerance from each of these models
(2xConst, 2xJ18modell). Based on the analysis done in
Section 3.1, this selection is conservative and spans our
uncertainty in Sgr A™'s refractive noise.

Figure 42 presents comparisons of the StarWarps recon-
structions and snapshot model fitting results on the April 6 and 7
Sgr A" data with all five scattering mitigation strategies. We find
that the general trends in the ring PA we discuss in Section 9.4 are
not significantly changed by any of the five scattering mitigation
strategies we explore for geometric modeling, although the PA
posteriors are significantly broader (sometimes spanning a full
3607) when using the larger refractive noise budgets of 2xConst
and 2xJ1Bmedell. In contrast, for imaging, on Apal 7 we
observe a transition from positive to negative PA to be the most
commonly recovered trend with all of the on-sky, Const and
Jldmodell scattering mitigation strategies when using a ring
prioe. However, when we add a very large amount of refractive
noise tolerance to the emor bars in the 2xConst and
2xJ18modell models, the PA becomes more stable over the
observation window. This is due to the interplay of temporal
regularization with an increased flexibility in fitting the data with a
stmcmodcldmtotbccxpmdcdmucbudgctlnmxsngmc
imaging with StarWarps makes use of the ring 25/@s ring
prior/initialization, and modeling with DPT uses a second-order
m-ring (m = 2) model with a parameterized central Gaussian floor.

J1.5. Testing the Effects of Different Imaging Priors and Model
Specifications
As overviewed in Section 9.4.1, the recovered PA of the
azimuthal brightness distribution in the ring-like morphology
of SgrA” is sensitive to the modeling choices made in both
imaging and geometric modeling. In this section we go into
further detail on some of the effects seen.

J5.1. Imaging

Temporal Regularizarion.—The level of continuity enforced
between recovered frames is controlled by temporal regulaniza-
tion. In particular, StarWarps encourages frames to be similar
by probabilistically modeling each frame [ as being a sample
fmmanum\aldmmbmmmthmcanl._,mdwvmwcdo'l
(see Equation (7)). Thus, decreasing the muhplu:r J‘
increase recovered continuity between frames. This is socn. as
expected, in the recovered movies of SgrA® visualized in
Figure 28; recovered movies with low temporal regulanization
experience fast and drastic variability on large-scale features,
while movies with high temporal regularization experience slow
yet steady wvariability on large-scale features and absorb the
remaining variability in the data with small-scale fluctuations. Due
to the extreme sparsity of data on each snapshot, although these
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temporal regularization. Nonetheless, since all movies still match
all remaining baselines indistinguishably well, it is difficult to
form any solid conclusions on the type of variability in SgrA®
based on this one closure triangle.

StarWarps Spatial Prior Images—To explore the sensi-
tivity of results to the ring features encouraged during imaging,
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we introduce five different images used as both the initialization
and mean peor image o in StarWarps. Figure 43 shows the
mean prior images explored for imaging the original data and
deblurred data Note that recovered flux is constrained to evolve
within the regions that have flux in the prior image; therefore, the
puffier rings and the tapered disk with more extended flux are less
constraining during imaging. As expected, movies recovered with
the less constraining puffier prior images result in recovered
movies with less clear underdying ring structures. Nonetheless, in
all these cases (with a ring init/peior), the same general wend in
PA is recovered in one of the modes, even when the central indent
is very weak. When a disk prior is used with no central indent
whatsoever, the same PA trend is not recovered; mstead, the PA
trend appears to be reversed in sign (as discussed in Figure 27).
Figure 44 shows more detailed comparisons of StarWarps
movies reconstructed with ring and disk mean peior images on
April 6 and 7, including data fits to representative closure phases.

J5.2. Geometnic Modeling

For snapshot geometric modeling, we have two competing
effects. One is that we require a geometric model that can
adequately explain the on-sky image. However, given the
sparseness of the (u, v)-coverage for each snapshot, the risk of
overfitting the data is considerable and potentially leads to
artificially uninformative posteriors. However, underfitting the
data can lead to large biases in the recovered parameters and
artificially narrow posteriors. To find the preferred model, we
use relative measures. That is, we do not compare the absolute
fit quality using a metric like the y° statistic, but rather how
well a model does compared to the others considered. For this
purpose we use the Bayesian evidence (also referred to as
evidence),

Z(datalM) = f Cidatald, M)p(8)M)d6. 13)

The evidence measures the marginal probability of the data,
after averaging over all possible parameter values of the model.
The preferred model is then the one that maximizes the
evidence of the model. For snapshot modeling we select the
preferred model by computing the log-evidence in each
snapshot and then sum the log-evidence across all snapshots.
Note that we are only able to estimate the evidence for the
Comrade pipeline. DPI /variational inference cannot estimate
the evidence, but instead can compute an effective lower bound
10 use as a proxy.

M-ring Order—To assess the impact of different model
choices on the posterior samples, we considered an m-ring
model with one to four modes. The results for the m-ring model
from the Camrade pipeline are shown in Figure 45. We find
that the trend for the dipole moment phase is consistent across
model specifications, although the posteriors become more
uncertain for the higher-order m-ring models. The recovered
total evidence for each model is shown in Figure 45. For April
6 m =4 is the preferred model with a log-evidence of 1499 On
April 7, the m =2 m-ring is preferred with a log-evidence of
1667. On both days the overall trend of the PA remains stable
form =1, 2, 3, but the distributions become noticeably wider.

For the DPI pipeline we find similar PA trends for April 6
and 7. Using the evidence lower bound that is calculated as part
of variational methods, m = 3 is preferred on April 6 and m = |
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on April 7. Furthermore, on April 7 the PA posterior for m =3,
4 is very broad, becoming essentially unconstrained.
Comparing the DPT results to Comrade, we find that m =1
is preferred on Apnl 7 and m =3 on April 6 according to the
evidence lower bound. DPI fits closure products that are
equivalent to placing uniform priors on gains, meaning that the
data are less constraining. Therefore, it is not surprising that
DPI prefers simpler models compared to Comrade. To select
a fiducial model across days and bands, we considered the
evidence, the relative impact on the posterior, and the impact
on cach pipeline. For these reasons we take m = 2 for DPT and
m = 2 and sometimes m = 3 for Comrade. The m = 2 model is
preferred for Comrade on April 7, and the m = 2 distribution
for DPT is similar to but broader than the m = 1 distribution.
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